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Abstract
Aims Crop residue amendment is likely to stimulate
symbiotic N2 fixation, and clarifying its effect on N2-
fixing bacteria, i.e., diazotrophs in the rhizosphere of
legume crops, is important for sustainable N manage-
ment in legume-cereal cropping systems. Therefore, this
study aimed to reveal the diazotrophic community com-
position in the rhizosphere of soybean in response to
maize residue amendment.
Methods Being designed with treatments of maize res-
idue, chemical fertilizer, and non-fertilizer applications,
this study deployed the 15N-labeling technology com-
bined with high-throughput sequencing of the nifH gene
as a molecular marker for diazotrophs to quantify the

symbiotically-fixed N2 in soybean plants and link sym-
biotically fixed N2 to the diazotrophic community di-
versity in the rhizosphere.
Results Residue amendment increased the abundance
of diazotrophs and fundamentally altered the composi-
tion of its community in the rhizosphere. It increased the
relat ive abundances of Bradyrhizobium and
Azohydromonas compared to the chemical fertilizer
treatment. The copy number of nifH in the rhizosphere
was associated with dissolved organic carbon and N2

fixation.
Conclusions Residue-induced increase in dissolved or-
ganic carbon may provide sufficient carbon sources for
diazotroph enrichment and thus enhance nodulation.
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The maize residue amendment may enrich N2 fixers to
facilitate nodulation and subsequent N2 fixation of soy-
bean, highlighting the eco-functional importance of
diazotrophs fixing extra N into the rotation system.

Keywords Glycine max L. . Residue amendment .

Symbiotic N2 fixation . nifH gene

Introduction

With the decomposition of crop residues in soil, the
residue-nitrogen (N) may either become a direct N
source to subsequent crops (Meki et al. 2013; Dam
et al. 2005), or the residue amendment may indirectly
affect N availability by altering symbiotic N2 fixation in
legumes. A number of studies reported that wheat resi-
due amendment stimulated nodule formation and devel-
opment, and consequently N2 fixation in soybean
(Argaw 2014; Khaliq and Abbasi 2015; Li et al.
2017). Similarly, our unpublished data indicate that the
symbiotically fixed N rather than residue-derived N
became the dominant N source in soybean grown under
the amendment with maize residue. In contrast, Kadiata
et al. (2002) observed that barley straw amendment into
a brown soil decreased nodule number and N2 fixation
in faba bean compared to chemical N supply. The most
probable reason for these discrepancies would be differ-
ent responses of rhizobia to the residue amendment in
the rhizosphere of legumes, as the abundance and the
composition of the rhizobial community strongly deter-
mine nodulation and N2 fixation (Yu et al. 2018).

Previous studies on the impact of residue amendment
on the rhizobium community were mainly conducted
using bulk soil, rather than considering its interaction
with the roots of legume plants. For instance, Tang et al.
(2017) showed that a combination of rice straw and
chemical fertilizer increased the diazotrophic richness
and diversity in the top 20 cm of a paddy soil. Using 13C
stable isotope probing (SIP), Wang et al. (2019) found
that some residue-metabolizing bacteria might belong to
the diazotrophic community after 28 days of soybean
residue amendment into a Mollisol soil. However, few
studies have examined the residue-mediating
diazotrophic community in the rhizosphere of legumes
as this response of the diazotrophic community may
substantially influence symbiotic diazotrophs and con-
sequently alter the nodulation and N2 fixation of the

subsequent legume crop under residue amendment
(Kadiata et al. 2002; Thilakarathna and Raizada 2017).

Using the high-throughput sequencing technology,
we investigated the effect of residue amendment on
the abundance and community composition of
diazotrophs in the rhizosphere of soybean and its asso-
ciation with N2 fixation. We hypothesized that residue
amendment would enhance the rhizobium diversity in
the rhizosphere of soybean as the residue provides ad-
ditional carbon substrates for the growth of the
diazotrophic community.

Materials and methods

Experimental design and plant growth

A pot experiment was conducted in a glasshouse at the
Northeast Institute of Geography and Agroecology (45°
41′ N, 126° 38′ E), Chinese Academy of Sciences,
Harbin, China. The temperature in the glasshouse
ranged from 24 to 28 °C during the day and from 16
to 20 °C at night. Three treatments, i.e., residue amend-
ment, chemical fertilizer, and non-fertilizer as control,
were deployed in this experiment with three replicates.
Two plants were grown in each pot (19 cm diameter,
30 cm height) filled with 9 kg of a silty clay Mollisol
that was collected from the top 20 cm tillage layer from
farming land located on Guangrong Village (47° 23′ N,
126° 51′ E). Approximately 81 mg N kg−1 (equal to
55 kg N ha−1) with 19.2% of 15N and 5 mg kg−1 with
96% of 15N atom-excess in urea were applied for the
chemical fertilizer and non-fertilizer treatments, respec-
tively. In the non-fertilizer treatment, the application of
5 mg N kg−1 was considered minimal N input to esti-
mate symbiotic N2 fixation using 15N-labeling technol-
ogy. Regarding the residue amendment treatment,
22.5 g of above-ground residues of maize (2.65% of
15N atom-excess) was applied (equal to 8 t ha−1). Basal
nutrients were thoroughly mixed with the soil before
sowing (Jin et al. 2010). The soybean (Glycine max L.)
cultivar Dongsheng 1 was used in this study, which has
been widely planted in Northeast China (Zhang et al.
2014). In addition, a non-nodulating isogenic soybean
genotype, Clark L73-1054, was grown under the same
15N-labeling condition for each treatment to estimate N2

fixation (Elmore and Jackobs, 1986). In each treatment,
there were four pots of the non-nodulation soybean
genotype (Clark L73-1054).
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Harvest and measurements

At the initial pod-filling stage (R5, 64 days after sowing)
and the maturity stage (R8, 130 days after sowing), three
pots from each treatment were harvested, respectively.
The reason for the two harvests was that nodules
reached maximal biomass at R5 and total N2 fixation
over the growth season can be estimated at R8 (Jin et al.
2010). The harvest at R8 was for N2 fixation measure-
ments only. Shoots were removed at the soil surface,
and the root system was separated from the soil. Then,
roots from the first harvest were gently shaken to collect
rhizosphere soils that adhered to the roots. Approxi-
mately 2 g of rhizosphere soil sample that adhered to
roots was immediately stored at − 80 °C for DNA ex-
traction. The rest of the soil samples were used for soil
biochemical property analysis.

Soil NH4
+ and NO3

− were extracted from fresh soils
in 100 mL of 1 M KCl, and their concentrations were
measured using a flow injection auto-analyzer
(SKALAR, San++, the Netherlands). Soil pH was mea-
sured using a pH meter after shaking the soil-water
(1:5 v/v in H2O) suspension for 30 min. Dissolved
organic carbon (DOC) in soil was extracted in 100 mL
of 0.5 M K2SO4, and determined using an automated
TOC Analyzer (Shimadzu, TOC-VCPH, Japan). Olsen
P was extracted with 0.5 M NaHCO3 and analyzed
colorimetrically (Murphy and Riley, 1962). Available
potassium (K) was determined by flame photometry
following extraction with 1 M ammonium acetate
(Walker and Barber, 1962). Plant materials were dried
in an oven at 65 °C for 72 h. The N concentration of
plant tissues was analyzed with an EL III analyzer
(Elementar Analysensysteme, Hanau, Germany), then
the atom% 15N was determined using an isotope ratio
mass spectrometer (Deltaplus, Finnigan MAT, Bremen,
Germany).

The nodule numbers, weight and density were deter-
mined at R5, and the amount of N2 fixed was estimated
at R5 and R8, using two pots of Clark L73-1054 in each
treatment as the non-N2-fixing control.

DNA extraction and quantitative PCR analysis

Soil DNA was extracted from 0.5 g fresh soil using a
Fast DNA SPIN Kit for Soil (Qbiogene Inc., Carlsbad,
CA, USA). As the nifH genes are the most representa-
tive sequences for the diazotrophic community, the copy
number of nifH genes were determined using primers

nifH-F (5′-AAA GGY GGWATC GGYAAR TCCA
CCA C-3′) and nifH-R (5′-TTG TTS GCS GCRTAC
ATS GCC ATC AT-3′) (Rösch et al. 2002) in a
LightCycler® 480 system (Roche Applied Science, Ba-
sel, Switzerland). The copy number of the bacterial 16S
rRNA gene was also determined using the universal
primers 338-F (5′-ACTCCTACGGGAGGCAGCA-3′)
and 806-R (5′- GGACTACHVGGGTWTCTAAT-3′)
to target the V3–V4 region of the prokaryotic 16S rRNA
gene. In the qPCR reaction (20 μL) containing 1 μL
DNA template, 10 μL of SYBR Premix Ex TaqTM
(Takara, Dalian, China), 1 μL of 10 μM each primer,
and 7.0 μL of sterilized MilliQ water, qPCR amplifica-
tionwas initiated at 95 °C for 30 s, followed by 35 cycles
of 95 °C for 5 s and 60 °C for 30 s and 5 °C for 30 s. We
used a regression equation for converting the cycle
threshold value (Ct) to the number of nifH gene ranged
from 3.1 × 105 to 9.6 × 105 gene copies per μL, which
were in the standard range from 4.4 × 102 to 4.4 × 108

gene copies per μL. The bacterial 16S rRNA gene
copies of samples ranged from 9.1 × 107 to 1.7 × 108,
which were within the standard scale from 6.0 × 102 to
6.0 × 108 gene copies per μL. Then, the copy number
per μL in the PCR reaction system was converted to the
copy number per gram of soil (Sun et al. 2015).

Illumina MiSeq sequencing

Illumina MiSeq sequencing was performed by creating
the amplicon libraries of the nifH gene and 16S rRNA
gene with the same primers, respectively. All the re-
maining high-quality sequences were clustered into op-
erational taxonomic units (OTU) based on a 97% sim-
ilarity level with UPARSE (Edgar 2013). Representa-
tive sequences from each OTU were selected and
aligned with the FunGene database (http://fungene.
cme.msu.edu/). Then, using GenBank (http://blast.
ncbi.nlm.nih.gov/Blast.cgi) to determine the taxonomic
identity of each phylotype, a random subset of 9402 and
19,244 sequences were selected based on the minimum
sequences across samples for the nifH gene and the 16S
rRNA gene, respectively. The raw sequences obtained
in this study were deposited into the NCBI database
under the accession number PRJNA626399.

Calculations and statistical analysis

Atom% 15N excess was calculated according to the
natural 15N abundance in the air, i.e., 15Nair = 0.36647
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atom% (Werner and Brand 2001). Isotopic ratios of N in
plants that was derived from the atmosphere due to N2

fixation (%Ndfa) were calculated as follows (Rennie
and Dubetz 1986; Li et al. 2016):

%Ndfa ¼ 1− atom%15N excess of fs=atom%15N excess of nfs
� �� �� 100

where fs and nfs indicated fixing and non-fixing (Clark
L73-1054) (Elmore and Jackobs 1986) soybean geno-
types, respectively.

The amount of N2 fixed per plant was calculated as:

N2 fixed mg N plant−1
� � ¼ %Ndfa=100ð Þ

� Nplant mg N plant−1
� �

where Nplant was the N content of the shoot.
According to the integrated high-throughput absolute

quantification (iHAAQ) method, the absolute abun-
dance of each specific genus in the diazotrophic com-
munity was estimated using the copy number of the nifH
gene multiplied by the relative abundance of the genus
from high-throughput sequencing (Lou et al. 2018).
Statistical significance was analyzed using the SPSS
software (version 19.0). One-way ANOVA was con-
ducted to reveal the differences in soil properties, alpha
diversity, and relative abundance of diazotrophic taxa
among the treatments. The Pearson correlations of the
relative and absolute abundances of diazotrophic taxa
with soybean nodulation and the environmental proper-
ties factors were visualized on heatmaps. In addition, the
correlations of alpha diversity indices with the nodula-
tion and environmental properties were estimated as
well.

Principal coordinate analysis (PCoA) was based on a
Bray-Curtis distance matrix; the hierarchy clustering
analysis was performed based on the weighted UniFrac
distance. The PCoA and clustering analysis VIF RDA
were calculated using the “vegan” and “GUniFrac”
packages in the R platform (version 3.2.5) (R
Development Core Team 2016).

In order to assess the impact of residue amendment
on the network of diazotrophic communities in the
rhizosphere, a co-occurrence network analysis was per-
formed by calculating pairwise correlations between
diazotrophic OTUs of all samples using the R package
“psych” (Revelle, 2017). The OTUs with a relative
abundance >0.1% and correlations between those with
r > 0.8 and P ≤ 0.05 were included in the network.

Gephi v.0.9.2 was used for co-occurrence network vi-
sualization and module analysis (Bastian et al. 2009).

Results

The richness and diversity of the diazotrophic
community

The coverage values of all samples were more than
99%, revealing that the number of sequences was suffi-
cient to represent the diazotrophic diversity. There was
no significant difference in the OTU richness index
(ACE and Chao1) among the three treatments
(Table 1). However, the Simpson index significantly
decreased in the residue amendment and chemical fer-
tilizer treatments compared to the non-fertilizer treat-
ment (Table 1). Residue amendment significantly in-
creased the copy numbers of nifH gene and bacterial
16S rRNA gene compared to the non-fertilizer and
chemical fertilizer treatments (Table 1, Figure S1).

Diazotrophic and bacterial community structures

A PCoA plot was presented for diazotrophic community
structure discrimination (Fig. 1). The first (x-axis) and
the second (y-axis) principal coordinates together ex-
plained 81.1% variation of the diazotrophic community.
The diazotrophic community under the residue amend-
ment treatment was separated from the chemical fertil-
izer treatment. The hierarchical clustering tree also re-
vealed that there was fundamental dissimilarity among
the three treatments. The most abundant genus of
diazotrophs was Bradyrhizobium, and its abundance
was significantly different among the three treatments
with 61.8%, 52.9% and 69.1% in the residue amend-
ment, chemical fertilizer, and non-fertilizer treatments,
respectively (Fig. 2). The second abundant genus was
Azohydromonas, and its abundance was significantly
higher under residue amendment than under the non-
fertilizer and chemical fertilizer treatments. The relative
abundance of each OTU in those genera is detailed in
Table S1.

The entire network of the diazotrophic community
was parsed into seven major modules (Figure S2), and
the OTU numbers under three treatments in each mod-
ule indicated how the module was specific to those
treatments. In module 6, the OTU number under the
residue amendment was more than any other treatment,
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indicating that the residue amendment likely dominated
the keystone nodes in this module.

The rhizobacterial community structure was signifi-
cantly (Adonis, P=0.005) different among the treat-
ments (Figure S3). The phyla Proteobacteria,

Table 1 The number of operational taxonomy units (OTUs) and the richness and diversity of diazotrophic community under the chemical
fertilizer, residue amendment, and non-fertilizer treatments

Fertilizer regimes OTUs Richness Diversity nifH gene copies

ACE Chao1 Simpson (× 107 copies g−1soil)

Non-fertilizer 142a 169a 172a 0.49a 8.26b

Chemical fertilizer 149a 176a 174a 0.36b 5.83c

Residue 130a 157a 148a 0.40b 9.87a

ANOVA P values 0.39 0.37 0.23 0.01 0.004

Values followed by different lower-case letters indicate a significant difference (P ≤ 0.05) between treatments within a column

PCoA1: 54.60%

-0.1 0.0 0.1 0.2

%74.62:2
Ao

CP

-0.1

0.0

0.1

0.2
Chemical fertilizer

Non-fertilizer

Residue 

a

R2 = 0.7681
P = 0.005

b

Fig. 1 a) Principal coordinate
analysis plot and b) hierarchical
clustering tree of diazotrophic
communities in the chemical
fertilizer (CF), residue
amendment (R), and non-fertilizer
treatments (NoF). The number
followed the abbreviations indi-
cates replicate
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Actinobacteria, Acidobacteria, and Chloroflexi
accounted for 77.8–80.5% of the rhizobacterial commu-
nity. The residue amendment and chemical fertilizer
treatments significantly increased the relative abun-
dance of Proteobacteria but decreased the relative abun-
dance of Acidobacteria and Chloroflexi compared to the
non-fertilizer treatment (Figure S4).

Soybean nodulation and N2 fixation

The amount of fixed N by soybean plants in the chem-
ical fertilizer treatment was much less (P ≤ 0.05) than
the residue amendment or non-fertilizer treatment
(Table 2). The nodule density and fixed N per nodule
at the R5 stage in the residue amendment treatment were
67.3% and 107% higher than the chemical fertilizer
treatment, but no difference was found compared to
the non-fertilizer treatment. Although the non-fertilizer
treatment increased the nodule number and fixed N at
the R5 stage compared to the residue amendment and
chemical fertilizer treatments, the residue amendment
increased the fixed N per nodule and total fixed N at the
R8 stage compared to the non-fertilizer treatment.

Soil chemical properties and its association
to diazotrophic community

Residue amendment increased the concentrations of
available K and DOC in the rhizosphere by 30.0% and

53.6%, respectively, compared to the non-fertilizer
treatment, but decreased pH compared to the fertilizer
and non-fertilizer treatment (Table S2). Compared to the
non-fertilizer treatment, the residue amendment and
chemical fertilization treatment significantly increased
available K, and the chemical fertilization treatment also
significantly increased NO3

−-N compared to the residue
amendment and non-fertilizer treatments (P ≤ 0.05).

The Mantel test showed that pH, NO3
−-N, and DOC

were significant factors in shifting the diazotrophic com-
munity structures (Table S3). Redundancy analysis in-
dicated that the shift of the diazotrophic community in
response to residue amendment was associated positive-
ly with DOC concentrations and negatively with pH and
NO3

−-N in the rhizosphere (Fig. 3a). Pearson’s correla-
tion analyses showed that the nifH gene copy number
was negatively correlated with the soil pH and positive-
ly correlated with DOC, N2 fixation per nodule, and N2

fixation at R8 (Table 3). The relative abundances of the
genera were significantly correlated with some soil
properties. The relative abundance of Bradyrhizobium
was negatively correlated with the soil NO3

−-N concen-
tration. The abundance of Anaeromyxobacter was neg-
a t i v e l y c o r r e l a t e d w i t h t h e a v a i l a b l e K
concentration. The N2 fixation at R8 was positively
correlated with Azohydromonas and Geobacter (Fig.
3b) . In addition, the absolute abundance of
Bradyrhizobium was significantly (P < 0.05) correlated
with DOC and N2 fixation at R5 and R8 (Figure S5).

Fig. 2 Abundances of the
dominant diazotrophic genera in
the chemical fertilizer, residue
amendment, and non-fertilizer
treatments. Means with different
letters differ significantly at P ≤
0.05; error bars represent standard
error of the mean (n = 3)
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Discussion

Residue amendment significantly increased the copy
number of nifH genes compared to the chemical fertil-
izer and non-fertilizer treatments and decreased the
Simpson index of the diazotrophic community com-
pared to the non-fertilizer treatment (Table 1). This
finding was consistent with other studies on the in-
creased diazotrophic diversity of soil in response to the
amendment of wheat and rice residues (Tang et al.
2017). This result could be attributed to the increase of
labile C in the residue-amended soil, being beneficial to
the growth of the nifH-expressing bacteria which are
generally heterotrophic or mixotrophic (Rahav et al.
2016). A significant increase in the concentration of
DOC and a positive correlation between DOC and nifH
copy number were observed in this study (Tables 3 and
S2). Thus, the increased abundance of diazotrophic
bacteria under residue amendment likely enhances their
infectious opportunities to soybean plants to produce
more nodules and fix more N2 (Table 2). While we
found a stimulation of N2 fixation and increased
abundance of diazotrophs with increased DOC, del
Valle et al. (2020) found a negative correlation between
the addition rate of organic matter to soil and N2 fixation
in alfalfa, which was attributed to the decrease of the
lifetime of flavonoids. Flavonoids, derived from root
exudates, trigger rhizobium Nod gene synthesis neces-
sary to initiate nodulation (Peck et al. 2006; Zhang et al.
2009). It is possible that different types of DOC have
various effects on diazotrophs and the ability to nodulate
with legumes. Nevertheless, Maarastawi et al. (2019)
found that the amendment of rice residue reduced root
exudate consumption by microorganisms because the
residue provided an additional C source for microorgan-
isms. These results imply that flavonoids may be
retained longer with the decreasing decomposition of
root exudates in the residue treatment. However, further
investigations on flavonoid retention in the rhizosphere
and how flavonoids interact with diazotrophs in re-
sponse to reside amendment are warranted to verify
these assumptions.

In addition to the increased abundance of
diazotrophs, the residue also substantially altered the
composi t ion of the diazotroph communi ty .
Bradyrhizobium and Azohydromonas were likely to be
major members in the diazotrophic community in re-
sponse to maize residue amendment, as the relative
abundances of these two genera were more than 50%T
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in the diazotrophic community and greater in the residue
treatment than in the chemical fertilizer treatment.
Moreover, Bradyrhizobium has been reported as the
universal and predominant rhizobia for soybean in Chi-
na (Man et al. 2008; Salas et al. 2019). The greater
absolute abundance of Bradyrhizobium in the residue
amendment treatment compared to the chemical fertil-
izer treatment (Figure S6) and the significant association
of the re la t ive and absolute abundance of

Bradyrhizobium with N2 fixation (Figs. 3; S5) indicated
that the diazotrophic members would be pivotal to the
stimulation of N2 fixation by the residue amendment.
Wang et al. (2019) also proposed that the process of
wheat residue decomposition may alter the composition
of the diazotrophic community, leading to the difference
in N2 fixation. Azohydromonas is a rhizosphere inhab-
itant that has been found associated with legume nod-
ules, where it consumes hydrogen released during N2

Fig. 3 a) Redundancy analysis of
soil diazotrophic communities in
the chemical fertilizer, residue
amendment, and non-fertilizer
treatments; b) The heatmap of
correlation of soil properties and
N2 fixation at the initial pod-
filling (R5) and maturity (R8)
stages with the relative abun-
dances of the diazotrophic genera.
* and ** represent P ≤ 0.05 and
P ≤ 0.01, respectively
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fixation inside nodules (Tkacz et al. 2020). Moreover, in
response to residue amendment, the increased abun-
dance of these N2-fixing genera would increase their
chances of being the dominant symbiont within the
soybean nodules. Nevertheless, the relative abundances
of these genera were not associated with the concentra-
tion of nutrients except NO3

−-N (Fig. 3), suggesting that
residue-induced changes in nutrient status were not the
major contributor to the composition change. The high
concentration of NO3

−-N in the N-sufficient soils has
been found to suppress the growth of N2 fixers and
subsequent N2 fixation (Fan et al. 2019; Feng et al.
2018). Interestingly, the residue amendment may impact
rhizobium communication, which is associated with
nodulation. It has been shown that the N mineralization
of crop residue would regulate the rhizobium commu-
nication with legumes (Kadiata et al. 2002;
Thilakarathna and Raizada 2017) and rhizobium-
produced Nod-factors greatly influence rhizobium in-
fection efficiency in legumes (Huang et al. 2014;
Laranjo et al. 2014). Moreover, the residue-induced
change (the domination of residue-originated OTUs) in
a module of the network of the diazotrophic community
(Figure S2) further indicates the potential shift of the N2-
fixing-relevant function of the diazotrophic community
since species groups clustering in the same module are
considered to contribute similar functions (Rottjers and
Faust 2018), and keystone nodes are crucial components
of networks driving community composition and func-
tions (Banerjee et al. 2018; Zhou et al. 2021).

The increased concentration of DOC under residue
amendment, compared to the non-fertilizer control,

resulted in the supply of additional C sources for
diazotrophs to enhance N2 fixation as indicated with
stronger N2 fixation per nodule in this treatment espe-
cially during the late growth stage from R5 to R8
(Table 2). Moreover, DOC was positively associated
with the diazotrophic community (Fig. 3a) and absolute
abundance of Bradyrhizobium (Figure S6), implying
that Bradyrhizobium was able to access more available
organic C to fix N2 during the late growth stage in the
residue treatment. Thus, DOC derived from residues
would be a major factor regulating diazotroph commu-
nity composition as well as the temporal function of
nodulation.

Conclusions

In Mollisols amended with maize residue, the commu-
nity structure of diazotrophs was altered in the
rhizosphere of soybean. The dominant genera of
Bradyrhizobium and Azohydromonas were more
abundant in the residue amendment than in the
chemical fertilizer treatment. Since these genera
were predominant rhizobia infecting soybean and
significantly associated with N2 fixation, we pos-
tulated that the residue amendment stimulated the
N2 fixation through increasing their abundances, as
the concentration of dissolved organic C was pos-
itively correlated with the copy numbers of nifH
genes and of Bradyrhizobium. Residue amendment
increased the concentration of dissolved organic C
and thus enriched diazotrophic bacteria and likely

Table 3 Pearson correlations (r) of soil chemical properties and N2 fixation with Simpson index and nifH gene copies

Soil and nodule properties Simpson index nifH gene copies

r P r P

Soil pH 0.044 0.910 −0.794* 0.011

Dissolved organic C in soil −0.103 0.793 0.812** 0.008

Soil NO3
− −0.728** 0.026 −0.781* 0.013

Nodule number 0.812** 0.008 0.284 0.458

Nodule biomass 0.551 0.124 0.797* 0.010

Fixed N per nodule at the R5 stage 0.722* 0.028 0.798* 0.010

Fixed N per nodule at the R8 stage 0.118 0.762 −0.024 0.952

N2 fixation at the R5 stage 0.882** 0.002 0.469 0.203

N2 fixation at the R8 stage 0.425 0.255 0.902** 0.001

Significant correlations (P ≤ 0.05) are shown in bold. * and ** represent P ≤ 0.05 and P ≤ 0.01, respectively
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enhanced their ability to nodulate and fix N2 in
soybean plants. Future research may elucidate how
residue amendment mediates the communication
between rhizobia and Nod gene expression during
nodulation of legumes.

Supplementary Information The online version contains sup-
plementary material available at https://doi.org/10.1007/s11104-
021-04904-1.
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