
Copyright © 2023 The Author(s); Published by National Institute of Genetic Engineering and Biotechnology. This is an open access article, distributed 
under the terms of the Creative Commons Attribution-NonCommercial 4.0 International License (http://creativecommons.org/licenses /by-nc/4.0/) 
which permits others to copy and redistribute material just in noncommercial usages, provided the original work is properly cited.

Research Article

Iran. J. Biotechnol. July 2023;21(3): e3451 DOI:  10.30498/ijb.2023.352117.3451

Cloning, Prokaryotic Expression and Functional Characterization of 
NifH Gene from the Associative Nitrogen-Fixing Bacteria Klebsiella 
Variicola DX120E
Ying Qin1† , Yu-Yan Huang1†, Qaisar Khan1, Kun-Kun Zhang1, Dao-Jun Guo2, Li-Tao Yang1, Yang-Rui Li3, 
Yong-Xiu Xing1*

1College of Agriculture, Guangxi University, Nanning, China. 
2 College of Life Sciences and Engineering, Hexi University, Zhangye, China
3 Guangxi Key Laboratory of Sugarcane Genetic Improvement, Key Laboratory of Sugarcane Biotechnology and Genetic 
Improvement (Guangxi), Ministry of Agriculture and Rural Affairs, Sugarcane Research Institute of Guangxi Academy of 
Agricultural Sciences, Sugarcane Research Center of Chinese Academy of Agricultural Sciences, Nanning, China.

*Corresponding author: Yong-Xiu Xing, College of Agriculture, Guangxi University, Nanning, Guangxi, China. Tel/ Fax: +86-
13471031676, E-mail: xyx@gxu.edu.cn
† These authors contributed equally

Received: 2022/07/24  ;    Accepted: 2023/05/24

Background: Biological nitrogen fixation (BNF) is a unique mechanism in which microorganisms utilize the nitrogenase 
enzyme to catalyze the conversion of atmospheric nitrogen (N2) to ammonia (NH3). Fe protein, encoded by the nifH 
gene, is an essential component of the nitrogenase in Klebsiella variicola DX120E. However, the function of this gene in 
regulating nitrogen fixing activity is still unclear.
Objectives: The objective of this study was to reveal the function of nifH gene in associative nitrogen-fixing bacteria 
Klebsiella variicola DX120E and micro-sugarcane system by immunoassay and gene editing.
Materials and Methods: In the current investigation, the nifH gene was cloned in a pET-30a (+) vector and expressed 
in Escherichia coli. The NifH protein was purified and used to immunize rabbit, and then the serum was collected and 
purified to obtain rabbit anti-NifH polyclonal antibodies. The CRISPR-Cas9 system was applied to produce nifH mutant 
strains, and the nitrogen-fixing enzyme activity, gene, and protein expression were analyzed. 
Results: Both in vitro and in vivo NifH proteins were detected by Western blotting, which were 43 and 32 kDa respectively. 
The expression of nifD and nifK genes was decreased, and nitrogenase activity was reduced in the nifH mutant strain. 
Conclusion: The nifH gene mutant weakened the nitrogenase activity by regulating the expression of Fe protein, which 
suggests a potential strategy to study the nitrogen fixation-related genes and the interactions between endophytic nitrogen-
fixing bacteria and sugarcane.
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1. Background
Biological nitrogen fixation (BNF) refers to the process 
in which atmospheric N (N2) is reduced to ammonia 
(NH3) molecule (1). BNF has been classified into 
rhizobium-legume symbiotic nitrogen (N) fixation, 

associative N fixation (ANF), and autogenous N fixation 
system. To reduce the application of chemical fertilizers 
and environmental pollution, BNF has received high 
attention (2) recently. Various of endophytes associative 
N fixation bacteria have been reported to promote 
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sugarcane growth, which are identified to be a valuable 
source of nitrogen for sustainable crop production as 
well as to maintain soil fertility (3). 
N-fixing microorganisms have shown diversity in 
different environments. The diazotroph observations 
are often characterized in terms of measured in-situ 
abundance of the nifH gene, which is an essential gene 
in nitrogen fixation, encoding a structural component 
of the nitrogenase enzyme (4-5). The reduction of 
dinitrogen by Mo-dependent nitrogenase passes through 
the transient interaction of two-component proteins 
known as Fe protein and MoFe protein under the two-
component regulatory system. Fe-protein  has two 
identical subunits connected via the 4Fe-4S cluster and 
a γ2-dimer composed of identical subunits encoded by 
nifH (6). Nitrogen fixation genes expression in foreign 
hosts such as Escherichia coli and yeast was achieved in 
1985 (7). Klebsiella spp. is one of the N-fixing species 
isolated from sugarcane, and some studies have reported 
the NifH protein exists in Klebsiella pneumoniae (8). 
However, the nifH gene in Klebsiella variicola, a novel 
species associated with plant (9-10), is less reported.
Klebsiella variicola DX120E is an endophytic BNF 
bacteria isolated from the roots of sugarcane, which has 
a wide range of characteristics, including N fixation, 
solubilization of mineral phosphates, production of 
siderophore, secretion of growth hormone, with positive 
effects on sugarcane growth. 15N isotope dilution 
assay has proven that DX120E strain successfully 
fixed N2 in

 the sugarcane variety ROC22 (11), but the 
mechanism of the interactions between sugarcane and 
this microorganism remains unknown.

2. Objectives 
The objective of the current study was to characterize 
the fuction of the DX120E nifH gene in Klebsiella 
variicola through gene editing (CRISPR-Cas system) 
and assess the nitrogen fixation capacity regulated by 
Fe protein antibodies in the microbe-sugarcane system. 

3. Materials and Methods

3.1. Molecular Cloning of NifH and Prokaryotic 
Expression 
Klebsiella variicola DX120E, preserved in glycerol at 
-80 °C, was inoculated on LB solid media after gradient 
dilution and cultured overnight at 28 °C. The nifH gene 
was cloned into vector pMD18-T (Takara, Japan) and 

transformed into E. coli DH5α cells. Positive plasmids 
were sequenced using sanger sequencing technology 
by Qingke Biotechnology Co., Ltd. Guangzhou, China. 
The sequence data were compared with the NCBI 
database’s open reading frame (ORF) of the nifH gene 
(GenBank: KF732646.1). The pMD18-T-nifH and 
pET-30a vector were digested with EcoRI and Not I 
restriction enzymes (Takara, Japan) by incubating at 
37 °C overnight, and the target DNA fragments were 
purified. The T4 DNA ligase (Takara, Japan) was used 
to ligate the target fragments to express in the vector. 
The plasmid pET-30a-nifH was re-extracted and 
transformed into E. coli BL21 (DE3) cells for protein 
expression. All the samples were electrophoretically 
separated (50 V, 30 min; 120 V, 2.5 h) by  sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) with 12.5% separation gel and 5% 
stacking gel (12). 

3.2. Antibody Production 
According to the 1:5 (v/v) ratio of the original bacterial 
solution, precooled bacterial lysis buffers (50 mM Tris-
HCl (pH 8.5 to 9.0), 2 mM EDTA, 100 mM NaCl, 0.5% 
Triton X-100, 1 mg.mL-1 lysozyme) were added and the 
resuspended bacteria were broken by sonication in an 
ice bath. Subsequently, the pellet was washed with 2 M 
and 4 M urea containing 1% Triton X-100 and dissolved 
in 8 M urea. The recombinant protein was identified by 
SDS-PAGE (12) .
Two Japanese white rabbits were used in the immuni-
zation experiment. On the first day, these rabbits 
were immunized with 0.3 mg of recombinant protein 
immunogenic and sterile Freund’s complete adjuvant 
(Freund’s incomplete adjuvant and Mycobacterium 
tuberculosis) by subcutaneous multi-point injection. On 
the 12th, 26th, and 40th days, the rabbits were immunized 
with 0.15 mg recombinant protein and Freund’s 
incomplete adjuvant (lanolin: mineral oil = 1: 1.5). The 
inoculated rabbits were kept in good conditions during 
the experiment, and blood samples were collected on the 
52th day. The antisera were obtained by centrifugation, 
and indirect ELISA was used to test the titer of the 
antisera at indicated time points. The antigen was 
adhered to the solid phase carrier by coupling sulfolink 
coupling gel with prepared immunogen sulfhydryl, and 
the antibody was obtained through affinity purification. 
The final concentration of the antibodies was measured 
after repacking in an aseptic EP tube.
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3.3. Construction of NifH Mutants and Replenishment 
Strains
PCR reaction was conducted using the strain DX120E 
genomic DNA as a template along with nifH up-F/
nifH up-R, nifH-down-F/nifH down-R, nifH-MCS-F/
nifH-MCS-R primers, respectively, to amplify up/
down homologous fragments of nifH gene, and the 
plasmid pBBR1MCS2 was amplified in PCR by using 
the primers MCS-nifH-F/MCS-nifH-R. The PCR 
amplified products of nifH up and down fragments 
were purified and subjected to fusion PCR in a total 
volume of 50 μL comprising of 25 μL 2×Superpfu 
PCR mixture, 2 μL n i fH -UP-F (10 μM), 2 μL nifH 
down-R (10 μM), 4 μL up recovery fragment, 4 μL 
down recovery fragment, and 13 μL ddH2O. The PCR 
parameters were set as 94 °C 5 min, 32 cycles (94 °C 
30 s, 50 °C 30 s, 72 °C 30 s), and 10 °C hold on. 
The fused UD fragments with A were ligated to the 
T vector and sequenced. The prepared knockouted 
plasmid (pKLCas9Tc-UP-down) and repair homology 
arm fragments (pBBR1MCS2-Tac-nifH) were electro-
transformed into strain DX120E to obtain positive 
clones through screening. The correctly sequenced 
positive plasmid was transformed into strain DX120E, 
and finally, the mutant strain ΔnifH and C (ΔnifH) 
were obtained.

3.4. Analysis of Biological Characteristics of NifH 
mutants 

3.4.1. Determination of Growth Curve and Nitro-
genase Activity
The strain DX120E, ΔnifH, and C (ΔnifH) were 
inoculated into LB medium and put for shaking culture 
at 28 °C. Samples were taken every 4 h to measure 
the OD600. An acetylene reduction  assay was used to 
determine the nitrogenase activity (13).  

3.4.2. Bacterial RNA Extraction and RT-QPCR 
Trizol (Solarbio, China) (14) was used to extract 
the bacterial RNA. Snap frozen tissues were ground 
in liquid nitrogen using a mortar and pestle. One 
milliliter of Trizol per to 50-100 mg of tissue was 
added. The samples were solubilized for 5 min at 
room temperature, 0.2 mL of chloroform per mL of 
Trizolwas added, mixed vigorously by vortex for 30 
sec and the mixture was allowed to stand for 2-3 min 
at room temperature. The mixture was centrifuged at 

maximum speed of 12,000 ×g for 10 min at 4 °C, and 
the clear upper phase was transferred to a fresh tube 
(0.5-0.6 mL). Then 0.5 mL of isopropanol was added 
per milliliter of the clear phase, and mixed vigorously 
by vortexing for 10 min. After centrifuging at 12,000 
×g for 10 min at 4 °C, the supernatant was decanted 
and precipitated， the obtained RNA was dried with 
a pulled Pasteur pipette, then the RNA precipitate was 
washed with the mixture of ethanol and Trizol (1:1). 
After re-centrifuged at 12,000 ×g for 2 min at 4 °C, 
the liquid was discarded. The pellet was allowed to 
dry upside down at room temperature for 5 to 10 
min. An appropriate amount of DEPC-treated water 
was added to dissolve the RNA precipitate. The RNA 
concentration at OD260 was measured by IMPLEN 
(NanoPhotometer® P-ClassP 300). RT-qPCR was 
conducted using HiScript® III 1st Strand cDNA 
Synthesis Kit (+gDNA wiper) and ChamQ SYBR 
Color qPCR Master Mix (High ROX Premixed) 
(Vazyme Biotech Co., Ltd, China). The reference 16S 
RNA and target gene primers were shown in Table 
1. The 2-△△Ct method (15) was used for expression 
analysis.

3.4.3. Extraction of Protein and Western Blotting 
Analysis
Sugarcane plantlets (ROC22) were cultured and kept 
in the Guangxi Key Laboratory of Sugarcane Biology 
at Guangxi University. 200 single sugarcane plantlets 
were planted in 50 bottles, and each bottle had 4 
plantlets and 25 mL (1/10 MS) liquid medium. In the 
treatment group, 25 bottles of culture medium were 
inoculated with 100 μL of bacterial suspension, and in 
the control group, each bottle was inoculated with an 
equal volume of sterile water. Samples were collected 
on the 0, 3rd, and 6th days of culturing and maintained 
in a sterile environment during the experiment. The 
phenol extraction method was used to extract the total 
protein from the samples (16).
A 50 mL volume of bacterial suspension was centri-
fuged at 8000 × g (4 °C) for 5 min, and the pellet was 
washed and dissolved in 1 mL of lysis buffer. The 
total plant protein, induced recombinant protein and 
bacterial protein were denatured at 100 °C for 5 min 
and separated by SDS-PAGE (12). Western blotting 
was conducted according to Taylor and Posch (17).
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Name Sequence (5´      3´) Annealing temperature

nifH-UP-F TAGCGGCCCA TTCA TCGACA
55℃

nifH-UP-R TGGTGAGGATCCTGTGCGGTGACTTCTCCTGTTGTTGA

nifH-down-F AACAGGAGAAGTCACCGCACAGGATCCTCACCATGACCAA
55℃

nifH-down-R CCGGTTTA TCCAGCGCCTTG

nifH-ter-F ATGACCATGCGTCAATGCGCTA
58℃

nifH-ter-R TCAGGCCGCGTTTTCTTCAG

nifH sgRNA A TGCGTCAA TGCGCTA TCTA

nifH-MCS-F ATATACCATGGAAGCTTACATGACCATGCGTCAATGCGCTA
55℃

nifH-MCS-R CGGTATCGATCTCGAGTCAGGCCGCGTTTTCTTCAG

MCS-nifH-F AAGAAAACGCGGCCTGACTCGAGATCGATACCGTCGA
55℃

MCS-nifH-R TGACGCATGGTCATGTAAGCTTCCATGGTATATCTCCTTCTT

MCS2-JD-F ACACTGCTTCCGGTAGTCAA
55℃

M13R AGCGGATAACAATTTCACACAGG

16SF CTGGAACTGAGACACGGTCC
55℃

16SR GGAGTTAGCCGGTGCTTCTT

nifDF CCGACCAAAATCGCCGAATC
55℃

nifDR CGCCATCTGCCCCTCATATT

nifKF AGCTTTATCGGCAGCCATGT
55℃

nifKR CCGGTCACCAGATTGAGCTT

nifHF GACGAACTGATCATCGCCCT
55℃

nifHR GGTCGTACTCGATCACCGTC

Table 1. Primers sequences used for PCR amplification

4. Results 

4.1. Molecular Cloning and Bacterial Expression 
The 882 bp nifH gene was obtained in the PCR reaction 
using strain DX120E genomic DNA as the template. 
The bacterial colonies were easily screened by white 
(recombinant) and blue (non-recombinant) colors. 
The plasmid of the bacterial strain with the pET-30a-
nifH sequence was extracted and sequenced through 
sanger sequencing. The results were consistent with the 
known ORF of the nifH gene (GenBank: KF732646.1) 
(18). Double digestion of the plasmid was done with 
the restriction enzymes EcoRI and NotI to divide the 
pET-30a nifH vector into two parts with sizes of 5392 
bp and 889 bp, respectively. These results showed that 
the full-length nifH gene was cloned successfully into 
the pET-30a (+) vector, and the prokaryotic expression 
vector pET-30a-nifH was effectively constructed (Fig. 
1A, 1B). The pET-30a-nifH was transferred into E. 
coli BL21 (DE3) and positive colonies were used to 
construct a prokaryotic expression system (nifH-ORF).
The recombinant pET-30a-NifH protein was success-

fully expressed in a prokaryotic expression system 
(Fig. 2A). The positive strains were cultured at 37 °C 
in IPTG with a final concentration of 0.5 mM for 
different lengths of time. The NifH protein band of 43 
kDa could be seen starting at 2 h post-induction. The 
full expression content was induced at 6 h (Fig. 2B). 
Finally, 0.5 mM IPTG and 6 h culture time were selected 
for induction culture according to the experiment’s 
protocol. The induced protein was precipitated mainly 
by ultrasonic treatment (Fig. 2C), indicating that the 
recombinant protein of pET30a-nifH was mainly in the 
form of an inclusion body in this expression system. 
The amounts of induced proteins identified through 
Western blotting were 5 ng and 10 ng in response to the 
mouse anti-His tag antibody. A distinct band of 43 kDa 
in size was discovered in Western blotting (Fig. 2D). 

4.2. Antibody Production 
SDS-PAGE showed that the inclusion body protein 
bands were clear. Immunogen concentration was 6 
µg·mL-1, suitable for immune conditions (Fig. 3A). 
The antisera were tested by indirect ELISA, and 
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Figure 1. Construction and verification of pET-30a-nifH. A) pET-30a-nifH clone model, B) PCR 
and double enzyme digestive verification of pET-30a-nifH. M: DL 5000bp DNA Marker; 1: T7 
universal primer PCR positive control; 2: pET-30a nifH plasmid; 3: Double digested product.  

A) B)

the result showed that the titer of antisera reached 
1:512000 (Fig. 3B). To reduce the influence of 
background noise in Western blotting, the antisera 
affinity was purified using the specific antigen-
antibody, and the final concentration of the antibody 
was 2.51 µg. mL-1.

4.3. Western Blotting Analysis of Immunogen and 
Endogenous NifH Proteins
It is considered that the polyclonal antibodies of 
the NifH protein could confidently recognize the 
recombinant protein. The amounts of identified induced 
protein through Western blotting were 5 ng and 10 ng, 
respectively, in response to the anti-NifH antibody in 
rabbits. A distinct band of 43 kDa in size was discovered 
in Western blotting. At the same time, the total protein 
from Klebsiella variicola DX120E was detected by 
Western blotting with our anti-NifH antibody, and 
the protein band was visible (Fig. 3C). These results 
verified that the rabbit polyclonal antibody could 
recognize both the exogenous and endogenous NifH 
proteins.

4.4. NifH Protein Expression Analysis of Tissue 
Cultured Sugarcane Seedlings
Tissue cultured seedlings of sugarcane variety ROC22 
and Klebsiella variicola DX120E were co-cultured for 
0, 3, and 6 days, and total protein was extracted by the 
phenol extraction method. The expression of ROC22 
NifH protein in the seedlings was found to be higher 
at 6th day (0.31) than that at 0 day  (0.24) determined 
by Western blotting (Fig. 3D). It confirmed that the 
antibody could detect protein expression. Moreover, 
N-fixing strains could enter sugarcane seedlings from the 
inoculation site and migrate into the aboveground part.

4.5. Effects of NifH Gene Deletion on N-Fixing Bacteria

4.5.1. Screening of Mutant Strains
The nifH-UP-F/nifH-UP-R and nifH-down-F/nifH-
down-R were used to amplify the upstream and 
downstream homology arms of nifH, respectively (Fig. 
4A), and the 1096 bp fusion fragments of the upstream 
and downstream arms were obtained by fusion PCR 
(Fig. 4B). The knockouted plasmid was electroporated, 
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Figure 2. Prokaryotic expressions. A) Induced expression identification of pET-30a-nifH. M: Protein 
marker, 1: pET-30a-nifH no induction; 2: pET-30a-nifH induction; 3: pET-30a(+) with no induction; 4: 
pET-30a(+) induced, B) pET-30a-nifH induced at different times. M: Protein marker, 1: no induction; 
2: 2 h; 3: 3 h; 4: 4 h; 5: 5 h 6: 6 h, C) Soluble identification of pET-30a-nifH. M: Protein marker, 1: no 
induction; 2: induction; 3: induced pellet; 4: induced supernatant, D) His-Tag label protein identification. 
M: Protein marker; 1: 100 ng; 2: 50 ng; 3:10 ng; 4: 5 ng

A) B)

C) D)

and the homology arm fragment was repaired, so the 
knockouted strain △nifH was identified (Fig. 4C, 4D). 
At the same time, the MCS-nifH replenishment plasmid 
was constructed to transform the knockouted strain to 
obtain the knockout replenishment strain C (ΔnifH) 
(Fig. 4E,4F). The above strains were used in the 
following physiological and biochemical experiments.

4.5.2. Effects on Growth
Growth curve analysis showed no significant varia-

tion among wild-type strains, mutant strains, and com-
plementary strains of strain DX120E in LB medium at 
37 °C, and all the strains showed maximum growth rate 
at 16 h and later started gradual decline (Fig. 5A).

 4.5.3. Effect of NifH Mutation on Nitrogenase Activity
The acetylene reduction method was applied to detect 
nitrogenase activity in wild-type strain DX120E, nifH 
mutant strains, and replenishment strains during the N 
fixation process. It was found that mutation of the nifH 

Qin Y et al.



95Iran. J. Biotechnol. July 2023;21(3): e3451

Figure 3. Antibody preparation and expression analysis of NifH protein.  A) Detection of urea dissolution of 
recombinant protein. M: Protein marker; 1: supernatant 1; 2: supernatant 2; 3: 2-fold dilution; 4: 5-fold dilution; 
5: 10-fold dilution; 6: 0.4 mg/mL BSA. B) Indirect ELISA of titer. C): a) Detection of pET-30a-NifH protein. M: 
Protein marker; 1: 10 ng pET-30a-NifH; 2: 5 ng pET-30a-NifH; 2: 1 ng pET-30a-NifH; 2: 500 pg pET-30a-NifH, 
b) Detection of strain DX120E endogenous NifH protein. M: Protein marker;1-2: NifH; 3: pET-30a-NifH. D) 
Western Blotting analysis of NifH protein at different time after inoculation. M: Protein marker; 1: total protein 
in strain DX120E; 2: NifH protein in seedling of sugarcane variety ROC22 inoculated with strain DX120E for 
3 days; 3: NifH protein in seedling of sugarcane variety ROC22 inoculated with strain DX120E for 6 days; 4: 
NifH protein in seedling of sugarcane variety ROC22 at 0 day of inoculation with strain DX120E . 

A) B)

C)

D)

a)

b)

gene decreased the nitrogenase activity of the strain. 
However, the replenishment strain restored the N-fixing 
ability which was significantly higher than that in the wild-
type strain, which suggested that mutation of the nifH gene 
had lowered the strain’s N-fixing capability (Fig. 5B).

4.5.4. Effect of NifH Mutation on NifD and NifK Genes
NifD and nifK are the critical nitrogenase genes, and 
their relative expression levels were determined in 
the three bacterial strains by RT-qPCR. Significant 
variations were observed among the expression levels 
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Figure 4. Construction of nifH gene deletion mutations and complementary strains. A) Upstream and 
downstream homology arm amplification. M: marker;1: nifH UP; 2: nifH Down. B) PCR amplification of 
homology arm fusion. M: marker; 1: Upstream and downstream fusion fragments, C) nifH-UP-F/nifH down R 
PCR identification. M: marker; 1: △nifH; 2: DX120E. D) nifH-ter-F/nifH-ter-R PCR identification. M: marker; 
1: △nifH; 2: DX120E. E) nifH and plasmid frame amplification. M: marker; 1: nifH; 2: pBBR1MCS2. F) nifH-
MCS-DX120E △nifH colony PCR identification. M: marker; 1-4: C (ΔnifH).

of nifK and nifD genes in wild-type, knockouted, and 
complementary strains. Relative expression of nifD and 
nifK genes were significantly higher in wild-type than 
mutant and complementary strains (Fig. 5C).

4.5.5. Effects of NifH Gene Knockout on NifH Protein 
Expression 
The Western blotting technique identified the effects of 
nifH gene knockout on NifH protein expression in the 
three strains of N-fixing bacteria. The result displayed 
that mutation of the nifH gene downregulated the 
expression of NifH protein in the strains. A comparison 
of NifH protein expression among these three strains 
showed that the expression level was higher in 

the complementary strain than the wild-type and 
knockouted strains (Fig. 5D).

5. Discussion
The sugarcane microbiome consists of diverse 
plant growth-promoting microorganisms, including 
N-fixing bacteria (diazotrophs). A survey conducted 
in the sugarcane area of Guangxi, China, found the 
Enterobacteriaceae family, especially Klebsiella, is the 
most abundant plant-associated N-fixing bacteria (19). 
Klebsiella variicola, an N-fixing strain, is a member of 
the same family and colonizes sugarcane, promoting 
plant growth and has the potential to replace chemical 
fertilizer partially (10). Extensive analysis of N-fixing 
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Figure 5. Effects of nifH gene deletion on the growth, N-fixing ability, and expression of N-fixing genes in 
different strains of N-fixing bacteria. A) Growth curve; B) Nitrogenase activity; C) Expression of nitrogenase 
gene; D) Western blot detection of NifH protein level in wild-type, ΔnifH and cΔnifH. 1, 2, 3: wild-type; 4, 5, 6: 
ΔnifH; 7, 8, 9: cΔnifH.
Note: wild-type, WT; mutant strains, ΔnifH; complement strain, cΔnifH. Data are mean±standard error (n=3). The 
different lowercase letters above the bars indicate significant differences at p≤0.05 in Duncan’s multiple range test.

genes has served as a base for developing molecular 
assays and bioinformatic methods to explore N fixation 
in the environment (20). Nitrogen fixation is carried by 
an enzyme complex called nitrogenase which consists of 
two main components: a dinitrogenase encoded by nifD 
and nifK and an iron-containing reductase, also called 
Fe protein which is encoded by nifH. However, the 
specific function of the nifH gene in the nitrogen-fixing 
bacterium DX120E and its application in assessment of 
nitrogen fixation capacity in microbial and sugarcane 
systems have not been systematically investigated.

In addition to the acetylene reduction method, 
biological N fixation could also be assessed through 
the nitrogen-fixing enzyme’s expression by antibodies, 
and NifH is one of the most detected proteins (21, 22). 
In the current study, the expression of NifH protein 
was determined using a polyclonal antibody prepared 
in this experiment, and enhanced NifH protein 
expression was noticed in sugarcane seedlings co-
cultured with Klebsiella variicola DX120E for 3 days. 
N-fixing microorganisms contain dinitrogenase, one 
of the subunits encoded by nifH. Detection of nifH 

A) B)

C)

D)
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gene expression indicated the presence of N-fixing 
bacteria and N-fixation in plants. However, after 3 
days, the expression level of NifH protein decreased. 
A possible reason for the reduction in the expression 
of NifH protein may be the gradual consumption of 
nutrients in the culture medium, which led to the 
nutritional competition between DX120E and plants. 
But this assumption needs further investigation. Li, et 
al. (23) reported an upregulation of nifH in the pre-
inoculation period and a downregulation later. NifH 
proteins were also detected in control, which could be 
linked with the presence of endosymbiotic bacterial 
colonies in plants (24).
Gavini and Burgess (25) have shown that the nifHDK 
genes are transcribed as a single unit in many 
microorganisms, hence the mutant strains cannot 
synthesize the nifH polypeptide and FeMo cofactor. 
The absence of NifH protein, a central nitrogenase 
component, causes a reduction in N fixation capacity 
(26). In the nifH knockouted strain, the nifD and 
nifK gene transcript copies and nitrogenase activity 
decreased. Western blotting analysis showed a 
decrease in the content of Fe protein in the nifH 
knockouted strain and an improvement in the 
complementled strain. This result matched well 
with previous research that found the wild-type 
strain Acetobacter diazotrophicus PAL5 grew 
better and the plants inoculated with the wild-type 
strain accumulated more nitrogen with a lower δ15N 
signature after 60 days than the plants inoculated 
with nifH-mutant (27). Enhanced expression of NifH 
protein was found in the replenishment strain, which 
might be due to the overexpression of the nifH gene 
in response to solid plasmid motion (28).
To our knowledge, Klebsiella variicola is a well-
known species that contains diazotrophs. In the present 
study, one of the N-fixing enzyme genes, nifH has 
been cloned and expressed in E. coli BL21 (DE3). A 
polyclonal antibody prepared by immunizing rabbits 
with nifH protein was used to successfully detect 
the expression of endogenous and exogenous Fe 
proteins, which lay the foundation for assessing the 
nitrogen-fixing capacity of nitrogen-fixing bacteria 
by enzyme-linked immunity. Moreover, the nifH 
gene knockouted mutant of DX120E showed lower 
nitrogen fixation capacity in strains and microbial 
sugarcane systems.

6. Conclusion
Using the rabbit polyclonal antibody proved that the core 
fraction of N-fixing enzymes, Fe protein, is presented 
in nitrogen-fixing bacteria and endophytic microbial 
and sugarcane systems. The nifH deletion limited the 
nitrogen fixation enzyme activity of DX120E and 
reduced the expression levels of the nitrogen fixation-
related genes nifD, nifK and Fe protein at molecular 
level. Although the immunological and CRISPR-
Cas9 system gene editing approaches have laid the 
foundation for studying other nitrogen-fixing genes, 
the interaction mechanism between N-fixing genes 
and plants still needs exploration. So, it is emphasized 
to develop comprehensive strategies to use N-fixing 
bacteria to improve crop performance, particularly 
growth and yield. 
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