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In Brief
The LC-MS/MS-based quantita-
tive phosphoproteomic and
metabonomic approaches were
used to identify changes in
phosphoproteins and metabo-
lites in soybean roots in re-
sponse to rhizobia inoculation
and salt stress. The GmMYB183
protein was found to regulate
the transcriptional expression of
the GmCYP81E11 gene, which
contributes to the accumulation
of ononin, a monohydroxy B-ring
flavonoid negatively regulate
soybean tolerance to salinity.
Rhizobia could inhibit the phos-
phorylation of GmMYB183 and
its activity in abovementioned
transcriptional regulation, to en-
hance soybean’s tolerance to
salinity.
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• Rhizobia affects flavonoid metabolism via GmMYB183 phosphorylation.

• Flavonoids rebalance the cellular ROS under salt stress.

• Mechanistic insights into soybean responses to salinity revealed by proteomics.
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Enhanced Salt Tolerance of Rhizobia-
inoculated Soybean Correlates with Decreased
Phosphorylation of the Transcription Factor
GmMYB183 and Altered Flavonoid
Biosynthesis*□S

Erxu Pi‡**§§, Jia Xu‡§§, Huihui Li‡§§, Wei Fan§ §§, Chengmin Zhu‡§§,
Tongyao Zhang‡, Jiachen Jiang‡, Litao He‡, Hongfei Lu¶, Huizhong Wang‡,
B. W. Poovaiah�, and Liqun Du‡ ‡‡

Soybean (Glycine max (L.) Merrill) is an important compo-
nent of the human diet and animal feed, but soybean
production is limited by abiotic stresses especially salin-
ity. We recently found that rhizobia inoculation enhances
soybean tolerance to salt stress, but the underlying
mechanisms are unaddressed. Here, we used quantita-
tive phosphoproteomic and metabonomic approaches
to identify changes in phosphoproteins and metabolites
in soybean roots treated with rhizobia inoculation and
salt. Results revealed differential regulation of 800 phos-
phopeptides, at least 32 of these phosphoproteins or
their homologous were reported be involved in flavonoid
synthesis or trafficking, and 27 out of 32 are transcrip-
tion factors. We surveyed the functional impacts of all
these 27 transcription factors by expressing their phos-
pho-mimetic/ablative mutants in the roots of composite
soybean plants and found that phosphorylation of
GmMYB183 could affect the salt tolerance of the trans-
genic roots. Using data mining, ChIP and EMSA, we
found that GmMYB183 binds to the promoter of the
soybean GmCYP81E11 gene encoding for a Cytochrome
P450 monooxygenase which contributes to the accumu-
lation of ononin, a monohydroxy B-ring flavonoid that
negatively regulates soybean tolerance to salinity.
Phosphorylation of GmMYB183 was inhibited by rhizo-
bia inoculation; overexpression of GmMYB183 en-
hanced the expression of GmCYP81E11 and rendered
salt sensitivity to the transgenic roots; plants deficient in
GmMYB183 function are more tolerant to salt stress as
compared with wild-type soybean plants, these re-
sults correlate with the transcriptional induction of
GmCYP81E11 by GmMYB183 and the subsequent accu-
mulation of ononin. Our findings provide molecular in-

sights into how rhizobia enhance salt tolerance of soy-
bean plants. Molecular & Cellular Proteomics 18:
2225–2243, 2019. DOI: 10.1074/mcp.RA119.001704.

Soybean (Glycine max (L.) Merrill) is becoming an important
ingredient of human diet and animal feeds. It is also used as
an important industrial material because of its high content of
protein and oil. Hence it is not surprising that the demand for
soybean is growing at an unprecedented pace (2, 3). Salinity
is a major abiotic stress that limits the growth and yields of
soybean (4). The excessive Na� ions usually stimulate the
accumulation of reactive oxygen species (ROS)1 and triggers
oxidative stress in plant cells (5, 6). Plants develop two main
strategies to rebalance the intracellular ROS, including enzy-
matic degradation (7) and deoxidization using the reductive
capacities of small molecules such as ascorbic acid, mannitol
and flavonoid (2, 8).

Flavonoids from plants constitute a huge family with over
10,000 species reported so far (9, 10). Plants synthesize var-
ious classes of flavonoids, such as chalcones, flavanones
(e.g. naringenin), isoflavone (e.g. ononin,) and flavonols (e.g.
quercetin) (9). These flavonoids have been reported to play a
wide range of physiological functions in plant defense re-
sponses to abiotic stresses, for example, protecting plants
from harmful UV radiation (11–13) and eliminating destructive
hydrogen peroxide (6, 14, 15). The hydroxyl groups of fla-
vonoids play a pivotal role in fulfilling their bioactive functions
when they are oxidized to quinones during these processes
(16–19).
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The flavonoids in soybean also play a critical role in plant-
microbe symbiosis (20). Some species of flavonoids diffuse
into rhizosphere signal the presence of hosts to the rhizobia
before the initiation of the rhizobia-legume interaction. Once
they are perceived by rhizobia, the bacteria will be induced to
express the NodD protein which forms a complex with isofla-
vones. This complex further activates the transcription of the
bacterial nodulation genes (20), producing Nod factor which
triggers a series of biological responses in the soybean roots
and finally leads to the nodule formation on the roots of the
legume host (21).

Microbes have been known to play significant roles in en-
hancing legume tolerance to salinity. Ectomycorrhizal fungi
were reported to help their host plants to tolerate salt stress
by reducing the accumulation of Na� and increasing the
absorption of K� (22–24). Some rhizosphere bacteria could
also enhance the host’s salt tolerance using bioactive com-
ponents such as indolacetic acid, phenolic compounds, fla-
vonoids and antioxidant enzymes in plants (25). We recently
found that inoculation of rhizobia could enhance soybean’s
tolerance to salinity (4). However, the molecular mechanism
by which rhizobia regulate soybean salt responses is still
unclear.

To date, three categories of enzymes, including the chal-
cone synthase (CHS), chalcone isomerase (CHI) and cyto-
chrome P450 monooxygenase (CYP), are documented to play
significant roles in the complicated flavonoid metabolic pro-
cesses where 4-coumaroyl-CoA and malonyl-CoA are first
converted to naringenin chalcone by CHS. The chalcone is
then converted to flavanone and isoflavone by CHI and CYP,
respectively. Interestingly, CHS, CHI and CYP have been
shown to play key roles in plant responses to salt stress
(26–28). For example, the RNA interference of GmFNSII (cod-
ing for CYP93B) significantly reduces the soybean root’s tol-
erance to salinity because of the decreased flavone level and
increased accumulation of H2O2 (8). Our recent study found
that salt tolerance of Arabidopsis and soybean were positively
regulated by CHS but negatively regulated by CHI and CYP
(3).

Genes encoding CHSs, CHIs, and CYPs that are involved in
various flavonoid biosynthetic steps, are regulated by MYB
transcription factors (29–33). AtMYB75, AtMYB90, MYB112,
MYB113, and MYB114 have been shown to play important
roles in activating genes of the anthocyanin biosynthetic path-
way (32, 34, 35). In addition, the Scutellaria baicalensis MYB8
was reported to improve drought stress tolerance by regulat-
ing flavonoid biosynthesis (36). Moreover, GmMYBJ2 was
found to markedly improve the seed germination rate of trans-
genic Arabidopsis plants undergoing water-deficit stress (37).

Omics studies monitoring the proteome and metabolome
which are directly related to the development of phenotype,
allow us to obtain a comprehensive insight and to correlate
specific nodes of the stress-related molecular networks to the
establishment of stress tolerance (38). Furthermore, the quan-
titative analyses of these high-throughput data at the sys-
temic level provide us with unique opportunities to investigate
the precise network structure and signaling kinetics underly-
ing physiological processes during the establishment of plant
tolerance to the causative stresses (39).

In this study, we attempted to explore whether and how
rhizobia inoculation affects soybean’s phosphoproteome and
metabonome, and how these changes help protect soybean
from salinity. We identified changes in phosphorylation status
of transcription factor MYB183 in response to both salt treat-
ment and rhizobia inoculation. In addition, we documented a
mechanism regarding how GmMYB183 regulates the expres-
sion of CYP and flavonoid biosynthesis using reverse genetic
and metabolomic approaches.

EXPERIMENTAL PROCEDURES

Plant Materials, Growth Conditions, Rhizobia Inoculation and NaCl
Treatments—Seeds of Glycine max cultivar Union85140, kindly pro-
vided by Prof. Lijuan Qiu at the Chinese Academy of Agricultural
Sciences, were surface sterilized and germinated between wet filter
papers as previously described (3). Two days after germination, the
seedlings were inoculated with Sinorhizobium fredii 15006 (Agricul-
tural Culture Collection of China, http://www.accc.org.cn/show.asp)
as described (4), and then transplanted into a mixture of pearlite and
sphagnum peat (v : v � 1 : 3). The light intensity in the growth
chamber was set at 200 �mol�m�2�s�1 with a photo period of 18 h
of light per day; and the temperature was set as 25/18 °C for day/
night cycle. The seedlings were watered with 1/4 strength of Fahräeus
medium every 4 days and deionized water was used to irrigate every
2 days after adding Fahräeus medium. At the second trifoliate leaf
stage, the seedlings were treated with 200 mM of NaCl for 24 h as
described by Qu et al. (4). Next, the samples were collected and
immediately stored at �80 °C until further use.

Protein Extraction and Digestion with FASP—The TCA/Acetone
extraction method was used to isolate the total proteins from soybean
roots as previously described (3). Five grams of root tissue for each
sample was ground into fine powder in liquid nitrogen. The powder
was thoroughly suspended in 45 ml of pre-cooled TCA/Acetone (v:
v � 1: 9) for overnight protein extraction at �20 °C. The homoge-
nate was then centrifuged at 7000 � g for 20 min and the pellet was
washed three times with 40 ml acetone. After that, the residual
acetone was removed by vacuum and 50 mg of white powder from
each sample was resuspended in 1 ml of SDT lysis buffer (4% SDS,
100 mM Tris-HCl, 1 mM DTT, 1 mM PMSF, pH 7.6, including 1�
PhosSTOP phosphatase inhibitor mixture from Roche, Basel, Swit-
zerland). The solution was boiled for 15 min in a thermal block,
sonicated for 100 s, centrifuged at 13,400 � g for 15 min, and the
pellet was discarded. The protein concentration in the supernatant
was measured using the BCA (bicinchoninic acid) method and 20
�g of extracted proteins was run in an SDS-PAGE gel for quality
assurance.

The protein digestion was carried out as previously described (3).
Before digestion, each sample containing 200 �g of protein was
processed through filter aided sample preparation (FASP) procedure
to remove the residual SDS. Next, the concentrated proteins were

1 The abbreviations used are: ROS, reactive oxygen species; hpt,
hours post treatment; CHS, chalcone synthase; CHI, chalcone
isomerase; CYP, cytochrome P450 monooxygenase.
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digested with 8 �g of trypsin at 37 °C for 16 to18 h. After digestion,
the peptide solution was passed through a Microcon filtration device
(MWCO 10 kd) and the OD280 was measured to estimate its
concentration.

All the above procedures were carried out at 4 °C unless otherwise
stated.

Eight-plex iTRAQ Labeling and Phosphopeptide Enrichment—An
aliquot containing 100 �g of digested peptides from each sample was
subjected to AB Sciex iTRAQ labeling. The eight-plex iTRAQ labeling
was performed according to the manufacturer’s instructions.

TiO2 beads were used to enrich phosphopeptides as previously
described (3). The labeled peptides were acidified with 50 �l of DHB
buffer (3% 2, 5-dihydroxy benzoic acid, 80% acetonitrile and 0.1%
TFA), and then incubated with 25 �g of TiO2 beads (10 �m in
diameter, Sangon Biotech, Shanghai, China) for 40 min at room
temperature. After the incubation, the TiO2 beads were spun down
and the pellets were packed into 10 �l pipette tips. The peptide-
TiO2 beads were washed three times with 20 �l of wash solution I
(20% acetic acid, 300 mM of octanesulfonic acid sodium salt and
20 mg/ml DHB), then three times with 20 �l of wash solution II (70%
water; 30% acetonitrile). The phosphopeptides were finally eluted
using freshly prepared ABC buffer (50 mM of ammonium phos-
phate, pH 10.5). The enriched phosphopeptide solution was lyoph-
ilized and redissolved in 20 �l 0.1% TFA solution for Nano RPLC-
MS/MS Analysis.

NanoRPLC-MS/MS Analysis of Phosphorylated Peptides—For
NanoRPLC-MS/MS analysis, 5 �g (� 10 �l) phosphopeptides solu-
tion was loaded into a two dimensional EASY-nLC1000 system cou-
pled to a Q Exactive Hybrid Quadrupole-Orbitrap Mass Spectrometer
(Thermo Scientific, Waltham, Massachusetts). In the nanoLC separa-
tion system, the mobile phase A solution contained 0.1% formic acid
in water, and mobile the phase B solution contained 84% acetonitrile
and 0.1% formic acid. Before peptide loading, the Thermo EASY
SC200 trap column (RP-C18, 3 �m, 100 mm � 75 �m) was pre-
equilibrated with 95% mobile phase A for 30 min. The phosphopep-
tides were first transferred to the Thermo scientific EASY column (2
cm � 100 �m 5 �m-C18) and then separated through the trap column
using a gradient of 0% to 55% mobile phase B for 220 min. Then the
columns were rinsed with 100% mobile phase B for 8 min and
re-equilibrated to the initial conditions for 12 min. The flow rate of the
above procedures was set at 0.25 �l per minute.

Phosphopeptide Identification and Quantitative Analysis—The raw
data were extracted by Mascot2.2 and analyzed by Proteome Dis-
coverer1.4 (Thermo Scientific). To identify the phosphopeptides, the
mascot data was searched against 74305 entries curated in the
peptide database uniprot_Glycine_74305_20140429.fasta (http://
www.uniprot.org/, on April 29, 2014). To generate reliable phospho-
peptides, the missed cleavages and false discovery rates (FDR) val-
ues were set at less than 2 and 0.01, respectively; the mass
tolerances for precursor and fragment ions were set at less than 20
ppm and 0.1 Da, respectively. In addition, the carbamidomethyl (C),
Itraq8plex (N-term) and iTRAQ8plex (K) were chosen as fixed modi-
fications, whereas the oxidation (M), phospho (ST), and phospho (Y)
were selected as variable modifications.

Metabolomic Analysis—The metabolomics analysis was con-
ducted mostly as previously described (40) with appropriate modifi-
cations. 5 g of root tissue from each sample was homogenized in
liquid nitrogen. For metabolite extraction, 50 mg homogenate was
dissolved in 1 ml of pre-cooled methanol: acetonitrile: water solution
(2:2:1, v/v/v). The mixtures were briefly vortexed, and then sonicated
for 30 min, these vortex-sonication steps were repeated twice. After
60 min incubation at �20 °C, the mixture was centrifuged at 14,000 �
g for 15 min.

Two microliters of supernatant was injected into the Agilent 1290
Infinity LC system coupled to a Triple TOF 6600 Mass Spectrometer
(AB SCIEX, Framingham, Massachusetts). In the UHPLC separation
system, the mobile phase A solution contained 25 mM ammonium
acetate and 25 mM ammonia in water, and the mobile phase B
solution contained 100% acetonitrile. The ACQUITY UPLC BEH Am-
ide separation column (Waters, 1.7 �m, 2.1 mm� 100 mm) was
pre-equilibrated with 85% mobile phase B at 4 °C before metabo-
lite loading. The metabolites were separated using a gradient of
85–65% mobile phase B for 12 min. Then, the mobile phase B was
kept at 40% for 3 minuntes followed by a 5 min rinse with 85% of
mobile phase B. The flow rate of the total mobile phase was set at
300 �l per minute. Ten biological replicates were analyzed for each
treatment. The QC (Quality Control) sample was used to calibrate
the equipment after every 5 metabolite samples were tested.

The separated metabolites were ionized with ESI positive and
negative modes. The parameters of MS analysis were listed in sup-
plemental Table S1. The raw data was transformed into mzML format
via the software ProteoWizard. The calibration of retention time, ex-
traction of peak integration and value normalization was performed
using the XCMS program. The identity of each ion was searched
against the METLIN database (https://metlin.scripps.edu/index.php).

Experimental Design and Statistical Rationale for Mass Spectro-
metric Data Analyses—In this research, four biological replicates of
each treatment were analyzed. The average value of the four repli-
cates served as a normalizing reference (REF) for the calculation of
peptide content.

The MS data ranged from 350 to 1800 m/z was acquired at the
resolution of 70,000. To acquire the MS/MS spectra, the 10 most
abundant ions from each MS scan were subsequently dissociated by
higher energy collisional dissociation (HCD) in alternating data-de-
pendent mode with a resolution of no less than 17500.

For the spectra of a specific sample, the median of its intensity
values was used for quantification analysis. The average of 8 median
values of the spectra for a specific sample was used as a reference
(REF in supplemental Table S2) for data normalization in one Eight-
plex iTRAQ labeled sample group. A Student’s t test was performed
using the standard deviation to assess the changes between two
samples (each had four biological replicates). The phosphopeptides
that passed both FDR (False Discovery Rate) value � 0.05 and p
value � 0.05 were significantly changed.

Bioinformatic Analysis—Peptide motifs were extracted using the
motif-X algorithm (http://motif-x.med.harvard.edu/motif-x.html) (41).
The width of the resulting motifs was set as seven amino acids; and
S or T was selected as the central amino acid. The kinases that might
use them as targets were predicted by the PhosphoMotif Finder
software (http://hprd.org/PhosphoMotif_finder) using default search
parameters.

The MYB binding motifs in promoters of interested genes were
predicted using the JASPAR database and its associated tools (http://
jaspar.genereg.net/) as previous described (53). Briefly, all known
MYB binding motifs in plants were first found using the ‘Search’ tool.
Then, the �1kb region of the CYP81E11 genomic sequence was
scanned for the existence of these plant MYB binding motifs with an
80% relative profile score threshold.

RNA Extraction and Quantitative RT-PCR—RNA extraction, mRNA
reverse transcription and quantitative real-time PCR were performed
as previously described (3). Briefly, 100 mg of root tissue was ground
to fine powder in liquid nitrogen and then suspended in 1 ml of TRIzol
reagent solution (Invitrogen, Carlsbad, CA). Total RNA was isolated
according to the manufacturer’s instructions, and then subjected to
DNA digestion with 20 units of DNase I for 15 min at 25 °C. The
isolated total RNA was run on 1.5% (w/v) agarose gels for quality
assurance.
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About 3 �g of the total RNA template was used to synthesize cDNA
using the HiFiScript first Strand cDNA Synthesis Kit (CWBiotech,
Beijing, China) following the manufacturer’s instructions. UltraSYBR
Mixture (CWBiotech) was used for qRT-PCR on a Bio-Rad CFX96
PCR instrument. The primers (supplemental Table S3) were selected
using the Primer Blast online software (https://www.ncbi.nlm.nih.gov/
tools/primer-blast/) against the Glycine max (taxid:3847) database.
Each reaction mixture consisted of 10 ng of cDNA template, 1 �l each
forward and reverse primers (10 �M stocks), and 10 �l of SYBR green
in a final volume of 20 �l. PCR reaction was run with an initial
denaturing temperature of 95 °C for 10 min followed by 40 cycles at
95 °C for 15 s, 60 °C for 30 s, and 72 °C for 32 s. Melting curve
analysis was also performed at the end of the PCR reaction to verify
that only one product was amplified. PCR efficiencies and expression
levels were calculated for target and reference gene from a serial
dilution of the cDNA template. Target gene transcript levels were
normalized to the transcript level of GmActin11 (3).

Plant Expression Constructs—Full-length cDNA sequences encod-
ing for soybean GmMYB183 (Glyma06G187600), and GmCYP81E11
(Glyma09g05440.1) were retrieved from the Phytozome database
(http://www.phytozome.net/soybean), and synthesized using RT-
PCR from soybean total RNA, and the amplified fragments were
cloned in pEASY-Blunt Zero (TransGen Biotech, Beijing, China).
Primer sequences are listed in supplemental Table S3 and all con-
structs were verified by sequencing.

For gene overexpression and ChIP analysis, the full-length CDS of
target genes were sub-cloned into the pDL28-HA/Ubq10::dsRed vec-
tor, a derivate of pDL28 carrying an HA-tag and a Ubq10 driven
dsRed (42), between SacI and KpnI (GmMYB183) sites or BamH I
single site (GmCYP81E11), downstream to the 35S promoter. The
empty pDL28-HA/Ubq10::dsRed vector was used as a negative con-
trol. All these constructs were transformed into the Union85140 via
Agrobacterium rhizogenes strain K599. The composite plants with
transgenic roots were treated with 200 mM of NaCl in 1/4 fold
Fahräeus medium for 24 h. The transgenic roots were verified by their
expression of dsRed.

For subcellular localization analysis, the full-length CDS of
GmMYB183 was cloned into the pDL28 vector (42) between SacI and
KpnI sites, downstream to the 2�35S promoter (defined as pDL28-
gene). The pDL28, a derivative of pCambia1300, carries a 2�35S
promoter and an HA-tag for target gene expression and a Ubq10
driven dsRed for convenient selection of transgenic roots. Then, the
RFP-tag was inserted into the pDL28-gene construct between KpnI
and SalI (defined as pDL28-gene-RFP). The pDL28-gene-RFP was
transformed into the Union85140 via A. rhizogenes strain K599.

For RNAi-mediated knockdown, the Oligo Engine 2.0 software was
used to select an approximate 300 bp (300�800) length fragment
from the coding region of the target gene. The fragment was amplified
from a cDNA library and cloned into the pHANNIBAL vector in oppo-
site orientations on either side of a PDK intron for constructing an
invert repeat (10). The RNAi construct was sub-cloned into the
pDL28-HA/Ubq10::dsRed vector between SalI and SpeI (GmMYB183
and GmCYP81E11) sites downstream to the 35S promoter. The
pDL28-Gene-RNAi vector was transformed into A. rhizogenes strain
K599 for transformation of soybean roots.

For site-directed mutations, the primers (supplemental Table S3)
were generated by QuikChange Primer Design software (http://
www.genomics.agilent.com/primerDesignProgram.jsp). Full-length
cDNA of the target gene was inserted into pEASY®-Blunt Zero Clon-
ing Vector (TransGen Biotech) and mutated by PCR. The PCR prod-
uct was digested with 1 U DpnI enzyme (Thermo Scientific) at 37 °C
for 1 h and then used to transform the DH5� strain of E. coli. The
mutated cDNA was then sub-cloned into pDL28 derivatives between
SacI and KpnI sites.

Subcellular Localization—Soybean roots were mounted between
glass slides and cover slips, and then imaged using an inverted Carl
Zeiss LSM 710 laser scanning microscope (43).

ChIP-qPCR Assay—The transgenic roots expressing empty vector
(EV), pDL28-35S::GmMYB183-HA/Ubq10::dsRed and pDL28-Gm-
MYB183-RNAi constructs were used for ChIP-qPCR. ChIP analysis
was performed as previously described (44) with minor revisions, and
1.5 g of fresh root sample was cross-linked with 1% (v/v) of formal-
dehyde for 10 min before the chromatin preparation. Briefly, the
cross-linked roots were ground into fine powders in liquid nitrogen
and incubated in 10 ml pre-cold lysis buffer (HEPES 0.05 M, NaCl
0.14 M, EDTA 0.001 M, 10% glycerol, 0.5% NP-40 and 0.25% Triton
X-100, pH7.5) for 10 min. After centrifugation (4 °C, 1000 � g, 15 min),
the pellets were resuspended in 10 ml extraction buffer (NaCl 0.2 M,
EDTA 0.001 M, EGTA 0.0005 M and Tris 0.01 M, pH8.0) and rocked
for 10 min at room temperature. The nuclei were then pelleted by
centrifuging at 1000 � g for 15 min at 4 °C. The pellets were resus-
pended in 3 ml of ice-cold chromatin extraction buffer (EDTA 0.001 M,
EGTA 0.0005 M and Tris 0.01 M, pH8.0) for chromatin sonication. The
sonication was carried out at 20% power output for 160 s using a
Sonics Vibra Cell Sonicator (Sonics & materials Inc, CT). The debris
was discarded after centrifuging at 2000 � g for 15 min at 4 °C and
the rabbit anti-HA antibody was used to precipitate the GmMYB183-
HA:DNA complexes in the supernatant. The Antibody:GmMYB183-
HA:DNA complexes were isolated with protein A/G at 4 °C overnight
and then centrifuged at 1000 � g for 15 min at 4 °C. The DNA was
extracted from the pellet for qPCR assay. Enrichments were calcu-
lated by computation of ��CT [CT(EV) -CT(anti-HA)]. Primers used
are listed in supplemental Table S3.

Electrophoresis Mobility Shift Assay (EMSA)—DNA fragment en-
coding the N-terminal 168 aa containing the DNA-binding domain (aa
74–130) of GmMYB183 were amplified using PCR and with a primer
pair listed in the supplemental Table S3. The amplified fragment was
cloned in pEASY-blunt (Transgene Biotech). Site-directed mutagen-
esis was used to generate the S61A and S61D mutants. All the
constructs in pEASY-blunt were sequenced and sub-cloned into
pET32a vector between EcoRI and XhoI in the reading frame to
express the 6 � His-tags at both N- and C-ends of the 168 aa
GmMYB183 truncated protein or its mutants. In addition, the 184 aa
Trx protein with two his-tags at its C terminus expressed from the
empty pET32b vector and was used as a negative control. These
expression constructs were transformed into E. coli strain BL21 (DE3)
pLysS, and the WT or mutated versions of recombinant GmMYB183
protein was purified through nickel-affinity chromatography (Ni-NTA,
Qiagene). Probe labeling and EMSA were carried out as previously
described (42). Briefly, oligo primers contain a 30 bp tested promoter
sequence were synthesized and four hot (32P-labeled) “A” were
added at the end of both strands using Klenow fragment of DNA
polymer I. 32P-labeled CYP81E11-P1 probe (see supplemental Table
S3, 104 cpm per sample) was incubated with 2 �g of tested protein at
room temperature for 30 min. The reaction mixture was separated on
8% of polyacrylamide gel in 0.5 x TBE buffer, and the dried gel was
exposed to X-ray film for 48 to 96 h.

In Vitro Kinase Activity Assays—The Full length cDNA of soybean
casein kinase-II (GmCK2) was generated with PCR using a pair of
primers with EcoRI and XhoI added to the 5�- and 3�- ends (supple-
mental Table S3). The fragment was cloned in pEASY-blunt (Trans-
gene), sequenced and sub-cloned into pET32a to express the 6 �
His-tags at both N- and C-ends. The purified GmCK2� was used to
test whether recombinant GmMYB183 (aa 1–168, see the previous
section) could be phosphorylated by GmCK2�. The wild type and
S61D mutant of GmMYB183 was tested as substrate. The substrate
phosphorylation assay was performed in 20 �l of kinase buffer con-
taining HEPES (25 mM), MgCl2 (5 mM), 50 �M ATP, 1 �Ci of [�-32P]
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ATP, 0.4 �g GmCK2� and 0.4 �g GmMYB183-WT or GmMYB183-
S61D for 30 min at 25 °C. The reactions were stopped using SDS
loading buffer and electrophoresed on a 12% SDS-PAGE. The dried
gel was exposed X-ray film for 72 h.

HPLC Analysis—HPLC method for flavone quantification was car-
ried out as previously described with minor modifications (10). Briefly,
25 mg roots were ground in liquid nitrogen, and extracted with 1.25 ml
of pre-cooled methanol: acetic acid: water (9:1:10, v/v/v) at room
temperature for 30 min. After 5 min of incubation, the supernatant of
extract was filtered through a 0.22 �M membrane. Then, 10 �l of the
purified extract was injected into a Waters HPLC system and sepa-
rated by a 150 mm � 4.6 mm � 5 �m RP-Spherisorb-ODS2-C18
analytical column. The flavone compounds were monitored with a
Waters 600 Controller and a PDA Detector between the wavelengths
of 200 and 600 nm. The mobile phase A contained 10% acetonitrile
and 0.1% trifluoroacetic acid in water (v/v/v), and mobile phase B
contained 90% acetonitrile and 0.1% trifluoroacetic acid in water
(v/v/v). The separation gradient was set as 10% to 40% mobile phase
B for 30 min at a flow rate of 0.5 ml per minute, followed by 40% to
100% mobile phase B for 5 min. Then, the column was rinsed with
100% of the mobile phase B for 2 min. Peak identification was
confirmed by both retention time against standards and UV absorp-
tion spectra. The flavone or flavone aglycone standard ononin was
purchased from Sigma-Aldrich, St. Louis, MO, and the cyanidin 3-ar-
abinoside chloride was purchased from Miragen, Boulder, Colorado.

Assay of Superoxide (O2
��) Scavenging Capacity Assay—To access

the root’s superoxide anion (O2
��) scavenging capacity, the guaiacol

method was used as previously described (3). Briefly, 50 mg of root
homogenate was suspended in 1 ml of 0.05 M phosphate buffer (pH
5.5) to extract antioxidant enzymes. After 10 min incubation, the
mixture was centrifuged at 12,000 � g and 4 °C for 10 min. 0.5 ml
supernatant (crude enzyme extract) was added into 2 ml; the reaction
buffer consisted of 0.5 ml 0.05 M guaiacol (substrate, overdose), 1 ml
0.05 M phosphate buffer and 0.5 ml 2% hydrogen peroxide (H2O2).
The increase in OD470 resulted from guaiacol oxidation in 4 min was
recorded every 30 s until the reaction time reached 4 min.

Free Radical Scavenging Activity by ABTS� Assay—To analyze the
scavenging activity of soybean roots on cationic radical, the ABTS��

decolorization assay was conducted as previously described (3).
Briefly, 10 �l of extracts were mixed with 1.0 ml of ABTS�� working
solution, which contained 2.45 mM potassium persulphate and 7 mM
ABTS (OD734 � 0.70 	 0.02). The OD734 of the reaction mixture was
measured after 30 min incubation at 30 °C.

Measurement of H2O2 Content—For analyzing the H2O2 content,
0.5 g soybean root was ground into fine powders in liquid nitrogen.
The powders were suspended in 5 ml PBS buffer (pH 7.2) for 30 min
at 4 °C. Then, the mixture was centrifuged at 12,000 rpm and 4 °C for
10 min. An aliquot contains 100 �l of suspension was analyzed using
the H2O2 Quantitative Assay Kit (Water-compatible, C500069, San-
gon Biotech, Shanghai, China) following the instructions of the man-
ufacturer. Briefly, 100 �l of extract were mixed with 1.0 ml of Fe2�

working solution; the Fe2�could be oxidized into Fe3� by H2O2 and
generate an optical absorption at wavelength 560 nm. The OD560 of
the reaction mixture was measured after 20 min incubation at 25 °C.

RESULTS

Phosphoprotein Profiles of Soybean Root Reveal Major
Changes of Transcription Factors—Kinases, such as CCamK
(45) and SOS2 (46), play key roles in rhizobia-legume symbi-
osis and plant salt tolerance. The phosphoproteomic tech-
nique provides an effective and comprehensive phosphopro-
tein profile for understanding the roles of these kinases in
regulating these events in plants. In this study, quantitative

phosphoproteomic approaches were used to find the key
signaling components in soybean roots in response to rhizo-
bia-inoculation and salt stress. The intensity of each phos-
phopeptide was normalized to the mean intensities of all
phosphopeptides detected in all biological replicates, the
change of intensity in log2 (Treated/Control) was calculated
for each phosphopeptide (supplemental Table S2). The
Student’s t test (p values) was performed using the standard
deviation of four biological replicates (supplemental Table S2).

In total, 4832 phosphorylated sites corresponding to 2288
phosphoproteins were identified. Among them, 4698 phos-
phopeptides were quantitatively analyzed (supplemental Ta-
bles S2 and S4). The annotations of these phosphoproteins
were extracted from the protein database of green plants
(http://www.matrixscience.com/). Among them, at least thirty-
two unique phosphoproteins or their homologous have been
reported to play key roles in regulating flavonoid synthesis or
trafficking. These phosphoproteins include nine MYB (1), four
WD40 repeat protein (47), seven bZip (48), five WRKY (49),
and two bHLH (50), which are common transcription factors
regulating the expression of flavonoid synthases genes, two
V-type proton ATPase (51) and three ABC transporter C (52),
which are usually involved in flavonoid trafficking. These re-
sults imply that, flavonoids might play important roles in root
responses to salinity. Conceivably, phosphorylation of these
proteins should play crucial roles in regulating flavonoid syn-
thesis and/or trafficking.

The software MEME Suite and motif-X were used to extract
overrepresented patterns from the 800 peptides which are
differentially phosphorylated between the treated and control
groups with a significant change (FDR � 0.05 and p value �

0.05). The phosphorylation intensities of differentially phos-
phorylated peptides from the treatment group (IpT) were com-
pared with those from the control (IpC) group, and the phos-
phopeptides were divided into the Up group, when IpT 
 IpC,
and the Down group when IpT � IpC. The Up group repre-
sented the peptides with higher phosphorylation level in the
Rhizobia-inoculated (�) sample or Rhizobia-inoculated (�)
and NaCl-treated (�) samples and the Down group repre-
sented peptides with lower phosphorylation levels as com-
pared with that in the control.

Two phosphopeptide motifs in the Up group (Fig. 1A) and
one motif from the Down group were found to be enriched
when the soybean root was inoculated with rhizobia (Fig. 1B).
In addition, Ser was observed as the only centrally phosphor-
ylated amino acid in both the Up and Down groups after
rhizobia inoculation. The amino acid closest to the phosphor-
ylated Ser was mostly Asp (Fig. 1A, 1B). These differentially
regulated motifs were then searched for kinases that might
target them as substrates using the tool and compendium of
phosphorylation motifs curated in the human protein refer-
ence database (http://hprd.org/PhosphoMotif_finder). To cite
an example, [sxxD] is known to be recognized by casein
kinase-II (41, 53–56). The phosphorylated peptide DALAAG-
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YAsADDAAPQNSGR in GmMYB173 (Q0PJH9) which con-
tains the [sxxD] motif was found to be significantly enriched
in the Up group (supplemental Table S2), indicating that phos-
phorylation of GmMYB173 is induced by the inoculation
of rhizobia. On the other hand, phosphorylation of the
[sxxD]-containing peptide DDAAGYAsADDAAPINSDK in
GmMYB183 (Q0PJI2) was significantly suppressed after in-
oculation of the rhizobia.

The MYB type TFs were reported to play pivotal roles in
regulating the expression of enzymes involved in flavonoids
syntheses (29, 33). Consistently we observed that all the salt
responsive GmCHS, GmCHI and GmCYP contained several
MYB-TF binding motifs in their promoters (1). Hence, the
phosphorylation of TFs GmMYB173 and GmMYB183 could
be important nodes connecting the upstream stress or rhizo-
bia-triggered signals to the transcriptional control of the salt
responsive genes. The functional significance of GmMYB173
has been covered in a separate study (1) and GmMYB183 will
be the focus of the current research. Because the only phos-
phorylation peptide found in GmMYB183 contains a CK2
recognition motif (sxD), we expressed and purified the
GmCK2� and confirmed that the GmMYB183 protein is a
substrate of the soybean kinase GmCK2� (Fig. 1E).

When the rhizobia-inoculated root was treated with NaCl,
we observed that seven phosphorylated motifs were enriched
from the Up group (Fig. 1C) and ten motifs were enriched in
the Down group (Fig. 1D). Ser was also observed as the only
central phosphorylated amino acid residue in both groups.
The amino acids closest to the phosphorylated Ser were most
often Asp, Pro, Glu and Gly (Fig. 1C, 1D). Three phosphory-
lation motifs ([DsD], [sP], [sDxE]) were enriched from both Up
and Down groups. Four phosphorylation motifs ([DxxsD],
[sPxR], [sxxD], and [Ds]) were enriched from the Up group and
seven phosphorylation motifs ([sxDD], [sD], [ssxE], [sE], [ss],
[sG] and [sxxs]) were enriched from the Up group. These
differentially phosphorylated motifs were then searched for
the kinases that might use them as targets in the relevant
databases. To cite a few examples, [sP] is recognized by
ERK1 and ERK2 kinases, [sPxR] is the substrate of CDK1/2/
4/6, [sDxE], [DxxsD], [sxDD], [ssxE] and [sxxs] are recognized
by casein kinase-II (53–56).

Several transcription factors, including MYBs, bZIPs, pH-
response factors, calmodulin-binding transcription factors
(CAMTAs), ethylene-responsive factors (ERFs), WRKY fac-
tors, and GTE factors were found to be differentially phos-
phorylated (supplemental Tables S2 and S4). There were nine

FIG. 1. Phosphorylation motifs enriched from differentially phosphorylated peptides after salt treatment. A, and B, are phosphorylation
motifs extracted from the phosphopeptides in the Up group and Down group, respectively, when the soybean roots were inoculated with
rhizobia. C, and D, show phosphorylation motifs extracted from the phosphopeptides in the Up and Down groups when the rhizobia-inoculated
root was treated with NaCl. E, GmMYB183 could be a substrate of GmCK2�. Phosphorylation assay was carried out as described in the
experimental procedures. WT and S61D: recombinant proteins of the N-terminal 168 aa of GmMYB183-S61D and GmMYB183-WT fused to
a Trx- and a 6 x His-tags at its N terminus, and a 6 x His-tag at its C terminus. Data indicated that the Ser61 is the unique site in GmMYB183.
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GmMYBs, five WRKYs, seven bZIPs, four CAMTAs and one
pH-responsive factor which were among those quantitatively
analyzed with one or more phosphorylated peptides. Interest-
ingly, the phosphorylation of peptide DDAAGYAsADDAAPIN-
SDK in GmMYB183 (Q0PJI2) was also found to be signifi-
cantly decreased after Rhizobia inoculation (�) followed by
NaCl(�) treatment, similar to the changes observed in the
R(�)Na(-) treatment. In addition, the phosphorylation of peptide
DALAAGYAsADDAAPQNSGR in GmMYB173 (Q0PJH9) was
also up-regulated by R(�)Na(�) (supplemental Table S2). This
implies that soybean GmMYB183S61p and GmMYB173S59p

mediate responses triggered by rhizobia inoculation and salinity
(supplemental Tables S2 and S4), where GmMYB183 seems to
play a negative role and the GmMYB173 play a positive role in
soybean responses to rhizobia inoculation and NaCl treatment.

It has been reported that MYB type TFs are involved in
regulating the expression of enzymes involved in chalcone
metabolism (29). Our previous research showed that all the
salt responsive GmCHS, GmCHI and GmCYP contain several
MYB-binding motifs in their promoters; GmMYB173 could
bind to the promoter of GmCHS5 and regulate its trans-
criptional expression (1). Hence the phosphorylation of
GmMYB173 and GmMYB183 might affect their binding ef-
ficiencies to these promoters and regulates the transcrip-
tional expression of these chalcone synthesis genes. It ap-
pears that the rhizobia inoculation, although is not an ionic
or osmotic stress, could triggers changes in the phospho-
rylation status of GmMYB173 and GmMYB183 like that
induced by NaCl treatment, and prime or enhance the soy-
bean’s salt tolerance.

Metabolite Profiles of Soybean Root Reveal Prominent
Changes in Flavonoid—Our previous research has revealed
that rhizobia could enhance soybean’s ability to adapt to saline
soil, and changes in flavonoid metabolism is also associated
with plant tolerance to salt stress (1, 3, 4). However, it is still
unclear which flavonoid contributes to the soybean’s tolerance
to salinity under a certain treatment. Hence, metabolomics was
used to discover the flavonoids involved in rhizobia-triggered
tolerance to salinity. The metabolites were ionized via negatively
and positively charge modes, and then subjected to MS anal-
ysis. Ten biological replicates of each sample were used to
estimate the fold changes in metabolite concentrations between
salt-treated or rhizobia-inoculated roots and control samples
(supplemental Tables S5 and S6) using a label-free metabolo-
mics approach (57). Negative-charge-mode and positive-char-
ge-mode enabled us to detect 2075 and 4668 metabolites
respectively, out of which 38 and 65 flavonoids were detected
through both charge modes. The flavonoids with significant and
reproducible differences (p � 0.05) after treatments are pre-
sented in Table I.

Inoculation of soybean roots by rhizobia resulted in signif-
icant increases in the endogenous levels of 19 flavonoids,
including cyanidin-3-arabinoside, quercetin 3-(6�’-acetylgal-
actoside), luteolin 3�-methyl ether 7-glucuronosyl-(1-
2)-glu-

curonide, and quercetin 3-(4�’-malonylrhamnoside) (Table I);
and remarkable decreases in the concentrations of 16 fla-
vonoids, such as ononin, genistein, and daidzin (Table I).
When the rhizobia-inoculated roots were further treated with
salt stress, the accumulations of 32 flavonoids were found to
be significantly increased and 38 flavonoids were detected
with a significant decrease. Interestingly, 27 out of the 36
differentially changed flavonoids after rhizobia inoculation
were also found to have similar up-regulation or downregula-
tion trends in the R(�)Na(�) treatment. This indicates that
these flavonoids might play significant roles in both the rhi-
zobia inoculation and salinity response pathways.

These observations promoted us to speculate whether
branching in flavonoid metabolism pathways could signifi-
cantly alter the symptoms of salt tolerance. As a precursor of
all flavonoids, the accumulation of chalcone is essential for
production of cyanidin derivatives which serve as potent ROS
scavengers. The homologs of CHI and CYP that catalyze the
conversion of chalcone to different types of derivatives (for
example, cyanidin as a positive effector, and ononin as a
negative effector) should play distinct roles in soybean re-
sponses to salinity.

GmMYB183 Regulates the Expression of GmCYP81E11 in
Response to Salinity—Because flavonoids are molecules in-
volved in both soybean-rhizobia interaction and soybean salt
tolerance, we expressed the phospho-mimetic/ablative mu-
tants of all the 27 differentially phosphorylated transcription
factors which are likely involved in regulation of flavonoid
syntheses and evaluated the salt tolerance of the transgenic
roots. This quick survey showed that only 3 transcription
factors, GmMYB176, GmMYB173 and GmMYB183 are func-
tionally related to salt tolerance of soybean, and the first two
were reported elsewhere (1, 33). Hence the rest of the current
study is mostly focused on GmMYB183. Although the
Glyma06G187600 encoded protein (GmMYB183) is classified
as a member of the MYB type transcription factor family
based on its sequence (58), empirical data about the molec-
ular and physiological functions of GmMYB183 are lacking.
The coding sequence of GmMYB183 was tagged with RFP at
its 3� end and expressed in soybean roots (Fig. 2A, 2B) via A.
rhizogenes-mediated transformation. Subcellular localization
of GmMYB183-RFP was observed using a Zeiss LSM710
confocal microscope. Consistent with its function as a tran-
scription factor, GmMYB183-RFP was found localized in the
nucleus in soybean roots (Fig. 2C).

Glyma09g05440.1 encodes for a cytochrome P450 protein
named GmCYP81E11, which was identified as a salt respon-
sive gene (3). We searched for the 8 bp MYB recognition motif
conforming to the (G/A/T)(G/A/T)T(C/A)(A/G)(A/G)(G/T)(T/A)
format (53) in the promoter of GmCYP81E11, and found 2
copies in the �1kb region before the starting codon, an
“ATTAAGTT” element located at �984 to �977 and an
“AGGTTGTT” at �199 to �192 (Fig. 3A). The physical in-
teraction between GmMYB183 and the promoter of
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TABLE I
Flavonoid content with significant changes under salt stress and rhizobia innoculation

Rhizobia(�) Rhizobia(�) & NaCl(�)

Name Fold
change p value Name Fold

change p value

*Lilaline 2.8518 0.0000 *Neoraunone 36.5074 0.0000
*Quercetin 3-(6¢�-acetylgalactoside) 2.2393 0.0000 *Robustone 30.5624 0.0000
*Diospyrin 2.1141 0.0000 Repenol 18.0835 0.0000
Kaempferol 3-(2¢�-hydroxypropionylglucoside)-

4�-glucoside
1.2795 0.0000 *Luteolin 3�-methyl ether 7-glucuronosyl-(132)-

glucuronide
4.1935 0.0000

*Kaempferol 3-sulfate-7-alpha-arabinopyranoside 1.6116 0.0000 *Kaempferol 3-sulfate-7-alpha-arabinopyranoside 5.1385 0.0000
Kaempferol 3-(4¢�-(E)-p-coumarylrobinobioside)-

7-rhamnoside
1.5148 0.0001 Sophoracoumestan A 11.2355 0.0000

*Glabrone 1.3232 0.0002 Echinoisosophoranone 6.2261 0.0000
*Corylin 1.3195 0.0003 Quercetin 3,7,3�-tri-O-sulfate 2.3300 0.0000
*Neoraunone 2.7213 0.0006 *6-Hydroxykaempferol 3,5,7,4�-tetramethyl ether

6-rhamnoside
5.2728 0.0000

*Robustone 2.4265 0.0007 *Isochamaejasmin 2.4987 0.0000
Piscerythramine 1.1913 0.0052 *Naringin 2.6854 0.0000
*Cyanidin-3-arabinoside 1.1090 0.0101 *Cyanidin-3-arabinoside 1.1752 0.0170
*Isochamaejasmin 1.2818 0.0065 Quercimeritrin 2.7887 0.0000
*Bilobetin 1.5005 0.0125 Medicagol 3.1639 0.0000
*Luteolin 3�-methyl ether 7-glucuronosyl-(132)-

glucuronide
1.3764 0.0133 Atovaquone 4.2812 0.0000

*6-Hydroxykaempferol 3,5,7,4�-tetramethyl ether
6-rhamnoside

1.5204 0.0146 Pongamoside A 1.6110 0.0000

*Naringin 1.4490 0.0175 Dalpanin 2.9768 0.0000
*Quercetin 3-(4¢�-malonylrhamnoside) 1.4839 0.0293 Syringetin 3-glucuronide 1.4077 0.0002
Naringin 6¢�-malonate 1.3785 0.0333 *Corylin 2.5700 0.0004
*Phenindione 0.6657 0.0000 Cyanidin 3-(6¢�-succinyl-glucoside) 1.8170 0.0005
*Daidzin 0.6131 0.0000 Karanjin 1.3458 0.0005
*Apigenin 7-(2¢�-acetyl-6¢�-methylglucuronide) 0.5609 0.0000 *Glabrone 1.5755 0.0011
*Macrocarposide 0.6387 0.0000 *Lilaline 1.5627 0.0012
*Malonylglycitin 0.6107 0.0000 Quercetin 3-alloside 1.6699 0.0030
Kaemferol 0.7897 0.0001 *Diospyrin 1.3290 0.0059
*Genistein 0.7523 0.0019 Irisflorentin 1.3406 0.0059
Atovaquone 0.7041 0.0021 Phellodensin E 1.9397 0.0069
Sophoracoumestan A 0.3687 0.0024 *Quercetin 3-(4¢�-malonylrhamnoside) 1.9801 0.0096
*Ononin 0.8150 0.0003 *Bilobetin 2.1858 0.0098
*Mirificin 0.6717 0.0312 5�-Methoxybilobetin 1.4243 0.0125
*Cladrin 7-O-glucoside 0.6532 0.0318 Quercetin 3-(6¢�-methylglucuronide) 1.7671 0.0295
*Patuletin 3-(6¢�-(E)-feruloylglucoside) 0.8286 0.0350 *Quercetin 3-(6¢�-acetylgalactoside) 1.1708 0.0297
*Ikarisoside A 0.8637 0.0387 Naringenin 0.0157 0.0000
Kaempferol 3-(2¢�,3¢�-diacetyl-4¢�-p-

coumaroylrhamnoside)
0.7723 0.0461 *Ononin 0.8069 0.0007

*Frutinone A 0.7959 0.0484 *Macrocarposide 0.1317 0.0000
Malvidin 3-glucoside-pyruvate 0.1011 0.0000
*Phenindione 0.2988 0.0000
*Malonylglycitin 0.1268 0.0000
Davallioside A 0.4789 0.0000
Isorhamnetin 3-rhamnoside 0.3797 0.0000
*Apigenin 7-(2¢�-acetyl-6¢�-methylglucuronide) 0.2443 0.0000
*Daidzin 0.4528 0.0000
Lupalbigenin 0.3566 0.0000
*Ikarisoside A 0.6030 0.0000
Kaempferol 3-(2¢�-hydroxypropionylglucoside)-

4�-glucoside
0.6986 0.0000

Clitoriacetal 0.3364 0.0000
Daidzein 0.2400 0.0000
*Patuletin 3-(6¢�-(E)-feruloylglucoside) 0.5913 0.0000
Formononetin 7-O-(6¢�-acetylglcoside) 0.5613 0.0000
6-Methoxykaempferol 3-rhamnoside-7-(4¢¢�-

acetylrhamnoside)
0.6455 0.0000

Malonyldaidzin 0.1228 0.0001
Rhoifolin 0.2778 0.0001
Evodiamine 0.6465 0.0001
*Cladrin 7-O-glucoside 0.3654 0.0003
Kalbreclasine 0.5762 0.0004
Isoliquiritigenin 2�-glucosyl-(134)-rhamnoside 0.5372 0.0006
Ononin 0.8069 0.0007
Genistein 4�-O-glucoside 0.6439 0.0007
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GmCYP81E11 was tested using chromatin immuno-precip-
itation coupled with quantitative PCR (ChIP-qPCR) (Fig. 3B,
3C). A 35S::GmMYB183-RFP-HA plant expression construct
or the empty vector (35S::RFP-HA) was transformed into
soybean roots via A. rhizogenes-mediated transformation.
The transgenic roots displaying red fluorescence were
picked for the ChIP-PCR assay as previously described
(44) using an anti-HA polyclonal antibody raised in rabbit. qPCR
amplification using CYP81E11-P1 flanking primer pair
(ChIPCYP81E11P1-F and ChIPCYP81E11P1-R in supplemen-
tal Table S3), a 222-fold enrichment in PCR amplification from
ChIPed test sample (roots transformed with 35S::GmMYB183-
RFP-HA) was observed when compared with that trans-
formed with empty vector (35S::RFP-HA) (Fig. 3C). Because
the PCR amplification from the ChIPed template DNA using
CYP81E11-P2 flanking primer pair (ChIPCYP81E11P2-F and
ChIPCYP81E11P2-R in supplemental Table S3) did not show
any remarkable enrichment, we concluded that there is a
physical interaction between GmMYB183 and the DNA sec-
tion corresponding to the CYP81E11-P1 position in the pro-
moter of GmCYP81E11.

To further confirm the interaction between GmMYB183 and
the promoter of GmCYP81E11, we performed EMSAs using
double-stranded GmCYP81E11 probes containing a MYB

motif (GmCYP81E11-P1 containing an ATTAAGTT) and a mu-
tant (GmCYP81E11-P1M: ATAAAGTT) as described in the
experimental procedures. The result showed that GmMYB183
binds to the CYP81E11-P1 probe in a sequence dependent
manner (Fig. 3D). We also tested GmCYP81E11-P2 probes
with EMSA, consistently no interactions were detected be-
tween them and the DNA binding domain of GmMYB183 (Fig.
3D). Because the S61 phosphorylation site is close to the
DNA-binding domain (aa 74–130), we compared the inter-
action between GmCYP81E11-P1 probe and the WT, phos-
pho-mimic (S61D) and phospho-ablative (S61A) mutant of
GmMYB183, our results supported that phosphorylation at
S61 significantly facilitate the binding of GmMYB183 to the
promoter of GmCYP81E11 via the GmCYP81E11-P1 MYB-
binding element (Fig. 3E).

To test whether GmMYB183 regulates the transcription of
GmCYP81E11, we analyzed the transcription of GmCYP81E11
in GmMYB183-overexpression (pDL28-GmMYB183-OE/
Ubq10::dsRed) and RNAi-mediated knock-down (pDL28-
GmMYB183-KD) roots (Fig. 3F). The roots carrying the empty
vector (pDL28/Ubq10::dsRed) were used as control. Our re-
sults showed that introduction of the GmMYB183-OE con-
struct resulted in an over 2-fold increase in GmCYP81E11
expression as compared with roots transformed with the

FIG. 2. GmMYB183-RFP localizes in
the nucleus of soybean root cells. The
original roots of soybean seedling were
removed and infected with A. rhizogenes
carrying a GmMYB183-RFP expressing
construct, transgenic roots with red flu-
orescence were selected using a Nikon
SMZ1500 fluorescence stereoscope (A,
B). The subcellular localization of the
GmMYB183-RFP fusion protein was ob-
served using a Zeiss LSM710 confocal
microscope (C).

TABLE I—continued

Rhizobia(�) Rhizobia(�) & NaCl(�)

Name Fold
change p value Name Fold

change p value

Malonylgenistin 0.5811 0.0009
Malonylgenistin 0.6196 0.0010
*Frutinone A 0.6936 0.0013
*Genistein 0.7207 0.0019
Glycitin 0.3981 0.0024
Silybin 0.8227 0.0047
Flavaprenin 7,4�-diglucoside 0.8810 0.0060
Kaempferol 3-(4¢�-(E)-p-coumarylrobinobioside)-

7-rhamnoside
0.8495 0.0128

Formononetin 0.8081 0.0153
Neorauteen 0.6721 0.0183
*Mirificin 0.7028 0.0356
Delphinidin 3-(6¢�-malonylglucoside) 0.6970 0.0421

*Metabolites found with similar changes after Rhizobia(�) and Rhizobia(�) & NaCl(�) treatments.
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FIG. 3. GmMYB183 binds to a MYB-specific Cis-element present in the promoter of GmCYP81E11. A, Distribution of MYB binding
motifs (G/A/T)(G/A/T)T(C/A)(A/G)(A/G)(G/T)(T/A) in the promoter of GmCYP81E11. Position of the probe (underlined sequence) used for
ChIP-based binding assay is shown below the gene. Position Weight Matrix of MYB binding motifs was curated in the JASPAR database
(http://jaspar.genereg.net/cgi-bin/jaspar_db.pl?rm�browse&db�core&tax_group�plants). B, and C, ChIP-qPCR assays indicates that
GmMYB183 binds to the promoter sections containing the MYB-binding motifs in vivo. The empty vector was used as a negative control (NC).
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GmMYB183-KD construct (Fig. 3G), suggesting that Gm-
MYB183 activates the expression of GmCYP81E11. We then
compared the transcription of GmMYB183 before and after salt
treatment and/or rhizobia-inoculation, significant difference was
detected between every treatment [R(�)Na(-) or R(-)Na(�) or
R(�)Na(�)] and the control [R(-)Na(-)] (Fig. 3H). These results
demonstrated that both salt treatment and rhizobia-inoculation
also suppress the expression of GmMYB183 (Fig. 3H).

GmCYP81E11 and GmMYB183 Affect Flavonoid Metabo-
lism and Salt Tolerance in Soybean—Based on previous
studies, it is reasonable to speculate that both the transcrip-
tion factor GmMYB183 and its downstream target gene
GmCYP81E11 could affect soybean tolerance to salinity. To
further validate that both GmMYB183 and GmCYP81E11
contribute to salt tolerance by affecting flavonoid metabolism,
composite soybean plants with gain-of-function and loss-of-
function mutations of these two genes were generated and
tested for their salt tolerance (Table II).

Because it has been generally accepted as a negative
effector, the flavonoid ononin, a product up-regulated by
GmCYP81E11, was analyzed in all the tested transgenic
roots (Fig. 4 and Table II). Contents of ononin were found to
be positively correlated with the expression levels of
GmCYP81E11 and GmMYB183 (Table II); in addition, it is
also found to be negatively affected by rhizobia and/or NaCl
treatments because the contents of ononin were signifi-
cantly decreased in both R(�)Na(-) and R(�)Na(�) treated
samples (Table II). Furthermore, our data showed that trans-
genic roots expressing GmCYP81E11-OE had the highest
level of ononin when not treated (0.7221 	 0.0070 �g/g
fresh weight, R(-)Na(-)); it were moderately decreased when
treated with rhizobia only (0.5780 	 0.0477 �g/g fresh

weight, R(�)Na(-)) and were further decreased when treated
with both rhizobia and salt (0.0609 	 0.0033 �g/g fresh
weight, R(�)Na(�)).

To test the relevance of phosphorylation at Ser-61 of
GmMYB183 to flavonoid metabolism, we generated the
following plant expressing constructs driven by 35S promoter:
(1) the full-length cds of GmMYB183 (GmMYB183 OE-WT),
(2) phosphomimic mutant of GmMYB183 (GmMYB183
OE-S61D), (3) phospho-ablative mutant of GmMYB183
(GmMYB183 OE-S61A) and (4) RNAi-mediated knockdown
construct of GmMYB183 (GmMYB183 KD). Interestingly, in-
troduction of GmMYB183 KD into the transgenic roots re-
sulted in no detectable content of ononin, whereas the
GmMYB183 OE-S61A, GmMYB183 OE-WT, GmMYB183
OE-S61D constructs resulted in 0.1044 	 0.0048, 0.2278 	

0.0039, and 0.2800 	 0.0049 �g/g fresh weight (Table II). This
indicates that the S61 phosphorylation in GmMYB183 en-
hances the accumulation of ononin.

GmCYP81E11 and GmMYB183 are Involved in ROS Elimi-
nation in Soybean—The antioxidant property of plant tissue is
generally accepted to correlate with plant tolerance to salinity.
The antioxidant properties in terms of H2O2 and ABTS●�

[2, 2�-azinobis (3-ethylbenzothiazoline 6-sulfonate)] radical
scavenging capacities in soybean root were analyzed as pre-
viously described (3). To test the relevance of ROS elimination
capacity to flavonoid metabolism, all the transgenic roots
mentioned above whose flavonoid content had been evalu-
ated were also analyzed for their ROS elimination capacity.
Our results revealed that the ROS elimination capacities in
these tested roots were arranged in a trend contrary to that of
endogenous ononin levels (Table III). Generally, the H2O2 and
ABTS●� scavenging capacities in all transgenic roots were

An asterisk indicates a significant difference (p � 0.05) to the NC according to Student’s t test. FC means fold change. D, and E, EMSA assays
showed that GmMYB183 specially binds to the GmCYP81E11-P1 fragment from the GmCYP81E11 promoter (D), and phosphorylation at S61
of GmMYB183 enhances this interaction (E). GmCYP81E11-P1 (ttttATGTATTAGTGATTAAGTTTAATAACGTGA) or a mutated version with its
ATTAAGTT core sequence changed to ATAAAGTT (GmCYP81E11-P1M) was labeled as a probe, and 200 or 500 folds of unlabeled double
strand GmCYP81E115-P1 fragment was set as the competitor. F, and G, The transcription levels of GmMYB183 (F) and GmCYP81E11 (G) in
soybean transgenic roots expressing empty vector (EV), GmMYB183-overexpression (GmMYB183-OE) and RNAi (GmMYB183-KD) constructs,
respectively. Data presented are mean 	 S.E. (n � 3). H, Transcription of GmMYB183 in soybean roots treated with R(-)Na(-), R(�)Na(-),
R(-)Na(�) and R(�)Na(�). Data represent mean values 	 S.E., each sample was analyzed with three biological replicates. An asterisk indicates
a significant difference (p � 0.05, Student’s t test) between treatment [R(�)Na(-), R(-)Na(�) and R(�)Na(�)] and the control [R(-)Na(-)].

TABLE II
Ononin contents in OE or KD roots in response to salt stress

R(-)Na(-)* R(�)Na(-) R(�)Na(�)

Ononin (�g/g fresh weight)
GmCYP81E11

OE 0.7221 	 0.0070 0.5780 	 0.0477 0.0609 	 0.0033
KD 0.2413 	 0.0173 ND** ND

GmMYB183
OE-WT 0.2278 	 0.0039 ND ND
OE-S61D 0.2800 	 0.0049 0.0236 	 0.0052 ND
OE-S61A 0.1044 	 0.0048 ND ND
KD ND ND ND

*R(-)Na(-): partially cited from Reference 1; **ND: no detectable.
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FIG. 4. HPLC-based analysis of ononin contents in transgenic roots of soybean. A, The chromatographic spectrum observed from
ononin standard separation. B, to (N) The chromatographic spectrum observed from HPLC separation of transgenic GmCYP81E11-OE
R(-)Na(-) (B), GmCYP81E11-OE R(�)Na(-) (C), GmCYP81E11-OE R(�)Na(�) (D), GmCYP81E11-KD R(-)Na(-) (E), GmCYP81E11-KD R(�)Na(-)
(F), GmCYP81E11-KD R(�)Na(�) (G), GmMYB183 OE-WT R(-)Na(-) (H), GmMYB183 OE-S61D R(-)Na(-) (I), GmMYB183 OE-S61D R(�)Na(-) (J),
GmMYB183 OE-S61A R(-)Na(-) (K), GmMYB183-KD R(-)Na(-) (L), GmMYB183-KD R(�)Na(-) (M), GmMYB183-KD R(�)Na(�) (N) roots.
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found to be stimulated by salt stress. Elevated expression of
both GmMYB183 and GmCYP81E11 negatively affected ROS
scavenging capacities in the soybean transgenic roots. For
example, the H2O2 elimination capacity was measured to
be 1.5750 	 0.0424 U*g�1*min�1 in GmCYP81E11-OE for
transformed roots, remarkably lower than 2.1800 	 0.0283
U*g�1*min�1 measured in the GmCYP81E11-KD transformed
roots when treated with R(�)Na(�) (Table III). In addition, the
GmMYB183 KD construct resulted in the highest capacities
for eliminating both H2O2 and ABTS●�; whereas the
GmMYB183 OE-S61D construct displayed the lowest ROS
scavenging capacity (Table III).

Phosphorylation of GmMYB183 at S61 Represses Salt
Tolerance of Transgenic Soybean Roots—To further under-
stand the contribution of GmMYB183 phosphorylation at its
Ser61 on regulating the salt tolerance of soybean, fresh
weights of transgenic roots were analyzed in this research.
Consistent with the abovementioned ROS scavenging
capacities, roots expressing GmMYB183S61D (OE-S61D)
showed lower tolerance than those transformed with
GmMYB183S61A (OE-S61A) and GmMYB183 (OE-WT) con-
structs (Fig. 5A and 5B). Furthermore, the transgenic roots
whose GmMYB183 expression is knocked-down (KD) dis-
played the highest tolerance. These results indicate that
phosphorylation of GmMYB183 plays a negative role in
soybean salt tolerance (Fig. 5A and 5B).

We further evaluated the salt tolerance of the whole com-
posite plants although their shoots remain to be wild-type.
Our results indicated similar correlations exist between their
tolerance performance and the corresponding transgenes ex-
pressed in their roots. For example, composite shoots with
root expressing GmMYB183S61D (OE-S61D) showed lower
tolerance than those transformed with GmMYB183S61A (OE-
S61A) and GmMYB183 (OE-WT) constructs (supplemental

Fig. S1). Furthermore, the composite shoots with transgenic
roots in which GmMYB183 expression is knocked-down (KD)
displayed the highest growth under salinity. Consistently, the
composite plants with root over-expressing GmCYP81E11
(OE-GmCYP81E11) showed lower tolerance than those com-
posites with transgenic roots in which GmCYP81E11 expres-
sion is knocked-down (KD-GmCYP81E11) in roots (supple-
mental Fig. S2).

Salt Treatment and Rhizobia Inoculation Triggered Different
Accumulation of H2O2 In Soybean Roots—By looking for
phosphorylation events similarly triggered by both rhizobia
inoculation and salt treatments, we found that GmMYB183 is
a critical player contributes to the rhizobia potentiated soy-
bean tolerance to salt stress. In the meantime, one could also
notice that rhizobia inoculation of soybean roots triggers ef-
fects similar to those induced by NaCl treatment including
decrease in GmMYB183 phosphorylation, inhibition of
GmCYP81E11 gene expression, decrease of ononin accumu-
lation, and enhancement of ROS scavenging capacities in
plants (Fig. 3, Table II, III). However, caution is recommended
to conclude that the effect of NaCl treatment is better than the
rhizobia inoculation in inducing these responses because the
time scale of rhizobia inoculation and salt treatment in these
experiments were not comparable. Whereas the time for salt
treatment is 24 h, the time for rhizobia inoculation is over a
couple of weeks. It is noteworthy that inoculation of rhizobia
also had some opposite or alleviating effects on NaCl stress.
Taking the phosphor-proteome as an example, the up-regu-
lated phosphorylated peptides in the roots inoculated with
rhizobia [(R(�) Na(-)] (98 peptides listed in supplemental Table
S2 in this research) are much less than those in roots treated
with NaCl [R(-)Na(�)] (412 peptides listed in supplemental
Table S5, in Ref 1 where the salt treatment setup is the same
as that in this research). Moreover, the rhizobia and NaCl

TABLE III
ROS elimination capacity of OE or KD roots

R(-)Na(-) R(�)Na(-) R(�)Na(�)

H2O2 (U*g�1*min�1)
GmCYP81E11

OE 1.1800 	 0.0057 1.2833 	 0.0424 1.5750 	 0.0424
KD 1.5388 	 0.0159 1.6757 	 0.0384 2.1800 	 0.0283

GmMYB183
OE-WT 1.1867 	 0.0094 1.3300 	 0.0236 1.4100 	 0.0000
OE-S61D 0.9586 	 0.0303 1.0988 	 0.0018 1.3043 	 0.0020
OE-S61A 1.2588 	 0.0548 2.0638 	 0.0513 2.2700 	 0.0255
KD 1.9600 	 0.0672 2.5520 	 0.0453 2.8267 	 0.0094

ABTS (10 �mol*g�1)
GmCYP81E11

OE 0.2923 	 0.0132 0.5063 	 0.0127 0.5563 	 0.0118
KD 0.3658 	 0.0028 0.5722 	 0.0292 0.6116 	 0.0140

GmMYB183
OE-WT 0.2514 	 0.0361 0.3232 	 0.0187 0.3880 	 0.0212
OE-S61D 0.1546 	 0.0274 0.3155 	 0.0071 0.3245 	 0.0105
OE-S61A 0.3563 	 0.0374 0.4946 	 0.0150 0.5426 	 0.0112
KD 0.4158 	 0.0150 0.5334 	 0.0299 0.6254 	 0.0113
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treatments indeed showed opposite effects on many phos-
phorylated peptides as documented in the two abovemen-
tioned supplemental tables, for example, the phosphor-pep-
tide IVLPPELPPEIPDDEVEVSDDDLQFVK in the A0A0B2P066
protein (Nucleolar complex protein 3 like).

Because the accumulation of ROS stimulated by salt
stress has been known to trigger oxidative damages in plant
cells (5, 6), we compared the time course of ROS accumu-
lation in soybean roots within 96 h of salt treatment and
rhizobia inoculation (supplemental Fig. S3). Consistently we
saw NaCl treatments triggered rapid accumulation of H2O2

within the first 24 h post treatment (hpt). The H2O2 level was
kept at a relatively high levels with slight decrease through-
out the rest of the 96 h testing period in the NaCl single

treatment group [R(-)Na(�)], but dropped much more
quickly after reach the pinnacle at 24 hpts in the NaCl
treated roots pre-inoculated with rhizobia for 4 weeks
[R(�)Na(�)]. On the other hand, rhizobia inoculation
[R(�)Na(-)] triggered a rapid H2O2 accumulations compara-
ble to those induced by NaCl treatments[R(-)Na(�) and
R(�)Na(�)] during the first 6 h of inoculation, since then it
start to decease steadily and restored to the untreated level
at 96 h post inoculation. Although confirming that salt stress
[R(-)Na(�)] hurts plant cells with excessive and long lasting
accumulation of ROS, these results showed that inoculation
of rhizobia [R(�)Na(-)] only trigger a short burst of H2O2 in
soybean roots immediately after inoculation which serves as
an effective signaling event potentiating protective re-

FIG. 5. Effects of salt treatment on transgenic roots of composite soybean plants. Composite soybean plants were generated by
infection with A. rhizogenes strain K599 carrying empty vector (EV), overexpression constructs of GmMYB183 (OE-WT), GmMYB183S61D

(OE-S61D), GmMYB183S61A (OE-S61A) and RNAi-mediated knockdown construct of GmMYB183 (KD). Transgenic roots were confirmed by
DsRed fluorescence as described in the materials and methods section. One-week old composite plants were treated in 1/4 fold Fahräeus
medium without (control) or with 200 mM NaCl [NaCl (�)] for 4 weeks. A, Plants are typical representatives of three repeats of salt treatments.
B, Fresh weights of transgenic roots: data expressed are means 	 s.d. of root samples from three plants and the experiments are repeated
three times with similar results; an asterisk indicates a significant difference from the control (EV) based on p � 0.05 of student’s t test;double
asterisks indicates a significant difference from the control (EV) based on p � 0.01 of student’s t test.
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sponses apparently upstream the actions of GmMYB183
and GmCYP81E11, a scenario as happen in the [R(�)Na(�)]
double treatment group.

DISCUSSION

Flavonoids in leguminous plants have been well character-
ized for their roles in plant-microbe interactions; they are the
key signals that determine the host-symbiont specificity be-
tween rhizobia and their host legumes (9). A wide variety of
flavonoids have been shown to induce the expression of
nod-genes of rhizobia (9); quercetin from alfalfa was reported
to stimulate spore germination and hyphal branching of ar-
buscular mycorrhizal fungi (AMF) (59, 60). In addition, fla-
vonoids were also found to be involved in the AMF-induced
defense reactions in alfalfa, and it has been suggested that
this AMF-trigged change of flavonoid profiles could initiate a
general plant defense response against a broad range of
stresses including salinity (61). However, the mechanism of
how these microbes enhance plant’s salt tolerance is far from
clear.

We previous demonstrated that rhizobia could trigger the
transcriptional expression of MYB genes and strengthen the
soybean roots’ ROS scavenging capabilities (4). Furthermore,
some MYB transcription factors were revealed to transcrip-
tionally activate genes encoding for biosynthesis of flavonoids
under salt stress (1, 62, 63). Although the anti-oxidative prop-
erty of flavonoids is not novel (64), its physiological impacts
have not been adequately addressed at the whole plant level.
The chemical basis of the anti-oxidative property of flavonoids
has been attributed to the hydroxy groups in their structures.
The dihydroxy B-ring flavonoids were proven to have higher
efficiencies in reducing ROS as compared with monohydroxy
B-ring flavonoids (1, 63–65). Consistent with these findings,
the dihydroxy B-ring (e.g. quercetin) and dihydroxy B-ring-
substituted flavonoids, such as quercetin 3-(6�’-methylglucu-
ronide), quercetin 3-(2G-(E)-p-coumaroylrutinoside), querce-
tin 3-(6�’-acetylgalactoside), and quercetin 3-alloside were
found to be significantly up-regulated in soybean roots after
salt stress in our current metabolomic study (Table I). In
contrast, the monohydroxy B-ring flavonoids, such as ononin,
daidzin, genistein, kaempferol 3-sulfate-7-alpha-arabinopyra-
noside, and apigenin 7-(2�-acetyl-6�-methylglucuronide) were
shown to be significantly downregulated.

The flavonoid derivatives, primarily formed through ortho-
dihydroxy B-ring glycosylation, were shown to donate elec-
trons or hydrogen atoms in anti-oxidative reactions (66), and
quercetin glycosides, which dominate the flavonoid profile in
soybean roots (Table I), are believed to be superior electron
donors compared with other glycosides (43, 67, 68). Legume
flavonoids are diversified in their structure as well as physio-
logical functions (9). For example, formononetin was an es-
sential intermediate of leguminous phytoalexins with methoxy
groups and plays a critical role in legume-rhizobium symbio-
sis (21, 63). In addition, daidzein and genistein are precursors

of 2�-hydroxydaidzein and 2�-hydroxygenistein, respectively
(69); the two products both have 2�, 3�-hydroxy (dihydroxy)
in the B-ring and are accepted to have higher radical-
scavenging efficiency than their corresponding precursors.
The monohydroxy B-ring flavonoids, such as apigenin and
7, 4�-dihydroxyflavone, are well known as signaling mole-
cules mediating plant responses to pathogen attack (8, 70).
When excess ROS is induced by salinity, soybean roots are
reprogrammed to produce flavonoids with better radical-
scavenging efficiency. In other words, the quercetin deriv-
atives could assume positive roles in soybean tolerance to
salt stress, whereas the ononin, daidzin, genistein, kaemp-
ferol and their derivatives have negative contributions to
soybean’s resistance to oxidative stress.

As the flavonoids vary in antioxidant efficiencies, their dif-
ferential syntheses may imply distinct requirements to help
plants survive salt stress. Flavonoids are mainly synthesized
via enzymes involved in the shikimate-phenylpropanoid path-
way, such as CYP. CYPs are heme-containing proteins which
catalyze a wide range of oxidative reactions (71, 72). Lam
et al. (2014) demonstrated that cytochrome P450 93G2
(CYP93G2) functions as a flavanone (monohydroxy B-ring
flavonoids) 2-hydroxylase (F2H) that supplies 2-hydroxyfla-
vanones for C-glycosylation in rice (Oryza sativa) (73). In ad-
dition, the soybean proteins CYP81E11, CYP81E12 and
CYP81E18 catalyze daidzein and genistein to dihydroxy B-
ring flavonoids 2�-hydroxydaidzein and 2�-hydroxygenistein,
respectively (69). Therefore, these enzymes should have the
potential to enhance soybean tolerance to oxidative stresses.
The licorice CYP81E1 was also shown to be isoflavone 2�-
hydroxylase (I2�H) (74) that catalyzes hydroxylation of isofla-
vones at C-2� of the B-rings (75).

Expressions of enzymes in flavonoid synthesis are con-
trolled largely by MYB-type TFs (32, 76–79). The N-terminal
DNA-binding domain of MYB TFs bind to a conserved octa-
mer (G/A/T)(G/A/T)T(C/A)(A/G)(A/G)(G/T)(T/A) in promoters of
their downstream genes. Based on the number of imperfect
helix-turn-helix motifs (one, two, three, or four) in their MYB
domain, MYB proteins are categorized into four sub-families,
including MYB1R, MYBR2R3, MYB3R and 4R-MYB; most
plant MYB proteins are the R2R3 type (37, 80–81). MYB
transcription factors constitute a big family involved in various
physiological responses. In the present study, the phos-
phorylation of GmMYB173 and GmMYB183 were found to be
stimulated and repressed respectively by salt stress and rhi-
zobia inoculation (supplemental Table S2).

MYB proteins vary in binding capacities to different cis-
elements; therefore, a MYB factor may have preference in
recognizing and regulating a particular set of downstream
genes (82). Accumulated results imply that GmMYB173 and
GmMYB183 proteins may affect stress tolerance through reg-
ulation of downstream genes, GmCHS5 and GmCYP81E11,
respectively (1 and Fig. 3). In the current study, we found that
overexpression of GmMYB183 stimulated the expression of
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the GmCYP81E11 and the knockdown of GmMYB183 roots
repressed the expression of the GmCYP81E11. Consistent with
the GmCYP81E11 OE roots, the GmMYB183 OE roots also
demonstrated increased ononin contents. Likewise, the Gm-
MYB173 induces the accumulation of cyanidin 3-arabinoside
chloride (C3A) via up-regulation of GmCHS5 (1). Compared with
C3A, the ononin is a ‘low efficient’ ROS scavenger compared
with C3A (63–66); hence GmMYB173 and GmCHS5 are posi-
tive effectors of physiological response to salt stress, whereas
the GmMYB183 and GmCYP81E11 are negative regulators in
the ROS scavenging process.

The GmMYB183 protein contains a Ser residue at position
61 (Ser-61), which is conserved among its homologous pro-
teins in plants, including those from Arachis ipaensis, Medi-

cago truncatula, Glycine max, Cajanus cajan, Phaseolus vul-
garis, Vigna angularis, Prunus persica, Malus domestica,
Morus notabilis and Citrus clementine (Fig. 6). Additionally,
this Ser residue is followed by a [xDD], forming a common
casein kinase-II target motif (53–55). The physiological func-
tions of MYB type TFs are known to be significantly affected
by the post-translational phosphorylation. Li et al. (79, 83)
demonstrated that the 14–3-3 proteins regulated the intracel-
lular localization of the transcriptional activator GmMYB176
and affected the isoflavonoid synthesis in soybean. In this
research, replacement of Ser-61 with Asp-61 (a phosphory-
lation mimic mutation) in GmMYB183 was found to be posi-
tively correlated with ononin accumulation in soybean roots
(Fig. 4 and Table II).

FIG. 6. The phosphorylated peptide
GYAsxDDA in GmMYB183 protein is
highly conserved in several plants. The
peptide GYAsxDDA was found in homol-
ogous proteins of GmMYB183 in several
plants including Arachis ipaensis, Medi-
cago truncatula, Glycine max, Cajanus ca-
jan, Phaseolus vulgaris, Vigna angularis,
Prunus persica, Malus domestica, Morus
notabilis and Citrus clementine.

FIG. 7. A hypothetical model for
transcription factors GmMYB183 in
regulating soybean’s responses to sa-
linity. After the perception of salinity or
rhizobia inoculation signal, the phos-
phorylation of GmMYB183 was inhib-
ited. Furthermore, the expression of its
downstream gene GmCYP81E11 was
downregulated and the GmCYP81E11-
induced monohydroxy B-ring flavonoid
(ononin) declined. Finally, the adjusted
flavonoids appropriately reduced the
ROS for enhancing the soybean’s toler-
ance to salinity.
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In summary, rhizobia symbiosis helps the soybean plant to
cope with the detrimental effects of high soil salinity mostly
because of its effect in enhancing the ROS scavenging activ-
ities, although the underlying mechanism is poorly under-
stood. In this study, we showed that the rhizobia-inoculation,
obviously not a salt stress, was found to stimulate and repress
the phosphorylation of GmMYB173 and GmMYB183, two
transcription factors control the expression of GmCHS5 and
GmCYP81E11, enzymes involved in flavonoid syntheses,
thereby help soybean plants to adapt to salt stress. It is
noteworthy that monohydroxy B-ring flavonoid derivatives,
such as ononin, are produced through the involvement of
GmCYP81E11, and might act as an effector in other phys-
iological processes other than protecting cells from oxida-
tive stress. Moreover, the synthesis of ononin derivatives
depletes a large amount of chalcone and adversely affects
the accumulation of dihydroxy B-ring flavonoids. Our results
showed that the expression of GmCYP81E11 is directly
activated by GmMYB183 (Fig. 3); and the “GmMYB183-
GmCYP81E11-monohydroxy B-ring flavonoids” pathway
seems to play a negative role in soybean’s tolerance to
salt-induced oxidative stress. This pathway could be acti-
vated by pre-inoculation of rhizobia at germination stage;
then the potentiated soybean seedlings may gain signifi-
cantly higher tolerance to saline soil when they are trans-
planted (Fig. 7).

Accession Numbers—Accession numbers for the proteins
mentioned in this article: GmMYB173 (Glyma17G094400):
Q0PJH9; GmMYB183 (Glyma06G187600): Q0PJI2; GmCHS5
(Glyma01g43880.1): P48406; and GmYP81E11 (Glyma-
09g05440.1): Q2LAL0.
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