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Abstract
Background: Flavin-containing monooxygenases (FMOs) catalyze the NADPH-dependent N- or S-
oxygenation of numerous foreign chemicals, and thus may mediate interactions between
microorganisms and their chemical environment. The aim of this study was to investigate the role of
FMO in symbiotic nitrogen �xation of Mesorhizobium huakuii and its host plant Astragalus sinicus.

Results: A mutation in M. huakuii fmoA gene was generated by homologous recombination. The fmoA
mutant grew more slowly than its parental strain, and displayed decreased antioxidative capacity under
higher concentration of H2O2 and cumene hydroperoxide (CUOOH), indicating that FmoA plays an
important role in response to the peroxides. The fmoA mutant strain displayed no difference of
peroxidase activity and glutathione reductase activity, but signi�cantly lower level of glutathione and
hydrogen peroxide content than the wild type. Real-time quantitative PCR showed that the fmoA gene
expression is signi�cantly up-regulated in three different stages of nodule development. The fmoA
mutant was severely impaired in its rhizosphere colonization, and its symbiotic properties in Astragalus
sinicus were drastically affected. Transcriptomes in root-nodule bacteroids were analyzed and compared.
A total of 1233 genes were differentially expressed, of which 560 were up-regulated and 673 were down-
regulated in HKfmoA bacteroids compared with that in 7653R bacteroids. The transcriptomic data
allowed us to determine additional target genes, whose differential expression was able to explain the
observed the changes of symbiotic phenotype in the mutant-infected nodules.

Conclusions: The fmoA gene is essential for antioxidant capacity and symbiotic nitrogen �xation.
Furthermore, RNA-Seq based global transcriptomic analysis provided a comprehensive view of M. huakuii
fmoA gene involved in nodule senescence and symbiotic nitrogen �xation.

Background
Mesorhizobium huakuii is an aerobic, motile, Gram-negative, non-spore-forming rod bacterium that can
exist as a soil saprophyte or as an effective nitrogen-�xing microsymbiont of the legume Astragalus
sinicus. Strains of M. huakuii could only effectively nodulate and e�ciently �x nitrogen on its original
host plant, which makes it a very signi�cant material. The establishment of the nitrogen-�xing symbiosis
between rhizobia and legumes requires a mutual exchange of signal molecules between the two partners
[1]. The biosynthesis of Nod factors is speci�c to rhizobial species and is induced by �avonoids, excreted
by the host plant [2]. Rhizobia are able to enter the plant root through an infection thread or a more
primitive way called intercellular invasion, penetrate into the root cortex and spread inside nodules [3].
Nodules are complex structures containing a combination of infected and non-infected plant cells.
Infected cells are �lled with numerous symbiosomes containing nitrogen-�xing bacteroids [4]. The
nitrogenase, which is responsible for nitrogen reduction, is extremely sensitive to oxygen, therefore, this
process requires conditions that are anoxic or nearly anoxic [5]. In addition to reducing N2 and protons,
nitrogenase can reduce a number of small, non-physiological substrates including a wide array of carbon-
containing compounds [6]. At the early stage of M. huakuii-A. sinicus symbiosis, reactive oxygen species
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(ROS) are produced in plant defense response against Rhizobia, and are involved in the control of
infection and nodulation [7]. Superoxide radicals and hydrogen peroxide have been detected in infection
threads. In addition, there is also evidence that nitric oxide exists in the nodules [8]. Iron metabolism,
monooxygenases, and secondary metabolism appeared to participate in oxidative responses [9].

Flavin-containing monooxygenases (EC 1.14.13.8) (FMOs) catalyze the NADPH-dependent N- or S-
oxygenation of nucleophilic nitrogen, sulfur, and phosphorous atoms in various drugs, pesticides, and
xenobiotics [10]. In the presence of O2, FMOs involve the formation of 4a-hydroperoxy-FAD (FAD-OOH)
intermediate, in which a new center of chirality is created at the 4a position during the enzymatic
reactions [11]. In such a reaction, one atom of molecular oxygen is incorporated into the carboxylic acid
group, and the other oxygen atom is incorporated into water [12]. FMOs are enzymes belonging to the
“Class B” of �avin monooxygenases, together with N-hydroxylating monooxygenases (NMOs) and
Baeyer–Villiger monooxygenases (BVMOs) [13]. This class of FMOs has characteristic conserved
sequence motifs, and displays relaxed coenzyme speci�city by accepting both reduced form of
nicotinamide adenine dinucleotide (NADH) and reduced nicotinamide adenine dinucleotide phosphate
(NADPH), as a coenzyme, which is a novel and attractive feature among biocatalysts capable of
catalyzing Baeyer-Villiger oxidations [14, 15].

FMOs in eukaryotes have been exploited as diverse biocatalysts, and have been well studied in detail [16].
The best known example of eukaryotic FMO is probably from mammals, where FMO3 is an important
hepatic enzyme for the detoxi�cation of xenobiotics including trimethylamine (TMA) [17, 18]. Plant FMOs
are essential for the initiate systemic accumulation of salicylic acid and systemic defense responses
provoked by the virulent strains [19]. In yeast, FMOs are required for cell growth under reductive stress
and involved in the maintenance or regulation of intracellular reducing potential [20]. FMOs are also
present in E. coli, and the presence of FMO were detected in many bacterial genomes. However, the
physiological role of bacterial FMOs has thus far not been known [18].

The functions of the �avin-containing monooxygenases are of interest not only because they oxidatively
metabolizes a wide variety of nitrogen, sulfur-, and phosphorous-containing xenobiotics, but also because
they appear to share various functions in protecting organisms against ROS and detoxifying xenobiotics.
Here, we identi�ed a FMO gene fmoA in M. huakuii 7653R, and the roles of M. huakuii FmoA in free-living
bacteria and during N-�xing symbiosis with A. sinicus were investigated by analyzing the phenotypes of a
fmoA mutant strain. A transcriptome analysis was also carried out to discover clues that might explain
the differences in the nodules induced by the fmoA mutant and the wild type strain.

Results

Construction of M. huakii fmoA mutant
The gene MCHK_8187 in M. huakuii, encoding a �avin-dependent oxidoreductase (FmoA), is expressed at
high levels in the nodule during plant symbiosis. fmoA gene is predicted to encode a 350-amino acid
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polypeptide with an expected molecular mass of 39.4 kDa and a pI value of 5.85. To con�rm the function
of the fmoA gene in growth, antioxidation capacity and symbiotic nitrogen �xation, we constructed its
mutant HKfmoA by a single crossover homologous recombination. In liquid AMS minimal medium with
NH4Cl as nitrogen source and glucose as carbon source, HKfmoA grew more slowly than the parent strain
7653R (Fig. 1). The growth of HKfmoA in AMS media with glucose as sole carbon source was restored by
complementation with fmoA carried on a plasmid (pBBRfmoA) (Fig. 1).

Antioxidation analysis of M. huakii fmoA mutant
To investigate the role of FmoA in protection against oxidative stress, survival assays were carried out to
determine the capacity of the mutant HKfmoA to oxide hydrogen peroxide (H2O2) and organic oxide
cumene hydroperoxide (CUOOH). The survival rates of HKfmoA were not signi�cantly affected by the
presence of the lower concentrations of 1, 5 mmol/L H2O2 and 0.1 mmol/L CUOOH, whereas the survival
ability of mutant HKfmoA was affected by the treatment with the higher concentrations of 10 mmol/L
H2O2 and 1, 5 mmol/L CUOOH (Table 1).

Table 1
Tolerance of stains to different concentrations of H2O2 and CUOOH

Oxidants H2O2 CUOOH

concentration
(mmol/L)

1 5 10 0.1 1 5

7653R
(CFU/mL)

(1.07 ± 
0.34) × 109

a

(1.01 ± 
0.21) × 109

a

(9.17 ± 
0.76) × 108

a

(9.93 ± 
2.01) × 108

a

(1.30 ± 
0.27) × 108

a

(6.93 ± 
0.35) × 106

a

HKfmoA

(CFU/mL)

(8.50 ± 
1.92) × 108

a

(7.63 ± 
2.11) × 108

a

(3.38 ± 
0.48) × 108

b

(8.87 ± 
1.64) × 108

a

(5.10 ± 
0.99) × 107

b

(3.43 ± 
0.30) × 106

b

All data are averages (± SEM) from three independent experiments. a, bValues in each column
followed by the same letter are not signi�cantly different (P ≤ 0.05).

It has been reported that the yeast �avin-dependent monooxygenase (yFMO) devotes to the cellular pools
of oxidized thiols that, together with GSH from glutathione reductase, create the optimum redox
environment of cellular systems [20]. The role of the M. huakuii FmoA in the function of regulating the
cellular redox environment was investigated by quantifying the peroxidase activity, glutathione reductase
activity, hydrogen peroxide content and GSH content in 5 mM H2O2-induced oxidative stress conditions.
The results showed that the peroxidase activity and glutathione reductase activity in the mutant HKfmoA
were not different from that of parent strain 7653R, but its GSH content and hydrogen peroxide content
were signi�cantly lower (Table 2). Therefore, FmoA may play important roles in oxidative stress
resistance and regulating the cellular redox environment in M. huakuii.
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Table 2
The enzymatic activities and non-enzymatic antioxidant content of M. huakuii strains

Strains

M.
huakuii

Peroxidase activity
(U/mg protein)

Glutathione reductase
activity(U/mg protein)

Hydrogen peroxide
content (uM)

GSH
(mmol/109

cells)

7653R 1.29 ± 0.215 a 0.4 ± 0.008 a 3.67 ± 0.018 a 0.94 ± 0.016
a

HKfmoA 1.70 ± 0.180 a 0.47 ± 0.014 a 2.39 ± 0.122 b 0.47 ± 0.024
b

All data are averages (± SEM) from three independent experiments. a, bValues in each column
followed by the same letter are not signi�cantly different (P ≤ 0.05).

Rhizosphere colonization by M. huakuii strains
Competition between the fmoA mutant HKfmoA and parent strain 7653R for growth in the plant
rhizosphere was measured by inoculating a low number of M. huakuii strains into the A. sinicus
rhizosphere (103 to 104 CFU per seedling), and determining the total amount of bacteria after 7 days.
When the mutant HKfmoA and the parent 7653R were inoculated alone into short-term colonization of
sterile plant rhizosphere, the ratio between mutant HKfmoA and wild-type7653R was 34.4% (Fig. 2). When
both strains were inoculated together in equal proportion, mutant HKfmoA was at a signi�cant
disadvantage (23.20% of bacteria recovered) compared to the wild type. In the same case, even when
mutant HKfmoA was co-inoculated at a 10-fold excess over the wild type 7653R, it still accounted for only
40.33% of bacteria recovered (Fig. 2). Fmos can mediate interactions between microorganisms and their
environment, and the present of Fmos in Rhizobium can provide a competitive advantage in competition
for survival in the rhizosphere soil. The decreased ability of the fmoA mutant to grow in a sterile host
plant rhizosphere shows that FmoA is essential for colonization of the host plant rhizosphere by M.
huakuii.

Effect of mutation of fmoA on nodulation
To observe the nodulation characteristics and measure nitrogenase activity of the fmoA mutant, A.
sinicus seedlings were inoculated with M. huakuii strains, and,the number, structure, and acetylene
reduction activity (ARA) values of the nodules were analyzed 28 days post inoculation (Figure S1). The
results showed that there was no statistically signi�cant difference in the number of nodules per plant
between plants inoculated strain HKfmoA and plants inoculated with wild-type 7653R (Table 3). A
notable feature of our study was that the nitrogen �xation capacity was severely affected in the fmoA
mutant HKfmoA, with a reduction from 23.42 nmol of C2H4 plant− 1 h− 1 in 7653R to 7.40 nmol of C2H4

plant− 1 h− 1 in the mutant (Table 3). Uninoculated controls showed exhibited severe symptoms of
nitrogen de�ciency. When recombinant plasmid pBBRfmoA was introduced into mutant HKfmoA, plants
inoculated with the resulting strain HKfmoA (pBBRfmoA) formed normal nodules (Fig. 3), and there was
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no signi�cant difference in nitrogen-�xing ability between 7653R-inoculated plants and HKfmoA-
inoculated plants (Table 3). The structural organization of mature root nodules of A. sinicus is studied by
thin-sectioning and scanning electron microscopy techniques. Microscopic analysis of HKfmoA nodules
showed that they were spherical rather than elongated (Fig. 3). Moreover, bacterial size, structure and
membrane incrassation, as observed by electronic microscopy of nodule sections, indicated that the
fmoA mutant bacteroids had undergone premature senescence (Fig. 3). In addition, poly-b-
hydroxibutyrate granules were only detected in the fmoA mutant bacteroids".

Table 3
Symbiotic phenotype of 7653R and HKfmoAα

Strain M.huakuii Number of total
nodules per
plant β

Acetylene reduction activity
(nmol of ethylene/plant/h)
β

Acetylene reduction activity
(nmol of
ethylene/nodulet/h) β

7653R 11.0 ± 4.36a 23.42 ± 0.95 a 2.32 ± 0.71 a

HKfmoA 12.3 ± 3.79a 7.40 ± 2.31 b 0.75 ± 0.13b

HKllm(pBBRfmoA) 9.7 ± 4.51a 20.65 ± 1.72 a 2.49 ± 1.19 a

Control γ 0 0 0

αAll data are averages (± SEM) from ten independent plants.. Acetylene reduction activity of nodules
induced by fmoA mutant strain HKfmoA or complementary strain HKfmoA(pBBRfmoA) was
compared to that of nodules induced by the wild-type strain 7653R.

β a,b Values in each column followed by the same letter are not signi�cantly different (P ≤ 0.05).

γ Control: without inoculation.

Expression level of the fmoA gene in 7653R-inoculated
nodules
Expression of the fmoA gene in root nodules collected at 14 days, 28 days and 42 days post inoculation
was detected by qRT-PCR (Fig. 4). The fmoA gene expression is signi�cantly up-regulated in the early
stage of nodule formation (14 d), the nodule maturation stage (28 d) and the late stage (42 d) of nodule
development and senescence, and the fmoA gene has the highest expression level (more than 7-fold) in
nodules at 14 days post inoculation. Therefor, fmoA gene expression was induced during the symbiotic
interaction when compared with free-living cells growing in synthetic medium. and FmoA may play an
important role in persistence of nodule bacteroids and prevention of premature nodule senescence.

RNA-seq analyses of gene expression in the nodule
bacteroids
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To investigate the global effects of FmoA on the gene transcription pattern of M. huakuii in the nodules
of A. sinicus, the root nodules infected with a M. huakuii wild-type or an fmoA gene mutant strain were
processed at 28 dpi and analyzed by transcriptomics. cDNA samples from the nodule formed by M.
huakuii HKfmoA and 7653R were sequenced using Illumina paired-end sequencing. A total of 53-million
clean sequencing reads was obtained from the RNA-seq transcriptomics analysis of two samples, with
average reads of 26.5-million reads per sample. In total, 6721 expressed genes were detected in both the
M. huakuii strains during symbiosis through RNA-SEq. Comparative analysis of gene expression levels
found that 1233 genes were differentially expressed (p-value ≤ 0.01, with log2 (FC) ≥ 1.5 and ≤ − 1.5), of
which 560 were up-regulated and 673 were down-regulated in M. huakuii HKfmoA bacteroids compared
to in M. huakuii 7653R bacteroids. Among these differentially expressed genes, 1164 (94.4%) were
located on the chromosome, 32 (2.6%) were located on the plasmid pMHa, and 37 (3.0%) were located on
the symbiotic plasmid pMHb. Symbiotic genes such as nif, �x and nod genes, are located on symbiotic
plasmid pMHb. However, there was no difference in expression levels of these genes between fmoA
mutant bacteroids and wild-type 7653R bacteroids.

To categorize these differences into modules of biological relevance, the top 500 differential expression
genes (FC > 2, p < 0.005) were annotated by Clusters of Orthologous Groups (COG) (Table S1). They were
functionally classi�ed into 19 categories, which mainly were involved in amino acid transport and
metabolism (n = 61, 12.2%), transcription (n = 49, 9.8%), cell wall/membrane/envelope biogenesis (n = 47,
9.4%), carbohydrate transport and metabolism (n = 46, 9.2%), posttranslational modi�cation, protein
turnover, chaperones (n = 35, 7.0%), inorganic ion transport and metabolism (n = 33, 6.6%), but the
percentages of cell cycle control, cell division, chromosome partitioning, and nucleotide transport and
metabolism, and defense mechanisms, and intracellular tra�cking, secretion, and vesicular transport,
and signal transduction mechanisms, were < 3.00%. None of the genes were assigned to RNA processing
and modi�cation, chromatin structure and dynamics, secondary metabolites biosynthesis, transport and
catabolism, extracellular structures, and cytoskeleton (Fig. 5).

Among the top 500 regulated genes, 242 were up-regulated in nodules induced by the fmoA mutant. All
the cell motility genes were found to be signi�cantly up-expressed (Fig. 5), the category includes the cell
motility �agella structural genes (�iIKLMPQ and �gABCDEFGHI), a �agellar biosynthesis repressor gene
(�bT), a �agellar motor stator protein gene motA and a chemotaxis protein gene motC (MCHK_4458)
(Table 4). And the two categories “carbohydrate transport and metabolism”, and “coenzyme transport and
metabolism” were also found to be signi�cantly over-represented among these genes (Fig. 5). 35
carbohydrate transport and metabolism genes were found among the top 500 genes showing increased
expression in mutant nodules: ten coding for ABC transporters; three coding for tripartite tricarboxylate
transporters. The coenzyme transport and metabolism were up-regulated including �ve biotin mechanism
genes, four cobalt mechanism genes, two nicotinate-nucleotide genes, and a thiamine biosynthesis gene
thiS. Interestingly, these coenzymes all play an indispensable role in rhizobial growth or nitrogenase
activity (Table 4).
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Table 4
List of 81 genes that showed signi�cantly increased expression in A. sinicus nodules.

Gene ID Description log2(fmoA mt nod
vs wt nod)α

Carbohydrate transport and metabolism

MCHK_4670 tripartite tricarboxylate transporter permease 2.94

MCHK_4672 tripartite tricarboxylate transporter substrate binding protein 2.41

MCHK_5078 D-xylose ABC transporter substrate-binding protein 3.58

MCHK_5077 sugar ABC transporter permease 3.53

MCHK_1803 ribokinase 3.31

MCHK_7127 GHMP kinase 3.29

MCHK_5076 sugar ABC transporter ATP-binding protein 3.21

MCHK_4751 sugar phosphate isomerase/epimerase 3.16

MCHK_6220 C4-dicarboxylate ABC transporter 3.12

MCHK_3455 ABC transporter permease 3.03

MCHK_5818 2-dehydro-3-deoxy-6-phosphogalactonate aldolase 2.97

MCHK_1547 ABC transporter substrate-binding protein 2.88

MCHK_3280 ABC transporter permease 2.81

MCHK_8253 transketolase 2.81

MCHK_1755 sugar ABC transporter substrate-binding protein 2.73

MCHK_6219 iditol 2-dehydrogenase 2.68

MCHK_1863 inositol monophosphatase 2.63

MCHK_6099 xylose isomerase 2.62

MCHK_4690 ribokinase 2.40

MCHK_5166 pyruvate kinase 2.38

MCHK_5079 ROK family protein 2.38

MCHK_1054 alpha-D-glucose phosphate-speci�c phosphoglucomutase 2.36

α log2 of the fold change (FC) in expression of A. sinicus nodules induced by an FmoA mutant (fmoA
mt nod) versus the wild type 7653R (wt nod); GHMP kinase: the galactokinase, homoserine kinase,
mevalonate kinase, and phosphomevalonate kinase; ROK: repressor, open reading frame, kinase;
MFS: major facilitator superfamily.
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Gene ID Description log2(fmoA mt nod
vs wt nod)α

MCHK_0860 chloromuconate cycloisomerase 2.34

MCHK_6260 3-phosphoshikimate 1-carboxyvinyltransferase 2.34

MCHK_0198 6-phosphogluconolactonase 2.32

MCHK_0749 D-allulose-6-phosphate 3-epimerase 2.29

MCHK_4514 keto-deoxy-phosphogluconate aldolase 2.25

MCHK_1055 glycogen debranching enzyme GlgX 2.24

MCHK_4577 alcohol dehydrogenase 2.23

MCHK_3233 ABC transporter permease 2.22

MCHK_4335 MFS transporter 2.27

MCHK_1904 histone deacetylase family protein 2.65

MCHK_0856 ABC transporter ATP-binding protein 2.17

MCHK_1905 N-acetyltransferase 2.48

MCHK_4671 tripartite tricarboxylate transporter TctB family protein 2.32

Coenzyme transport and metabolism

MCHK_7220 8-amino-7-oxononanoate synthase 4.01

MCHK_7221 ATP-dependent dethiobiotin synthetase BioD 3.91

MCHK_2994 nicotinate-nucleotide–dimethylbenzimidazole
phosphoribosyltransferase

3.58

MCHK_2992 cobyrinate a%2Cc-diamide synthase 3.34

MCHK_7217 nicotinate-nucleotide diphosphorylase (carboxylating) 3.16

MCHK_2985 precorrin-2 C(20)-methyltransferase 3.12

MCHK_2984 precorrin-8X methylmutase 2.95

MCHK_7214 quinolinate synthase NadA 2.91

MCHK_2991 uroporphyrinogen-III C-methyltransferase 2.80

MCHK_3795 thiamine biosynthesis protein ThiS 2.68

α log2 of the fold change (FC) in expression of A. sinicus nodules induced by an FmoA mutant (fmoA
mt nod) versus the wild type 7653R (wt nod); GHMP kinase: the galactokinase, homoserine kinase,
mevalonate kinase, and phosphomevalonate kinase; ROK: repressor, open reading frame, kinase;
MFS: major facilitator superfamily.
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Gene ID Description log2(fmoA mt nod
vs wt nod)α

MCHK_2986 precorrin-3B C(17)-methyltransferase 2.59

MCHK_2981 cobalamin biosynthesis protein CobW 2.56

MCHK_7219 biotin synthase BioB 2.40

MCHK_2963 biotin–[acetyl-CoA-carboxylase] ligase 2.38

MCHK_1992 acetyl-CoA carboxylase biotin carboxyl carrier protein 2.31

MCHK_2928 cob(I)yrinic acid a%2Cc-diamide adenosyltransferase 2.30

MCHK_0194 bifunctional methylenetetrahydrofolate
dehydrogenase/methenyltetrahydrofolate cyclohydrolase FolD

2.28

MCHK_2982 cobaltochelatase subunit CobN 2.21

MCHK_3415 FAD-binding oxidoreductase 2.69

MCHK_3053 FAD-dependent monooxygenase 2.27

Cell motility

MCHK_4462 �agellar hook protein FlgE 4.83

MCHK_4441 �agellar biosynthesis protein FlgB 4.22

MCHK_4463 �agellar hook-associated protein FlgK 4.21

MCHK_4444 �agellar basal-body rod protein FlgG 3.80

MCHK_4453 �agellin 3.76

MCHK_4442 �agellar basal body rod protein FlgC 3.60

MCHK_4446 �agellar basal body P-ring protein FlgI 3.55

MCHK_4457 �agellar motor protein MotB 3.48

MCHK_4443 �agellar hook-basal body protein FliE 3.26

MCHK_4494 �agellar biosynthesis protein FlgJ 3.24

MCHK_4448 �agellar basal body L-ring protein FlgH 3.20

MCHK_4436 �agellar motor stator protein MotA 3.18

MCHK_4464 �agellar hook-associated protein FlgL 2.95

α log2 of the fold change (FC) in expression of A. sinicus nodules induced by an FmoA mutant (fmoA
mt nod) versus the wild type 7653R (wt nod); GHMP kinase: the galactokinase, homoserine kinase,
mevalonate kinase, and phosphomevalonate kinase; ROK: repressor, open reading frame, kinase;
MFS: major facilitator superfamily.
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Gene ID Description log2(fmoA mt nod
vs wt nod)α

MCHK_4435 �agellar motor switch protein FliM 2.79

MCHK_4439 �agellum-speci�c ATP synthase FliI 2.77

MCHK_4445 �agella basal body P-ring formation protein FlgA 2.73

MCHK_4450 �agellar biosynthetic protein FliP 2.68

MCHK_4468 �agellar biosynthetic protein FliQ 2.66

MCHK_4467 �agellar basal body rod modi�cation protein FlgD 2.61

MCHK_4459 �agellar hook-length control protein FliK 2.48

MCHK_4466 �agellar biosynthesis repressor FlbT 2.45

MCHK_4449 �agellar basal body-associated protein FliL 2.37

MCHK_4483 �agellar biosynthesis protein FlhA 2.31

MCHK_4438 �agellar basal-body rod protein FlgF 2.26

MCHK_4458 chemotaxis protein MotC 2.25

MCHK_4455 �agellar M-ring protein FliF 3.36

α log2 of the fold change (FC) in expression of A. sinicus nodules induced by an FmoA mutant (fmoA
mt nod) versus the wild type 7653R (wt nod); GHMP kinase: the galactokinase, homoserine kinase,
mevalonate kinase, and phosphomevalonate kinase; ROK: repressor, open reading frame, kinase;
MFS: major facilitator superfamily.

In contrast, among the 258 genes down-regulated in fmoA nodule bacteroids, the four categories
“transcription”, “defense mechanisms”, “signal transduction mechanisms”, and “posttranslational
modi�cation, protein turnover, chaperones” were notably over-represented (Fig. 5). All the defense
mechanism genes were found to be signi�cantly down-expressed. The defense mechanism category
includes seven genes encoding stress response and virulence proteins (Table 5). And the category
“posttranslational modi�cation, protein turnover, chaperones” also includes stress response genes
encoding heat-shock proteins and antioxidant proteins (Table 5). The signal transduction mechanism
category includes two histidine kinases, a sensory box protein, a circadian clock protein KaiC and a
phage-shock protein (Table 5). Moreover, 42 transcription regulators were found among the top 500
genes showing reduced expression in mutant nodules: MCHK_1343, MCHK_4626, and MCHK_5064
coding for the cyclic AMP receptor protein (Crp)- fumarate and nitrate reduction regulator (FNR) family
transcriptional regulators; MCHK_4665 and MCHK_2899 coding for the AraC family transcriptional
regulators; MCHK_5909 coding for Lrp/AsnC family transcriptional regulator; MCHK_2407 coding for a
DeoR/GlpR-type protein; MCHK_4182 coding for a PadR family transcriptional regulator; MCHK_1555
coding for a MarR family transcriptional regulator; MCHK_5264 coding for a ArsR family transcriptional
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regulator; MCHK_5463 coding for transcriptional regulator GcvA; six TetR/AcrR family transcriptional
regulators; and two LysR family transcriptional regulators (Table 5).
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Table 5
List of 81 genes that showed signi�cantly decreased expression in A. sinicus nodules.

Gene ID Description log2(fmoA mt nod vs wt
nod)α

Transcription

MCHK_2899 AraC family transcriptional regulator -2.58

MCHK_5264 ArsR family transcriptional regulator -2.84

MCHK_5596 ArsR family transcriptional regulator -3.31

MCHK_4665 bacterial regulatory helix-turn-helix s, AraC family
protein

-3.24

MCHK_1343 Crp/Fnr family transcriptional regulator -2.17

MCHK_4626 Crp/Fnr family transcriptional regulator -3.07

MCHK_5064 Crp/Fnr family transcriptional regulator -4.14

MCHK_2407 DeoR/GlpR transcriptional regulator -2.38

MCHK_6151 DNA-binding response regulator -2.44

MCHK_5293 HxlR family transcriptional regulator -2.26

MCHK_6070 LacI family transcriptional regulator -2.39

MCHK_5909 Lrp/AsnC family transcriptional regulator -2.32

MCHK_5172 LysR family transcriptional regulator -2.43

MCHK_8319 LysR family transcriptional regulator -2.51

MCHK_1555 MarR family transcriptional regulator -2.51

MCHK_6203 MarR family transcriptional regulator -3.67

MCHK_2346 nuclear transport factor 2 family protein -2.41

MCHK_4182 PadR family transcriptional regulator -2.48

MCHK_3131 response regulator -4.55

MCHK_3765 response regulator -2.60

MCHK_5675 Rrf2 family transcriptional regulator -2.19

α log2 of the fold change (FC) in expression of A. sinicus nodules induced by an FmoA mutant (fmoA
mt nod) versus the wild type 7653R (wt nod); CRP: cyclic AMP receptor protein; FNR: fumarate and
nitrate reduction regulator; DeoR: double extended octagonal ring; GlpR: the glycerol-phosphate
regulon repressor; Lrp/AsnC: leucine-responsive regulatory protein/asparagine synthase C products;
TetR: the tetracycline repressor; AcrR: Acri�avine resistance regulator;
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Gene ID Description log2(fmoA mt nod vs wt
nod)α

MCHK_6404 Rrf2 family transcriptional regulator -2.38

MCHK_0869 TetR/AcrR family transcriptional regulator -2.59

MCHK_1530 TetR/AcrR family transcriptional regulator -2.72

MCHK_4596 TetR/AcrR family transcriptional regulator -2.81

MCHK_4079 TetR/AcrR family transcriptional regulator -2.89

MCHK_5377 TetR/AcrR family transcriptional regulator -3.22

MCHK_5899 TetR/AcrR family transcriptional regulator -4.38

MCHK_1081 transcriptional regulator BetI -3.05

MCHK_5463 transcriptional regulator GcvA -2.84

MCHK_4196 transcriptional regulator -2.30

MCHK_3666 transcriptional regulator -2.48

MCHK_4190 transcriptional regulator -2.94

MCHK_7254 transcriptional regulator -2.95

MCHK_8309 transcriptional regulator -3.16

MCHK_4740 transcriptional repressor -2.47

MCHK_5069 two-component response regulator -3.54

MCHK_8032 XRE family transcriptional regulator -2.82

MCHK_1392 XRE family transcriptional regulator -4.49

Posttranslational modi�cation, protein turnover, chaperones

MCHK_5347 aldo/keto reductase -2.91

MCHK_5345 aldo/keto reductase -3.06

MCHK_2360 ATP-dependent Clp protease adapter ClpS -2.99

MCHK_4308 ATP-dependent Clp protease adapter protein ClpS 2 -2.62

MCHK_6078 ATP-dependent protease subunit HslV -2.76

α log2 of the fold change (FC) in expression of A. sinicus nodules induced by an FmoA mutant (fmoA
mt nod) versus the wild type 7653R (wt nod); CRP: cyclic AMP receptor protein; FNR: fumarate and
nitrate reduction regulator; DeoR: double extended octagonal ring; GlpR: the glycerol-phosphate
regulon repressor; Lrp/AsnC: leucine-responsive regulatory protein/asparagine synthase C products;
TetR: the tetracycline repressor; AcrR: Acri�avine resistance regulator;
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Gene ID Description log2(fmoA mt nod vs wt
nod)α

MCHK_5613 ATP-dependent protease -2.21

MCHK_4683 class I SAM-dependent methyltransferase -3.52

MCHK_1111 cysteine desulfuration protein SufE -2.16

MCHK_2694 cytochrome c oxidase subunit I -3.72

MCHK_1836 Fe-S cluster assembly protein SufB -2.37

MCHK_4860 glutaredoxin 3 -3.09

MCHK_4360 glutathione S-transferase family protein -3.26

MCHK_3585 glutathione-dependent disul�de-bond oxidoreductase -3.06

MCHK_4694 heat-shock protein Hsp20 -3.57

MCHK_4545 heat-shock protein IbpA -5.24

MCHK_3507 heat-shock protein -5.82

MCHK_2737 iron-sulfur cluster assembly accessory protein -2.95

MCHK_2657 iron-sulfur cluster assembly scaffold protein -2.43

MCHK_2576 isoprenylcysteine carboxylmethyltransferase family
protein

-2.39

MCHK_4078 macrocin O-methyltransferase -2.28

MCHK_3347 peptide-methionine (S)-S-oxide reductase -4.04

MCHK_7135 peroxiredoxin -4.37

MCHK_0445 plasmid stabilization system protein -4.35

MCHK_5206 post-segregation antitoxin CcdA -2.48

MCHK_6140 thioredoxin -2.40

MCHK_5358 transglutaminase family protein -4.45

MCHK_0971 transglutaminase -2.35

MCHK_5361 zinc metalloprotease HtpX -3.01

α log2 of the fold change (FC) in expression of A. sinicus nodules induced by an FmoA mutant (fmoA
mt nod) versus the wild type 7653R (wt nod); CRP: cyclic AMP receptor protein; FNR: fumarate and
nitrate reduction regulator; DeoR: double extended octagonal ring; GlpR: the glycerol-phosphate
regulon repressor; Lrp/AsnC: leucine-responsive regulatory protein/asparagine synthase C products;
TetR: the tetracycline repressor; AcrR: Acri�avine resistance regulator;
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Gene ID Description log2(fmoA mt nod vs wt
nod)α

MCHK_5608 Zn-dependent protease -2.82

Signal transduction mechanisms

MCHK_3972 circadian clock protein KaiC -2.50

MCHK_8036 EF-hand domain-containing protein -2.59

MCHK_5071 histidine kinase -3.55

MCHK_3130 histidine kinase -4.74

MCHK_4080 phage-shock protein -7.43

MCHK_3762 sensory box protein -3.14

Defense mechanisms

MCHK_4226 addiction module antidote protein%2C HigA family -3.56

MCHK_5059 multidrug transporter -2.80

MCHK_5207 plasmid maintenance protein CcdB -2.51

MCHK_3336 pyridoxamine 5'-phosphate oxidase family protein -4.33

MCHK_5751 RidA family protein -3.22

MCHK_5230 type II toxin-antitoxin system ParD family antitoxin -2.74

MCHK_4136 YihY/virulence factor BrkB family protein -3.28

α log2 of the fold change (FC) in expression of A. sinicus nodules induced by an FmoA mutant (fmoA
mt nod) versus the wild type 7653R (wt nod); CRP: cyclic AMP receptor protein; FNR: fumarate and
nitrate reduction regulator; DeoR: double extended octagonal ring; GlpR: the glycerol-phosphate
regulon repressor; Lrp/AsnC: leucine-responsive regulatory protein/asparagine synthase C products;
TetR: the tetracycline repressor; AcrR: Acri�avine resistance regulator;

Discussion
Flavin-containing monooxygenase (FMO), which can metabolize numerous foreign chemicals, is a
monooxygenase that uses the reducing equivalents of NADPH to reduce one atom of molecular oxygen
to water, while the other atom is used to oxidize the substrate [21]. An important issue is that M. huakuii
fmoA expression is elevated in nitrogen-�xing bacteroids of the A. sinicus root nodules, but no studies
have been published regarding the connection between the legumes-root nodule bacteria nitrogen �xing
system and the function of FmoA. In this study, we focus on a fmoA mutant strain of M. huakuii that is
affected with regard to its symbiotic capacity and oxidative stress response.
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Flavin-containing monooxygenases (FMOs) have been reported to be important for the disposition of
many therapeutics, environmental toxicants, and nutrients and, thus, mediate interactions between
organisms and their chemical environment [22, 23] Mutation of fmoA can only slightly reduce the growth
rate of M. huakuii in AMS with D-glucose as a sole carbon source, but displayed decreased growth
capacity in the presence of high concentrations of inorganic peroxide H2O2 and organic peroxide CUOOH
(Table 1). Intracellular H2O2 content was measured in the mutant, showing a signi�cantly low H2O2

content compared to the wild type when FmoA was not present (Table 2). No research could demonstrate
that FMO functioned as the defence against the peroxides, but human FMOs as a source of hydrogen
peroxide released 30–50% of O2 consumed as H2O2 upon addition of NADPH [24], and liver �avin-
containing monooxygenase has also been shown to exhibit a stable 4a-�avin hydroperoxide intermediate
in the absence of oxygenatable substrate [25], suggesting the presence of FMO may increase cellular
peroxide concentration, therefor may improve tolerance of exogenous H2O2. In aerobic cells, GSH is the
most abundant antioxidant [26]. The effects of H2O2 stress on the activities of antioxidant enzymes such
as peroxidase and glutathione reductase, and the content of GSH were further investigated. The
antioxidant enzyme activities of mutant HKfmoA were no difference compared to that of wild type strain
7653R, but its GSH content was signi�cantly lower (Table 2), suggesting that M. huakuii FmoA-de�ciency-
mediated decrease in glutathione increases the sensitivity of mutant cells to peroxides.

Since M. huakuii fmoA gene expression is signi�cantly up-regulated on the whole nodulation process,
and it’s the highest expression level occurred at 14 days after inoculation (Fig. 4). The roles of FmoA in
symbiotic nitrogen �xation and the colonization of the plant rhizosphere were further studied by plant
experiments. Although the expression levels of symbiotic genes such as nif, �x and nod, were not
signi�cantly different in bacteroids from the fmoA mutant and the wild-type strain, A. sinicus plants
inoculated with the fmoA mutant exhibited a large decrease in the nitrogen-�xing activity of root nodules
(reduced by more than 65%) (Table 3). Further investigation revealed that fmoA mutant HKfmoA-induced
nodules were spherical rather than elongated, underwent premature senescence, and PHB granules could
be detected in the fmoA mutant bacteroids but not in those of the wild-type strain (Fig. 3). Moreover, the
M. huakuii fmoA mutant was unable to compete e�ciently in the rhizosphere with its wild-type 7653R.
Flavin-containing monooxygenases metabolize a vast array of foreign chemicals including antioxidants,
phytochemicals and dietary components, and, thus, mediate interactions between bacteria and their
chemical environment [19]. The results showed that bacterial FmoA was important for adaptation to the
microenvironment of the plant host (Fig. 2). Overall, considering the poor nitrogen-�xing ability of its
nodules, the mutant in fmoA gene has a profound in�uence on the whole nodulation process.

The RNA-seq experiments were performed to provide a foundation for assessing the in�uence of FmoA
on the symbiotic nitrogen �xation. In this study, the carbohydrate transport and metabolism, coenzyme
transport and metabolism, and �agellar genes were found to be signi�cantly up-expressed in fmoA
mutant induced bacteroids (Fig. 5). Flagellar motility is a critical environmental adaptation for the plant-
associated bacteria such as Rhizobium that allows bacteria to escape adverse conditions and populate
new environments [27]. The up-regulation of �agellar genes in this case might be due to the hostile
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environment in which the bacteroids with low nitrogenase activity are embedded [28]. In the fmoA
mutant-induced nodules, many symbiosomes were aberrant and the bacteroid membrane showed
incrassation (Fig. 3). The peribacteroid membrane may be relatively impermeable to sugars and so
dictate the carbon source(s) available to the bacteroids [29]. This might also be the reason for the over-
represented up-regulation category “coenzyme transport and metabolism”. The up-expression of
carbohydrate transport and metabolism category containing 10 ABC transporter genes might be due to a
delicate balance control between su�cient acquisition and overload (Table 4). In this study, PHB was
occured in the fmoA mutant bacteroids (Fig. 4). During the formation of bacteroids in indeterminate-type
nodules such as M. huakuii, the PHB granules are broken down. PHB can be used as a carbon and energy
source for bacteroid formation, but most rhizobial species such as M. huakuii do not accumulate it during
symbiosis with legumes. Biochemically, PHB synthesis directly competes with N2 �xation for reductant.
PHB synthesis is apparently a concomitant reduction in protein synthesis, a process coupled to ATP
formation and utilization [30]. PHB granules occurred in undergoing senescence bacteroids infected by
fmoA mutant implied that the energy and carbon metabolism was shifted, NAD(P)H was channeled into
other biosynthesis reactions, such as PHB synthesis [31].

Among the the down-exprssion genes, the four categories “Transcription”, “Defense mechanisms”, “Signal
transduction mechanisms”, and “Posttranslational modi�cation, protein turnover, chaperones” were
signi�cantly over-represented (Fig. 5). One of the remarkable �ndings of the RNA-seq analysis was that
nearly all the genes associated with stress response and virulence were signi�cantly differentially down-
expressed (Table 5). The symbiotic nodule is prone to high levels of ROS due to the high rate of
respiration necessary to supply energy required for nitrogen reduction by nitrogenase [32], but increased
level of ROS causes oxidative damage to important cellular macromolecules [33]. Thiol-containing
molecules, such as glutathione, glutathione S-transferases, glutaredoxins, and peroxiredoxins play an
important role in maintaining redox homeostasis and redox regulation [34]. Nodules induced by fmoA
mutant bacteria presented the lower expression of the thiol-containing molecules, which was associated
with increased levels of superoxide accumulation. It has been reported that heat shock proteins play
important roles in innate immune responses [35], and in Agrobacterium, the virulence genes are essential
for attachment to plant cells [36]. The expression of three heat-shock protein and several virulence genes
was also decreased in the fmoA mutant nodules (Table 5). Therefor, the results suggested that the stress
response function of M. huakuii is in�uenced by deletion of the fmoA gene. In addition, it has been
reported that the sensor histidine kinase mediated the pathogenesis by the bacterium Rhizobium
radiobacter [37], and mutation of a R. leguminosarum histidine kinase gene chvG destabilized the outer
membrane of R. leguminosarum, resulting in increased sensitivity to membrane stressors, and caused
symbiotic defects on peas, lentils, and vetch [38]. In early senescent nodules induced by the fmoA mutant,
the expression of two histidine kinases and a sensory box protein was signi�cantly decreased,
suggesting that FmoA could in�uence the symbiotic interaction between M. huakuii and A. sinicus by
decreasing the expression of sensor molecules.
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Moreover, 42 transcriptional regulator genes were found among the top 500 genes showing reduced
expression (Table 5). MCHK_1343, MCHK_4626, and MCHK_5064 coding for the Crp-Fnr family
transcriptional regulators, which is an important transcriptional regulator that controls the expression of a
large regulon of more than 100 genes in response to changes in oxygen availability [49]; MCHK_4665 and
MCHK_2899 coding for the AraC family transcriptional regulators, which play a critical role in regulating
bacterial virulence factors in response to environmental stress [40]; MCHK_5909 coding for Lrp/AsnC
family transcriptional regulator, which is known as feast/famine regulatory protein (FFRPs) [41];
MCHK_2407 coding for a DeoR/GlpR-type protein, which serves as transcriptional repressor or activator
of either sugar or nucleoside metabolism [42, 43]; MCHK_4182 coding for a PadR family transcriptional
regulator that functioned as environmental sensor [44]; MCHK_1555 coding for a MarR family
transcriptional regulator, which is involved in the regulation of many cellular processes, including
pathogenesis [45]; MCHK_5264 coding for a ArsR family transcriptional regulator involved in symbiosis
and virulence [46]; MCHK_5463 coding for transcriptional regulator GcvA, which is required for both
glycine-mediated activation and purine-mediated repression of the gcvTHP operon [47]. Taken together,
nodules induced by the fmoA mutant are different from those induced by the wild-type strain, and there is
also a clear difference in bacteroid aspect, revealing that the fmoA mutant is negatively affected in
symbiosis. The reduced nitrogen �xation ability exhibited by the fmoA mutant could be a consequence of
a defect in nodule development

Conclusions
Flavin-containing monooxygenases (FMOs) catalyze the oxidation of heteroatom centers and, thus,
mediate interactions between microorganisms and their chemical environment. The contribution of FmoA
to symbiosis and anti-oxidative damage was investigated using the M. huakuii fmoA mutant. A
quantitative RNA-Seq based transcriptomics approach was applied to reveal the global transcriptomic
responses to FmoA defect in M. huakuii bacteroids from A. sinicus root nodules. The results showed a
total of 1233 genes were differentially expressed, of which 560 were up-regulated and 673 were down-
regulated in HKfmoA bacteroids compared to that in 7653R bacteroids. This study provided majority of
these differentially expressed genes were grouped into 19 categories and a valuable insight into FmoA-
mediated mechanisms during M. huakuii-A. sinicus symbiosis. Furthermore, this study has generated an
abundant list of transcript from M. huakuii which will provide a fundamental basis for future functional
genomic research in M. huakuii and other closely related species.

Methods

Bacterial growth and media
The strains, plasmids and primers used in this study are listed in Table S2. M. huakuii strains were grown
at 28 °C in either Tryptone Yeast extract (TY) [48] or Acid Minimal Salts medium (AMS) [49] with D-
glucose (10 mM) as a carbon source and NH4Cl (10 mM) as a N source. For growth and qRT-PCR (real-
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time reverse transcription-PCR) experiments, cells were grown in AMS. When required, the following
antibiotics were used at the following concentrations (µg mL− 1): Streptomycin (Str), 500; Ampicillin
(Amp), 50; Kanamycin (Km), 20; Neomycin (Neo), 80, or 250 (for making fmoA mutant); Gentamicin (Gm),
20; Spectinomycin (Spe), 100; Tetracycline (Tc), 5. To monitor culture growth, strains were grown at 28 °C
with shaking (200 rpm) in liquid media, and culture optical density at 600 nm (OD600) was measured
during the culture period.

Construction and complementation of fmoA gene mutant
strain of M. huakuii 7653R
A single-crossover integration mutation in fmoA was made in 7653R. Primers fmoAUP and fmoALW were
used to PCR amplify the fmoA region from 7653R genomic DNA, and the 620-bp internal fragment of the
fmoA gene was cloned into the Pst I and Xba I sites of pK19mob, giving plasmid pKfmoA. Plasmid
pKfmoA was transferred from E. coli to 7653R and recombined into the genomic fmoA region via single
crossover to give strain HKfmoA [49]. Insertions into the fmoA gene of strain 7653R were con�rmed by
PCR using the fmoAmap primer and a pK19mob-speci�c primer pK19A or pK19B [50].

To complement the fmoA mutant, primers cfmoAF and cfmoAR were used to amplify the complete fmoA
gene from M. huakuii 7653R genomic DNA. The PCR product was digested with Kpn I and Xba I and
cloned into the broad-host-range vector pBBR1MCS-5, resulting in plasmid pBBRfmoA. Plasmid
pBBRfmoA was mated into the mutant strain HKfmoA using the triparental mating method as previously
described [50].

Mutant resistance and catalase activity in relation to
oxidative stress
The logarithmic phase M. huakuii HKfmoA and 7653R cultures were collected and washed in sterile
phosphate-buffered saline (PBS) (1X; 136 mM NaCl, 2.6 mM KCl, 8.0 mM Na2HPO4, 1.5 mM KH2PO4) as
previously described [51]. Cells were treated with H2O2 at the concentrations of 1 mmol/L, 5 mmol/L,
10 mmol/L or CUOOH at the concentrations of 0.1 mmol/L, 1 mmol/L, 5 mmol/L for 1 h. Strains were
thoroughly washed with distilled water to remove any remaining oxidants, and diluted TY plate to
evaluate the bacterial survival rate. Each treatment consisted of 3 replicates.

For measurement of enzymatic activities and non-enzymatic antioxidant contents, the logarithmic phase
M. huakuii HKfmoA and 7653R cultures were treated with 5 mM H2O2 for 1 h. H2O2-treated PBS cells were
collected by centrifugation at 5000 rpm for 5 min at 4 °C. The cells suspension was bath-sonicated for 15
sec in ice-cold water. The sonicate was centrifuged at 12,000 rpm at 4 °C for 10 min. Peroxidase activity,
glutathione reductase activity, hydrogen peroxide content, and GSH content were measured
spectrophotometrically using the Glutathione Reductase Assay Kit, total Glutathione Peroxidase Assay
Kit, total Superoxide Dismutase Assay Kit, Hydrogen Peroxide Assay Kit, and Glutathione Assay Kit
(Beyotime, China).
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Plant experiment and cytological study of nodules
Astragalus sinicus L. cultivar XY202 (Xinyang Company, China) was used as a host plant to test
nodulation of the M. huakuii strains. Seeds were surface-sterilized, placed in 500 mL pots �lled with
sterile vermiculite containing nitrogen-free Fahraeus solution. Inoculation with M. huakuii stains was
performed on 7-day-old seedlings. The cultivation was carried out in a controlled environment chamber
with 16 h light/8 h dark period. Acetylene reduction activity was determined at 28 day postinoculation
(dpi) as previously described [52]. The experiment consisted of two independent experiments, each of
which had �ve repeats, and statistical differences were analyzed with one-way ANOVA (P < 0.05).

Nodules at 28 dpi were �xed for 12 h at 4 °C with 2.5% glutaraldehyde, rinsed, and post-�xed in 1.5%
phosphate-buffered osmium tetroxide. Ultra-thin sections stained with lead citrate were examined using a
Hitachi H-7100 transmission electron microscope [53]. Sections were cut with a microtome and stained
with toluidine blue for light microscopy.

Rhizosphere colonization
Rhizosphere colonization was performed as described previously [54]. Astragalus sinicus seedlings were
germinated and grown for 7 days as described above for Acetylene reduction activity, and inoculated with
M. huakuii 7653R and HKfmoA in the cfu ratios 1000:0, 0:1000, 1000:1000 and 1000:10000. Shoots were
cut-off after 7 days (14 days after plant), and 20 mL of sterile phosphate-buffered saline (PBS) buffer (pH
7.4) was added to the roots and vortexed for 15 min [55]. The samples were further serially diluted and
plated on TY agar plates containing either streptomycin or streptomycin and neomycin, giving the total
number of viable rhizosphere- and root-associated bacteria. Each treatment consisted of 10 replications,
and statistical differences were analyzed with one-way ANOVA (P < 0.05).

RNA isolation and quantitative RT-PCR analysis
Quantitative real-time reverse transcription PCR (qRT-PCR) was used to determine the fmoA gene
expression level, with gene-speci�c primers QfmoAUP and QfmoALW. The total RNA was isolated using
TRIzol reagent from free-living M. huakuii 7653R cultivated in AMS liquid medium, or root nodules which
were harvested from A. sinicus inoculated with strain 7653R after 28 days postinoculation. RNA were
reverse transcribed into cDNA using the SuperScript II reverse transcriptase and random hexamers.
Quantitative real-time PCR analysis was performed using a SYBR Premix ExTaq kit following the
manufacturer’s instructions on the BIO-RAD CFX96 Real-Time PCR Detection System. The 16S rRNA gene
of M. huakuii 7653R was used as a calibrator gene, and the data were obtained and analysed as
previously described [56] .

RNA-seq library preparation and sequencing using the
illumina genome analyzer
At 28 days post inoculation, the nodules of plants inoculated with HKfmoA or 7653R were harvested,
immediately frozen in liquid nitrogen and stored at − 80 °C. Total cellular RNA was isolated from frozen
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nodule tissues using TRIzol Reagent (Invitrogen) and RNeasy Mini Kit (Qiagen). Total RNA of each nodule
sample was assessed using Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA), and
NanoDrop (Thermo Fisher Scienti�c Inc). 1 µg total RNA with RNA integrity number (RIN) value above 6.5
was used for following library preparation. The rRNA was depleted from total RNA using rRNA removal
Kit. The ribosomal depleted RNA was then fragmented and reverse-transcribed into cDNA with random
primers. The puri�ed double-stranded cDNA by beads was then treated with End Prep Enzyme Mix to
repair both ends and add a dA-tailing in one reaction, followed by a T-A ligation to add adaptors to both
ends. Next generation sequencing library preparations were constructed according to the manufacturer’s
protocol. The Qsep100 (Bioptic, Taiwan, China) and Qubit 3.0 Fluorometer was used to determine the
quality of the libraries.

The libraries with different indices were multiplexed and sequenced on an Illumina HiSeq instrument
according to manufacturer’s instructions (Illumina, San Diego, CA, USA). Sequencing was carried out by
Illumina paired-end con�guration. The sequencing image processing and base calling were conducted
following to Illumina's protocol on the HiSeq instrument. Three independent biological replicates per
sample were processed and sequenced.

Data analysis
Differences between the average of gene expression for the control and experimental groups were
analyzed by the Student’s t-test using SPSS software, version 18 (SPSS, Inc., Chicago, IL). For the RNA-
seq study, the unique reads mapping to the M. huakuii genome were used for a differential gene
expression analysis using the DESeq2 [57]. The P-values with false discovery rate are adjusted for
multiple testing. The false discovery rate P-value < 0.01 and the absolute value of log2 (FC) ≥ 1.5 and ≤ − 
1.5 were used to identify statistically signi�cant changes in gene expression. For quantitative RT-PCR
analysis, p < 0.05 was considered to be statistically signi�cant.
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Figure 1

Growth of 7653R, fmoA mutant HKfmoA and complemented strain in AMS medium. Averages with
standard errors from three independent experiments are shown.
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Figure 2

Bacteria recovered (7 dpi) from the rhizosphere of Astragalus sinicus plants following inoculation with
wild-type 7653R and HKfmoA, both individually and together. Inoculation ratios are given on the x axis,
with 1 corresponding to 103 CFU. Number of bacteria (per plant) recovered from at least ten independent
plants (mean ± SEM) are shown.
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Figure 3

Structure of 4-week-old Astragalus sinicus nodules and bacteroids. Nodules were induced by M.
huakuii7653R (A, D), HKfmoA (B, E), HKfmoA(pBBRfmoA) (C, F). The infection (II) and �xing (III) zones
are represented in A, B and C. Scale bars = 200 μm (A, B, C), 2 μm (D, E, F). PHB, poly-β-hydroxybutyrate ;
IM, incrassated membrane.
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Figure 4

Expression patterns of fmoA gene in symbiotic nodules. Gene expression levels were examined by real-
time RT-PCR. Nodules were collected on different days after inoculation with M. huakuii 7653R. Relative
expression of genes involved in nodule bacteroids compared with 7653R cells growth in AMS medium.
Data are the average of three independent biological samples (each with three technical replicates).
Asterisk (*) indicates a signi�cant difference (FC>2, P<0.05).
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Figure 5

Functional categories of the top 500 differentially expressed genes in A. sinicus nodules infected by the
fmoA mutant versus the wild type 7653R. Bars represent the number of up-expression (black) and down-
regulated (orange) genes in fmoA mutant bacteroids compared with wild type bacteroids.The number in
each bar represents its up/down-expression percentage (%). C: Energy production and conversion; D: Cell
cycle control, cell division, chromosome partitioning; E: Amino acid transport and metabolism; F:
Nucleotide transport and metabolism; G: Carbohydrate transport and metabolism; H: Coenzyme transport
and metabolism; I: Lipid transport and metabolism; J: Translation, ribosomal structure and biogenesis; K:
Transcription; L: Replication, recombination and repair; M: Cell wall/membrane/envelope biogenesis; N:
Cell motility; O: Posttranslational modi�cation, protein turnover, chaperones; P: Inorganic ion transport
and metabolism; R: General function prediction only; S: Function unknown; T: Signal transduction
mechanisms; U: Intracellular tra�cking, secretion, and vesicular transport; V: Defense mechanisms. The
asterisks (*) indicate statistical signi�cance ((>3-fold, p-value < 0.01).
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