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Abstract 

Purpose In recent years, considerable research has been conducted on the use of plant growth regulators (PGRs) to 
improve crop yields. Large amounts of PGRs are applied to regulate crop growth. However, few studies have assessed 
the impact of PGRs, which leave soil residues, on soil microorganisms, especially rhizobia.

Methods In this study, the influence of inoculation of soybean roots with Sinorhizobium fredii and Bradyrhizobium 
japonicum exposed to gibberellin A3  (GA3) and mepiquat chloride (MC) on nodule number, nitrogenase activity, and 
a symbiotic nitrogen fixation gene (fixA) expression was studied. The nitrate content, free amino acids, and nitrate 
reductase activity of the roots, and seed yield and quality of soybean were measured.

Result Nodulation was promoted to some extent, whereas nitrogenase activity and fixA expression were inhibited 
to some extent by treatment with  GA3; however, these effects were reversed by treatment with MC. In a pot experi-
ment to study phenotypic characteristics, rhizobia treatment in combination with  GA3 or MC significantly improved 
soybean yield and seed nitrogen content, and increased the root nitrate content, free amino acid content, and nitrate 
reductase activity.

Conclusion The results indicated that PGRs, which leave soil residues, have significant positive effects on the growth 
and activity of soybean and rhizobia.

Keywords Plant growth regulator, Rhizobia, Nitrogen metabolism, Soybean, Gibberellins, Mepiquat chloride

Significance and impact of study
Although plant growth regulators (PGRs) are important 
factors in regulating legume growth and development

Limited information is available on their effects on leg-
ume symbioses with rhizobia. in this study

The impact of the PGRs gibberellin A3  (GA3) and 
mepiquat chloride (MC) on rhizobia-induced effects in 
soybean was examined. an understanding of the effects 
of PGR residues on the soybean–rhizobia symbiosis will 
be helpful in the evaluation of soil ecological security and 
rational application of these regulators
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Introduction
The legume–rhizobia symbiosis is a specialized plant–
microbial symbiotic system in the rhizosphere that 
helps to supply nitrogen nutrition to the host plant. Leg-
umes can provide a stable environment and energy for 
microbes. It has been reported that 50–60% of nitro-
gen nutrition in soybean stems from its symbiosis with 
rhizobia (Rellán-Alvarez et  al. 2010). Nitrogenases, a 
group of metalloenzymes, play a crucial role in the rhizo-
bia–legume symbiosis (Dixon and Kahn 2004). Nor-
mally, rhizobia nitrogenase consists of two components: 
the homodimeric Fe protein and the tetrameric Mo–Fe 
protein, which contains the Mo–Fe cofactor. Many stud-
ies have reported that the nitrogenase activity of rhizo-
bia is significantly influenced by external factors. A high 
concentration of  NO3

−,  Fe2+-free (LeVier et al. 1996), or 
 Cu2+-free (Maas et  al. 1979) can suppress the nitroge-
nase activity of nodules in different manners. It has been 
found that indole acetic acid (IAA), which is secreted by 
rhizosphere microbes, can improve the nitrogen-fixa-
tion ability, thereby increasing the dry weight and yield 
of sorghum (Ashraf et  al. 2011). Therefore, it is impor-
tant to consider how to improve the nitrogenase activ-
ity to increase soybean yield. As early as the 1980s, some 
researchers found that host plants could secrete flavo-
noids when infected by rhizobia, which can induce the 
synthesis and release of nod factors (NFs) in the rhizobia. 
Many studies have shown that plant growth regulators 
(PGRs) regulate plant nodulation and nitrogen metabo-
lism. For example, ethylene (ET), abscisic acid (ABA), 
jasmonic acid (JA), salicylic acid (SA), and brassinolide 
(BR) negatively affect nodule formation (Tirichine et  al. 
2007). The root and shoot dry weights, nodule number, 
nodule weight, nodule nitrogen content, and nitroge-
nase activity of soybean were improved significantly after 
foliar spray application of BR and SHK-6 (a type of novel 
plant growth regulator, the main component is diethyl 
aminoethyl hexanoate mepiquat). It was also found that 
the nitrogenase activity of soybean roots was increased 
by cytokinin (CTK)/gibberellic acid (GA) and CTK/IAA 
treatments, while the effect of IAA/ABA and GA/ABA 
treatments was the opposite. It has been shown that pea 
mutants deficient in  GA3 biosynthesis could not form 
nodules with rhizobia, but the addition of exogenous 
 GA3 in moderation can restore nodule formation (Fer-
guson et al. 2005). Moreover, it has been suggested that 
in aluminium (Al)-treated roots, nitrate reductase (NR) 
activity is increased but the IAA concentration is main-
tained at the same level as in the pretreatment (Tomioka 
et  al. 2012). However, indole-3-acetyl-L-aspartic acid 
(IA-Asp), which is a metabolic intermediate of IAA deg-
radation, is not detected in the roots. In calcium-treated 
roots, NR activity and IA-Asp concentration increases, 

but the IAA concentration decreases. It has been found 
that the activity of NR, nitrite reductase, glutamine syn-
thetase, and glutamate synthase decreases significantly 
(Gangwar et al., 2011); however, the ammonium content 
and activity of glutamate dehydrogenase are increased by 
chromium and 100 μM IAA treatments in pea seedlings. 
The effects of PGRs on rhizobia cells in free-living cul-
tures have also been confirmed. It has been reported that 
0.1% D1 (a synthetic phytohormone analogue) suppresses 
bacterial growth (Kosenko et  al. 2001; 2003); however, 
bactozole (a plant growth stimulant of bacterial origin) 
at different concentrations (0.001%, 0.01%, and 0.1%) 
exerted similar effects on the growth of bacteria when 
grown under a low nitrate concentration (6 mM). There 
is also evidence for the role of conventional PGRs in nod-
ule structure (Brewin 1993). PGRs play an important role 
in regulating the grain-filling process and protein accu-
mulation. Yang et al. (2013) demonstrated that the grain-
filling rate is positively and significantly dependent on the 
contents of GA, IAA, and ABA and that the content of 
free amino acids and activity of glutamine synthetase is 
dependent on the contents of ABA and GA. In addition, 
the content of soluble proteins is significantly affected by 
the contents of ABA and IAA (Yang et  al. 2013). Thus, 
it could be concluded that exogenous hormones can 
affect the grain-filling process and nitrogen metabolism 
characteristics by changing the contents of endogenous 
hormones.

Several genes and proteins have been identified as 
essential for symbiotic nitrogen fixation by the bacte-
rium Sinorhizobium meliloti and are termed symbiotic 
nitrogen fixation (fix) genes. Fix genes were first identi-
fied in S. meliloti (Mueller and Gonzalez 2010) and later 
in Bradyrhizobium japonicum, Azorhizobium caulin-
odans (Wu 2012), Rhizobium leguminosarum bv. viciae 
(Elsayed et al. 2013), R. leguminosarum bv. trifolii (Miller 
et al. 2007), and R. leguminosarum bv. phaseoli (Dombre-
cht et al. 2002). Mutations in any one of the fixA/B/C/X 
genes of R. meliloti, B. japonicum, or A. caulinodans 
completely abolish nitrogen fixation. It has been pro-
posed that fixA/B/C/X gene products may be involved 
in electron transport to nitrogenase (Dai et al. 2014). In 
a study using mutant plants, it has been suggested that, 
in addition to the electron transfer flavoprotein, the fixA 
locus is required for symbiotic efficiency (Delmotte et al. 
2014). It has been shown that application of IAA and 
2,4-dichlorophenoxyacetic acid in a symbiotic environ-
ment can significantly increase the mRNA transcript lev-
els of fix genes in S. meliloti (Bianco, 2010).

In our previous work, we confirmed that PGRs could 
change the growth rate and structure of rhizobia cells 
in free-living cultures. However, the effect of PGRs on 
the influence of rhizobia on nitrogen metabolism, yield, 
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and quality of soybean remains unclear. In this study, we 
investigated the effect of soybean root inoculation with S. 
fredii and B. japonicum exposed to  GA3 and MC on nod-
ule number, nitrogenase activity, fixA expression, nitrate 
content, free amino acid content, NR activity, and seed 
yield and quality.

Materials and methods
Rhizobial strains and PGRs
Two strains of rhizobia, Bradyrhizobium japonicam 
(strain number GIM 1.94) and Sinorhizobium fredii 
(strain number GIM1.227), were obtained from the 
China Agricultural Culture Collection Center (ACCC). 
 GA3 and MC were obtained from our laboratory. Uni-
form soybean “Suinong 28” seeds were obtained from 
YiBin University.

Culture media
Yeast mannitol agar (YMA) liquid medium was prepared. 
The nitrogen-free nutrient solution contained 0.15  g 
 Na2HPO4·2H2O, 0.1 g  CaCl2·2H2O, 0.12 g  MgSO4·7H2O, 
0.1 g  K2HPO4, 5 mg ferric citrate, and 1 mL minor ele-
ments and diluted with distilled water to 1000 mL, steri-
lized at 121 °C for 15 min. The stock of minor elements 
was prepared using 2.86 g  H3BO3, 2.03 g  MnSO4·4H2O, 
0.22  g  ZnSO4·7H2O, 0.13  g  Na2MoO4·2H2O, and 0.08  g 
 CuSO4·5H2O and diluted with distilled water to 1000 mL. 
The  GA3 mother solution comprised 10.0 g  GA3 diluted 
with absolute ethyl alcohol (100  mL) and was stored at 
4 °C until use. The MC mother solution contained 10.0 g 
MC diluted with distilled water to 100 mL and was stored 
at 4 °C until use.

Soybean pot experiments
Plant growth regulator  GA3 and MC mother solutions 
at  10−3 and  10−2 (v/v) concentrations, respectively, were 
added to the YMA liquid medium, then S. fredii and B. 
japonicum were inoculated and cultured at 28  °C with 
shaking at 170 rpm for 3 days. The strains in each treat-
ment were collected after centrifugation of the 1 mL bac-
terial solution at 8000 × g for 10 min, rinsed with sterile 
water to remove PGRs in the YMA liquid medium, and 
then suspended in 1 mL sterile water. Soybean seeds were 
surface-sterilized with 70% ethanol (v/v) for 5  min fol-
lowed by extensive rinsing with sterile water. The surface-
sterilized seeds were inoculated individually with 1  mL 
bacterial suspension, then planted in an autoclaved mix-
ture (1:1) of perlite and vermiculite in pots (25 cm diam-
eter × 30 cm height). Each pot contained three plants and 
was supplied daily with 500  mL nitrogen-free nutrient 
solution. Each treatment was replicated five times. Plants 
were grown in an artificial climate with sunlight and 60% 
relative humidity at 28 °C.

Root nodule number and nitrogenase activity in acetylene 
reduction assay
Plants were carefully uprooted from 08:00 to 09:00 dur-
ing the soybean pod stage, and the root systems were 
rinsed thoroughly with sterile water. Nodules of simi-
lar number and size in each treatment were counted 
and detached carefully, rinsed with sterile water, and 
pooled. Ten nodules, selected at random from the 
pooled sample, were placed in serum bottles. After 
removal of 10% of the volume of air from the flask and 
injection with an equal volume of  C2H2 30  min after 
removing the reaction gases, a gas chromatograph 
(Agilent 7890A) was used to determine the amount of 
 C2H4 (Kurz, et al., 1975). Each treatment was replicated 
five times.

Real‑time PCR assay for fixA gene expression
Total RNA of rhizobia in the collected nodules (as 
described in the preceding section) was extracted using 
the QIAGEN RNeasy Mini Kit. Reverse transcription was 
performed using the TransScript II First-Strand cDNA 
Synthesis Super Mix in accordance with the manufac-
turer’s instructions. All reagents were treated with DEPC 
on ice to ensure that the entire process was performed 
on a clean bench. The cDNA was reverse-transcribed 
and diluted 30 times as a template for the real-time PCR 
experiment. The PCR mixture was prepared to a total 
volume of 12.5 μL and included 6.25 μL Eco GreenI 
fluorescent dye MIX, 0.25 μL forward primer, 0.25 μL 
reverse primer, 2 μL cDNA first reaction product, and 
3.5 μL  ddH2O. The fixA gene primers used were for-
ward 5′-CTA TGA TCT GTT CGC GCT TG-3′ and reverse 
5′-AGA CGA TAT CGG GCG TAC C-3′. The reference gene 
primers were forward 5′-CCT ACG GGA GGC AGCAG-3′ 
and reverse 5′-ATT ACC GCG GCT GCTGG-3′. Ampli-
fications used the following program: 95 °C for 5 min, 1 
cycle; 95  °C for 15  s, 55  °C for 30  s, 5 cycles. After the 
amplification, melting curve analysis was performed.

Nitrogen metabolism‑related indicators
Root samples were collected and frozen in liquid nitro-
gen for 1 h and then stored at − 40 °C. The frozen sam-
ples were used for determination of physiological 
indicators. Free amino acids were determined using the 
ninhydrin method (Gerhard et  al. 2002), nitrate-nitro-
gen was determined using the salicylic acid method 
(Ratushnyak et al. 2011), and NR was determined using 
the reference method (Yin et al. 2015).

Soybean yield and quality assessment
The yield and quality of soybean were assessed by meas-
uring plant height, pod number per plant, seed number 
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per plant, and 100-seed weight. The nitrogen content of 
the seeds was determined using the Kjeldahl method.

Data analysis
Data processing and mapping were performed using 
Microsoft Excel 2003, fixA relative gene expression levels 
were analysed using SDS 2.3 software, and the SPSS sta-
tistical analysis system was used for analysis of variance 
and significance tests.

Results and discussion
Effects of PGRs and rhizobia on nodule number 
and nitrogenase activity
Leguminous plants can form a symbiotic relationship 
with rhizobium and capture nitrogen in the atmosphere 
to provide to host plants by forming nodules in the roots. 
Plant hormones play a key role in this process.  GA3 is a 
kind of plant hormone known to be involved in a variety 
of biological processes (such as cell growth and germina-
tion). Previous studies have also shown that gibberellin 
is involved in the formation and maturation of root nod-
ules in legumes (Liu H et al., 2018). To study the effects 
of PGRs on nodulation and nitrogen fixation of soybean 
infected by rhizobia,  GA3 and MC were incorporated 
separately in combination with S. fredii and B. japonicum 
in the culture medium. Inoculation with  GA3–S. fredii 
and  GA3–B. japonicum increased the nodule number of 
soybean roots by 12.9% and 10.5% compared with the 
control, respectively, but the increase was not significant. 
Many studies have found that plant hormones such as 
ethylene, jasmonic acid, abscisic acid, and gibberellin can 
negatively regulate the formation of infection lines and 
the development of root nodules (Li et  al., 2022; Velan-
dia et al., 2022; Lin et al., 2020). Exogenous application of 
 GA3 can restore the phenotypic changes of these plants, 

suggesting that the formation of root nodules in legu-
minous plants depends on the effect of  GA3. However, 
in  vitro studies have shown that high concentrations of 
 GA3 above the threshold level will in turn inhibit nodu-
lation (Ferguson et al. 2005). These data suggest that the 
dependence of nodulation on  GA3 is regulated by its 
concentration. It was also reported that exogenous  GA3 
treatment inhibited ammonium nitrate-induced root hair 
deformation, infection line formation and nodule devel-
opment, and the application of  GA3 biosynthesis inhibi-
tors saved this phenotypic change. The results showed 
that  GA3 played a negative role in the formation of infec-
tion lines and nodule development (Maekawa et al., 2009; 
Fonouni-Farde et  al., 2016; Hung et  al., 2016). In con-
trast, inoculation with MC–S. fredii and MC–B. japoni-
cum decreased the nodule number of soybean roots by 
15.8% and 5.6% compared with the control, respectively 
(Fig. 1A).

Although the differences were statistically non-signifi-
cant, the results were consistent. This study represented 
a preliminary exploration and the sample size was rela-
tively small. Therefore, a larger sample size in a future 
study will provide a better understanding of the effect 
of PGRs on nitrogen fixation by rhizobia and infected 
legumes.

In contrast to the nodule number, the nitrogenase 
activity of soybean roots inoculated with  GA3–S. fredii, 
 GA3–B. japonicum, MC–S. fredii, or MC–B. japonicum 
were decreased by 11.1% and 5.9% and increased by 
18.1% and 6.2%, respectively, compared with the con-
trol. However, the changes in nitrogenase activity were 
not significant (Fig.  1B). These findings were consistent 
with previous studies. There are many potential reasons 
for the differences being not statistically significant. The 
main reason may be that the sample size was small and 

Fig. 1 Effects of plant growth regulators (PGRs) and rhizobia on nodule number and nitrogenase activity. A Influence of PGRs (gibberellin A3  [GA3] 
and mepiquat chloride [MC]) and inoculation with rhizobia (Sinorhizobium fredii and Bradyrhizobium japonicum) on the nodule number of soybean 
roots. B Influence of rhizobial inoculation combined with PGRs  (GA3 and MC) on the nitrogenase activity of soybean roots. Each bar is the mean of 
eight measurements of nodule number and nitrogenase activity. Student’s t test was used to evaluate the difference between the control and the 
treatments
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that variation among individuals may have impacted on 
the statistical results. Previous studies have shown that 
the growth rate and cell structure of free-living rhizo-
bia cultures may be regulated by  GA3 and MC, and the 
nodule number and nitrogenase activity of soybean roots 
were affected after inoculation with the rhizobia. It has 
been observed that R. japonicum and R. phaseoli differ in 
their responses to PGRs in a manner depending on the 
type and concentration (Stearn et al. 1980). Furthermore, 
it has been demonstrated that auxin, which is produced 
by growth-promoting bacteria, significantly increases 
nitrogenase activity (Egamberdiyeva et al., 2004). In con-
trast to previous studies, to avoid the interference of plant 
secretions and exogenous sources that were produced by 
the applied rhizobia, in the present study rhizobia were 
applied simultaneously with PGRs. The present study 
showed that nodulation of soybean roots was promoted 
by inoculation with  GA3–rhizobia to varying degrees, but 
nitrogenase activity in the soybean roots was inhibited. 
The opposite results were observed for MC. This might 
be because the expression of certain regulatory signals of 
rhizobia is stimulated or inhibited by PGRs. It has been 
demonstrated previously that expression of the receptor 
for activated protein C kinase 1 mRNA, which is respon-
sible for nodule meristem initiation and rhizobia infec-
tion, is induced by PGRs (namely, auxins, ABA, CTK, 
and GA) (Islas-Flores et  al., 2012). In a previous study, 
S. meliloti wild-type cells were treated with 0.5 mM IAA 
or a derivative S. meliloti strain that overproduced IAA 
(RD64) was used. Medicago truncatula plants inoculated 
with RD64 (Mt-RD64) showed increases in acetylene 
reduction activity and root dry weight (Imperlini et  al. 
2009).

Effect of PGRs–rhizobia on fixA gene expression
The expression levels of fixA from S. fredii were signifi-
cantly upregulated by  GA3 and MC treatment compared 
with that of the S. fredii control (Fig.  2). However, fixA 
was significantly downregulated by MC treatment in 
combination with B. japonicum. It is evident that PGRs 
have different effects on the transcription level of fixA 
among different rhizobia, and the present experiments 
showed that this effect is significant. In previous studies, 
we have preliminarily showed that  GA3 and MC have the 
same effect on the level of nodulation nitrogen fixation 
among rhizobia, although not with statistical support. 
The difference in fixA transcription level shows the speci-
ficity of PGRs. If studies with a large sample size support 
this conclusion, the mechanism of PGR-specific regula-
tion of the fixA transcription level should be investigated 
in future studies. Previous research has demonstrated 
that the operon formed by the fixA, fixB, fixC, and fixX 
genes (Earl et  al. 1987) is essential for nitrogen fixation 

by S. meliloti and that homologous genes are present in 
Sinorhizobium and Bradyrhizobium. The present results 
showed that expression of fixA of S. fredii was stimulated 
by  GA3, but significantly inhibited by MC in B. japoni-
cum. Wheatley et al. (2020) also found not only 27 genes 
were annotated as nif and fix in Rhizobium legumino-
sarum, but also 603 genetic regions (593 genes, 5 transfer 
RNAs, and 5 RNA features) related to nitrogenase activ-
ity and symbiotic nitrogen fixation using mariner-based 
transposon insertion sequencing. This demonstrated that 
the nitrogenase activity of soybean roots is regulated by 
PGRs by regulation of the expression of symbiotic nitro-
gen-fixation genes in the rhizobia. However, differences 
between the nitrogenase activity and the expression of 
fixA were observed.

Effect of PGR–rhizobia on nitrogen metabolism‑related 
indicators
As the main form of nitrogen absorbed by plants, 
the content of nitrate-nitrogen in soybean roots was 
increased compared with that of the control in all PGR–
rhizobia treatments (Fig.  3A). Inoculation with  GA3–S. 
fredii and MC–S. fredii significantly (P < 0.05) increased 
the nitrate–nitrogen content of soybean roots by 26.0% 
and 18.1%, respectively. Inoculation with MC–B. japoni-
cum significantly increased the nitrate-nitrogen content 
in soybean roots by 12.3%, whereas inoculation with 
 GA3–B. japonicum increased the nitrate-nitrogen con-
tent by 9.3% but this was not statistically significant.

Free amino acid content is an important indica-
tor of the nitrogen content and nutrient metabolism in 
plants. Inoculation with  GA3–S. fredii and MC–S. fredii 

Fig. 2 Effect of plant growth regulators in combination with 
inoculation with Sinorhizobium fredii or Bradyrhizobium japonicum 
on the fixA transcription level in soybean. The results shown are 
representative of three independent experiments. Error bars 
represent the standard error of the mean
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significantly (P < 0.05) increased the free amino acid con-
tent in soybean roots by 175.3% and 215.4%, respectively. 
In addition, the inoculation with  GA3–B. japonicum and 
MC–B. japonicum significantly (P < 0.05) increased the 
content of free amino acids in soybean roots by 49.0% 
and 60.2%, respectively (Fig. 3B).

Nitrate reductase is a rate-limiting enzyme involved 
in the nitrate assimilation process in plants. Inoculation 
with  GA3–S. fredii and MC–S. fredii increased the NR 
activity by 17.4% and 15.5%, respectively. However, inoc-
ulation with  GA3–B. japonicum and MC–B. japonicum 
significantly (P < 0.05) increased NR activity, respectively 
(Fig. 3C).

Nitrate and free amino acids are the main substances 
involved in physiological metabolism in the roots of 
plants and play an important role in the regulation of 
plant metabolism. The nitrate metabolic rate was deter-
mined based on the activity of NR in plants. Salem et al. 
(2017) analyzed the phenotype of the mutant of rap-
tor1b, a protein related to TOR1B regulation. The results 
showed that the mutant of raptor1b led to delayed seed 
germination and poor resistance to exogenous stress. 
At the same time, studies at the molecular level showed 
that these phenotypic changes were accompanied by an 
increase in the level of free amino acids and a decrease 
in protective secondary metabolites and storage proteins. 
In addition, the levels of plant hormones also changed 
significantly, and the levels of abscisic acid, auxin, and 
jasmonic acid increased significantly. The supply of 
exogenous gibberellin could restore the above pheno-
typic and molecular changes. Wang et  al. (2023) found 
that nitrogen application can promote nitrogen absorp-
tion and utilization by increasing the expression of genes 
related to the absorption and transport of  NH4

+ and 
 NO3

− and increasing the activities of nitrate reductase 

and glutamine synthetase in rice. At the same time, it 
was also found that nitrogen could affect the levels of 
 GA3 and ABA by regulating the synthesis and metabo-
lism of  GA3 and ABA. Evensen et al. (1981) showed that 
the nodule strains lacking nitrate reductase were inocu-
lated with Lima bean. Compared with the control group, 
they all responded to exogenous  GA3. After 3–5  weeks 
of inoculation, the response of the control group to  GA3 
was weakened, while that of the NR deficient strain did 
not change. After the application of GA3 biosynthesis 
inhibitor, the height of Lima bean inoculated with NR 
deficient strain decreased by 20%, while that of the con-
trol group was affected. In addition, it was also found that 
Lima bean inoculated with NR-deficient strain would 
form nodules, and the content of extractable gibberellic 
acid analogues was 4–50 times higher than that of the 
control group. Previous studies have shown that the root 
activity and NR of soybean are increased by 2-N,N-die-
thyl aminoethyl hexanoate (DTA-6) and (DTA-6)–GA3 
treatment (He et  al., 2014; Hassan et  al., 2021). How-
ever, in the present study, the accumulation and output 
of free amino acids were increased by  GA3, whereas the 
nitrate content and NR activity were reduced. It has been 
shown that the nitrogen fixation ability of soybean roots 
is well maintained by inoculation with different rhizobia 
under salt, drought, acid, alkaline, nutrition, fertilizer, 
pesticide, and heavy-metal stresses (Zahran 1999). The 
contents of seed protein and amino acids and NR activ-
ity of soybean are increased significantly in response to 
treatment with rhizobia with nitrogen and phosphorus 
fertilizers (Sital et  al. 2011). The NR activity in rhizobia 
is largely suppressed by cadmium (Bianucci et al. 2013). 
In the present study, we speculated that the efficiency of 
root uptake and accumulation of nitrogen were improved 
with increase in the number of root nodules increased or 
nitrogenase activity of rhizobia.

Fig. 3 Effect of plant growth regulators and rhizobia on nitrogen metabolism-related indicators. A Content of nitrate nitrogen. B Content of free 
amino acids. C Activity of nitrate reductase. Each bar is the mean of three independent experiments. Student’s t test was used to evaluate the 
difference between the control and the treatments
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Effect of PGRs–rhizobia on seed yield and quality 
of soybean
Inoculation with  GA3–rhizobia or MC–rhizobia sig-
nificantly increased the plant height, number of pods per 
plant, seed number per plant, and total nitrogen content 
of soybean (Table 1). Inoculation with  GA3–S. fredii treat-
ment increased the plant height and number of seeds per 
plant by 22.9% and 47.1% compared with the S. fredii con-
trol, respectively. Inoculation with MC–S. fredii increased 
the number of pods per plant by 41.1% and 19.7% com-
pared with the S. fredii control, respectively. The total qual-
ity of soybean seeds was increased by inoculation with 
 GA3–rhizobia or MC–rhizobia. Inoculation with  GA3–B. 
japonicum or MC–B. japonicum significantly increased 
the total nitrogen content of the soybean seeds by 5.1 or 
6.0% compared with the B. japonicum control, respectively.

As a type of protein-rich food, the yield and quality of 
soybean seeds are intimately linked with nitrogen metab-
olism and thus is affected by many external factors. We 
found that the yield components and quality of soybean 
were regulated by inoculation with PGRs–rhizobia. These 
results indicated that nitrogen metabolism in soybean 
roots was regulated by inoculation with rhizobia under 
treatment with  GA3 and MC, thereby affecting the yield 
and quality of soybean; however, the mechanism was 
not clear. Roy Choudhury et  al. (2019) have shown that 
plant hormones such as abscisic acid and jasmonic acid 
have an overall inhibitory effect on nodulation in legu-
minous plants, while plant hormones such as gibberellin 
and brassine steroids play a positive role in promoting 
nodulation. Tatsukami et al. (2016) showed that the hosts 
inoculated with M. loti mutants with insufficient  GA3 
synthesis formed more nodules 4 weeks after inoculation 
than those inoculated with wild type, which indicated 
that  GA3 from added rhizobium could prevent the forma-
tion of new nodules. These studies partly explain some of 
the conclusions of this study that the regulatory mecha-
nism between legume growth and nodulation induced by 
plant hormones needs to be further studied. In the fol-
low-up work, we will focus on the role of plant hormones 
as a bridge between plant growth and nodulation.

Conclusion
The present study examined the effects of PGRs on the 
growth and physiological activity of soybeans and rhizo-
bia by simulating PGR soil residues. It was indicated that 
a suitable concentration of PGRs played an active role 
in soybean production. Interestingly, the regulation dif-
fered when soybeans were inoculated with different gen-
era of rhizobia in combination with PGRs. This difference 
might be due to physiological diversity among rhizobium 
genera, which requires further tests.
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