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Abstract 
Bacteria of the genus Azospirillum include several plant associated bacteria which often promote the growth of their host 
plants. Although the host range of Azospirillum brasilense Sp7 is much wider than its close relative Azospirillum lipoferum 
4B, it lacks the ability to efficiently utilize D-glucose for its growth. By comparing the genomes of both the species, the 
genes of A. lipoferum 4B responsible for conferring D-glucose utilization ability in A. brasilese Sp7 were identified by 
cloning individual or a combination of genes in a broad host range expression vector, mobilizing them in A. brasilense Sp7 
and examining the ability of exconjugants to use D-glucose as sole carbon source for growth. These genes also included the 
homologs of genes involved in N-acetyl glucosamine utilization in Pseudomonas aeruginosa PAO1. A transcriptional fusion 
of the 5 genes encoding glucose-6-phosphate dehydrogenase and 4 components of glucose phosphotransferase system were 
able to improve D-glucose utilization ability in A. brasilense Sp7. The A. brasilense Sp7 strain engineered with D-glucose 
utilization ability showed significantly improved root colonization of rice seedling. The improvement in the ability of A. 
brasilense Sp7 to colonize rice roots is expected to bring benefits to rice by promoting its growth.

Key points
• Genes required for glucose utilization in Azospirillum lipoferum were identified.
• A gene cassette encoding glucose utilization was constructed.
• Transfer of gene cassette in A. brasilense improves glucose utilization and rice root colonization..
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Introduction

Plant growth-promoting rhizobacteria (PGPR) inhabit rhizo-
sphere, root surface, and root interior, and stimulate plant 
growth and development (Kloepper and Schroth 1981; San-
toyo et al. 2016) through a number of direct and indirect 
mechanisms which include production of phytohormones 

and siderophores, biological nitrogen fixation, nutrient solu-
bilization, and induction of systemic resistance (Barriuso 
et al. 2008). PGPR such as Herbaspirillum seropedicae 
or Gluconacetobacter diazotrophicus colonize plant roots 
endophytically by occupying intercellular spaces, and Pseu-
domonas fluorescens or Azospirillum brasilense are present 
on root surfaces and their proximity in the rhizosphere (San-
toyo et al. 2016; Steenhoudt and Vanderleyden 2000). Appli-
cation of PGPR as inoculants has been shown to increase 
the productivity of a variety of crops (e.g., maize, tomato, 
lettuce, wheat, soybean, rice, and apples) under normal as 
well as stressful conditions (Deshmukh and KhareP 2016; 
Etesami and Alikhani 2016; Bhattacharyya and Jha 2012; 
Dobbelaere et  al. 2001; Okon and Labandera-Gonzalez 
1994; Cassán et al. 2020).

The rhizosphere is a complex microbial habitat com-
prising of an integrated network of plant roots, soil and 
a diversity of microbes. It is strongly influenced by plant 
metabolism through secretion of an array of root exudates, 
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which mediate rhizosphere interactions by serving as 
energy sources for microorganisms and acting as chemi-
cal attractants or repellents (Bais et al. 2001; Estabrook 
and Yoder 1998). The capacity of root exudates to attract 
bacteria is attributed to some of their individual compo-
nents. Studies on the attraction and migration of benefi-
cial rhizosphere bacteria towards root exudates provide 
important information about ecological traits for root colo-
nization. Microbes that display chemotaxis towards root 
exudates of the host plant show strong attachment to the 
host plant which allows stronger association and better 
beneficial effects to the plant (Yang et al. 2009; Bashan 
et al. 2014). Understanding, predicting and controlling the 
structure and function of the rhizosphere can be a key to 
harnessing plant–microbe interactions and other rhizos-
phere activities.

Bacteria of the genus Azospirillum are very popular 
PGPR and consist of more than 20 species (Fukami et al. 
2018). Azospirillum lipoferum and Azospirillum brasilense 
were first described in 1978 (Tarrand et al. 1978). One of 
the several phenotypic characteristics which differenti-
ate A. brasilense from A. lipoferum (Baldani et al. 1986) 
is its poorability to take up D-glucose accounting for its 
poor ability to grow on D-glucose as sole source of carbon 
(Westby et al. 1983; Goebel and Krieg 1984; Martinez-Drets 
et al. 1984; Singh et al. 2021). In bacteria, the transport of 
D-glucose or D-fructose is mediated via phosphoenolpyru-
vate (PEP)-dependent sugar phosphotransferase systems 
(PTS), which consist of three main components: enzyme I 
(EI), histidine-phosphorylatable phosphoryl carrier protein 
(HPr), and enzyme 2 (EII). The EII often consists of three 
domains (EIIA, EIIB, and EIIC), which may be fused in a 
single polypeptide chain or may exist as two or three interac-
tive chains. In the case of glucose-PTS, a phosphoryl group 
is first transferred from PEP to EI, which then transfers the 
phosphoryl group to HPr (Deutscher et al. 2014). The phos-
phoryl group is then sequentially transferred from phospho-
HPr to EIIA, EIIB, and then finally to D-glucose to form 
glucose-6-phosphate, which is then transported inside the 
cell and acted upon by glucose-6-phosphate dehydrogenase 
to start the pentose phosphate pathway. Thus, to uptake and 
metabolize D-glucose, bacterial cells require a D-glucose 
PTS and glucose-6 phosphate dehydrogenase.

A. brasilense is a very efficient colonizer of the rhizos-
phere of a large number of legume and non-legume plants. 
It exhibits a positive chemotaxis towards a large number 
of organic compounds such as amino acids, saccharides, 
and organic acids, typical for plant roots exudates (Rein-
hold et al. 1985). Malate, succinate, and D-fructose are the 
most effective attractants for A. brasilense (Zhulin et al. 
1988; Singh et al. 2019). It can survive, grow, and com-
pete with other microbes of the rhizosphere, attach to the 
host root surfaces, promote plant growth via phytohormone 

production, and can cope with several abiotic stresses 
encountered in the rhizosphere (Dobbelaere et al. 2003). 
Due to its strong chemotaxis towards and proficiency in the 
utilization of dicarboxylates, A. brasilense is a vigorous 
colonizer of C4 plants (Zhulin et al. 1988; Reinhold et al. 
1985; Singh et al. 2019).

Rice is the most widely consumed staple food for a large 
part of the global population. D-glucose is the most promi-
nent component of the root exudates of rice seedlings consti-
tuting over 90% of the total carbohydrates (Bacilio-Jiménez 
et al. 2003). But, A. brasilense does not show any notable 
chemotaxis towards rice root exudates (Bacilio-Jiménez 
et al. 2001) due to its poor ability to utilize D-glucose, and 
hence it faces a limitation to effectively colonize rice roots 
(Calvo et al. 2014; Yang et al. 2009). The endophytic bacte-
ria of rice, Corynebacterium flavescens and Bacillus pumi-
lus, however, show significant chemotaxis towards rice root 
exudates (Bacilio-Jiménez et al. 2001). These differential 
responses can be due to their ability to utilize D-glucose. 
The composition and concentration of sugars and amino 
acids from rice root exudates provides a clear advantage to 
the bacteria that utilize D-glucose over A. brasilense allow-
ing them to compete better than A. brasilense (Bacilio-Jimé-
nez et al. 2001; Hozore and Alexander 1991). These studies 
suggest that A. brasilense could compete and colonize well 
in the rice rhizosphere if it acquires the ability to utilize 
D-glucose. In this study, we identified A. lipoferum genes 
that are involved in the uptake and utilization of D-glucose, 
transferred them into A. brasilense, evaluated the ability 
of the engineered strain to utilize D-glucose and colonize 
rice roots, and eventually showed that the engineered strain 
showed improved utilization of D-glucose and enhanced 
colonization of the roots of rice seedlings.

Materials and methods

Bacterial strains, plasmids, and chemicals

Bacterial strains and plasmids used in this study are 
described in Table 1. A. brasilense Sp7 was grown and main-
tained in minimal medium (MM) supplemented with malate 
(40 mM) as sole carbon source (Vanstockem et al. 1987) 
while A. lipoferum 4B was grown in biotin supplemented 
low phosphate minimal medium (Goebel and Krieg 1984) 
and maintained in low salt Luria–Bertani (LB) agar plates 
which contained only 5 g/L NaCl at 30 °C. For experiments, 
late log phase cultures of A. brasilense Sp7 and A. lipoferum 
4B, grown overnight in low salt LB broth, were pelleted by 
centrifugation at 5000 rpm for 5 min, washed with 0.85% 
saline. The ability to utilize D-glucose was monitored by 
measuring growth in secondary cultures of different strains 
inoculated in 30 ml MM supplemented with filter-sterilized 
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D-glucose (40 mM) with an initial  OD600 value of 0.05. Dif-
ferent E. coli strains like DH5α and S17.1 were grown in 
LB medium at 37 °C. All chemicals used in media prep-
aration and for the experiment were purchased by Merck 
KGaA (Darmstadt, Germany), Sigma-Aldrich Corporation 
(St. Louis, USA) or Hi-media (Mumbai, India). Restriction 
enzymes, DNase, RNases, were purchased from New Eng-
land Biolabs (NEB) (Ipswich, USA) while Taq DNA poly-
merase, phusion high fidelity DNA polymerase, real-time 
(RT)-PCR kit, and T4-DNA ligase were purchased from 
Thermo Fisher Scientific (Waltham, USA). As per require-
ments, ampicillin (50 µg/ml), tetracycline (10 µg/ml), and 
chloramphenicol (20 µg/ml) were added in culture media for 
the growth of A. brasilense Sp7 and its derivatives.

Bioinformatic analysis

Amino acid sequences of the genes associated with D-glu-
cose, D-fructose, and N-acetylglucosamine (NAG) transport 
and their catabolism were retrieved from Kyoto Encyclopedia 
of Genes and Genomes (KEGG) database for gene analysis 
and sequence comparison. Level of sequence identity and sim-
ilarity were calculated with the help of Basic Local Alignment 
Search Tool (BlastP) of National Centre for Biotechnology 
Information (NCBI) and Bioedit software and Transporter 
Classification Data Base (TCDB). Sequence analysis and 
construction of genetic maps were performed with the help 
of vector NTI software (Thermo Fisher Scientific, Waltham, 
USA) or manually.

Construction of recombinant plasmids 
for complementation

To enhance the D-glucose utilization ability of A. brasilense 
Sp7, a gene encoding glucose-6-phosphate-1-dehydroge-
nase (G6PD) (of 1521 bp), and two downstream genes (of 
2207 bp) encoding glucosamine-fructose-6-phosphate amino 
transferase (GFPAT) and N-acetylglucosamine-6-phosphate 
deacetylase (NagA) present in the genome of A. lipoferum 
were amplified by polymerase chain reaction (PCR) with two 
sets of primers (DF/DR and PDF/PDR, Table 3) and cloned 
into a broad host range modified pBBR1MCS-2 vector under 
the control of a constitutive Km promoter (Singh et al. 2019). 
The G6PD gene was also PCR amplified using another set of 
primers (DF1/DR1, Table 3) and cloned in another isopropyl 
β-D-1-thiogalactopyranoside (IPTG)-inducible broad host 
range vector, pMMB206 (Morales et al. 1991; Singh et al. 
2017). The resulting recombinant plasmids (pVS1, pVS3, 
and pVS2) were electroporated or conjugatively mobilized 
in A. brasilense Sp7 and exconjugants selected on minimal 
agar medium supplemented with D-glucose (40 mM) as 
sole carbon source. Similarly, three other PCR were carried 
out. In the first one, the divergently oriented genes encoding 
EIIA (EI/HPr/EIIA) and EIICB_Glc components (4756 bp) 
of the D-glucose phosphotransferase system of A. lipoferum 
with their native promoters was amplified using primer pair 
PG2/PGR. In the second one, the genes encoding EIIA 
and EIIBC were amplified along with the gene encoding 
GFPAT (5940 bp) using primer pair PG3/PGR, and in the 
third, the genes encoding EIIA and EIIBC were amplified 
along with the genes encoding GFPAT and NagA (7120 bp) 
using primer pair PG3/PGR and NagA along with EIIA and 

Table 1  Glucose transport 
and catabolism associated 
genes in Azospirillum spp. and 
Pseudomonas aeruginosa 

A. lipoferum 4B
Gene ID

Enzyme/protein encoded A. brasilense Sp7 
homolog gene ID
(% identity/% similarity)

Pseudomonas aeruginosa 
PAO1 homolog gene ID
(% identity/% similarity)

AZOLI_p20578 PEP-dependent phosphotransferase  
system, EI/HPr/EIIA components 
(EIIA)

AMK58_28220 (73.4/81) PA3760 (42/56)

AZOLI_p20577 Fused glucose-specific PTS enzymes:  
IIB and IIC component (EIICB-Glc)

AMK58_28215 (81/87) PA3761 (41/60)

AZOLI_p20575 N-acetylglucosamine-6-phosphate  
deacetylase (NagA)

AMK58_10545 (53.4/64) PA3758 (41/55)

AZOLI_p20574 Phosphatase Absent Absent
AZOLI_p20572 N-acetyl glucosamine utilization  

regulator, GntR family (NagR)
AMK58_16695 (35/50) PA3757 (49/63)

AZOLI_p20571 N-acetylmuramic acid 6-phosphate  
etherase (MurQ)

Absent Absent

AZOLI_p20570 N-acetylglucosamine PTS system  
EIICBA (NagE)

Absent PA3761(54/70)

AZOLI_p30596 Glucose-6-phosphate  
1-dehydrogenase (G6PD)

Absent PA3183 (53/68)
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EIIBC components (7120 bp) using the primer pair PG1/
PGR. The amplicons were cloned in the broad host range 
vector, pBBR1MCS-3 (Kovach et al. 1995) and the result-
ing plasmids (pVS5, pVS6 and pVS4) were conjugatively 
mobilized in A. brasilense Sp7 to evaluate their D-glucose 
utilization ability.

For further enhancement of the D-glucose utilization 
ability of A. brasilense Sp7, open reading frames (ORFs) of 
GFPAT, NagA, EIICB_Glc, EIIA and G6PD gene along with 
their Shine Dalgarno (SD) sequences, but lacking transcrip-
tional terminator sequence were amplified with different sets 
of primers (Table 3) to create recognition sites for the two 
different restriction endonucleases, and the amplicons were 
cloned in a modified pBBR1MCS-2 vector. The resulting 
plasmid (pVS7) was conjugatively mobilized in A. brasilense 
Sp7 and evaluated for D-glucose utilization ability.

Measurement of D‑glucose consumption 
during bacterial growth

D-glucose consumption during bacterial growth was meas-
ured using a colorimetric method (DuBois et al. 1956) for 
measuring pentose and hexose sugars present in culture 
media with a few modifications. For this, overnight cul-
tures of A. brasilense Sp7, A. brasilense Sp7 (pVS7), and 
A. lipoferum grown in low salt LB broth were pelleted 
by centrifugation, and after washing with 0.85% saline, 
reinoculated at initial 0.05  OD600 for growth in D-glucose 
minimal medium (Vanstockem et al. 1987) as well as in 
minimal medium containing biotin, low phosphate, and 
D-glucose (Goebel and Krieg 1984). Bacterial growth was 
monitored by collecting samples from 12 to 96 h in tripli-
cates for D-glucose estimation. For this, 200 µl D-glucose 
supplemented medium was mixed with 5 µl phenol (80%) 
and 500 µl concentrated sulfuric acid in microtubes. Sam-
ples were kept in a water bath at 30 °C for 20 min, after 
which color development was recorded at  OD490 using a 
spectrophotometer. For estimation of unknown concentra-
tions of D-glucose, a standard curve was plotted using1, 2, 
4, 16, and 32 µg of D-glucose and the slope of the curve 
was derived.

RT‑PCR and analysis of co‑transcription

For cotranscription analysis of the EIIBC_Glc gene with 
GFPT and NagA genes, total RNA was isolated using the 
TRIzol method from cells of late log phase culture (after 
120 h) of A. lipoferum 4B grown in minimal D-glucose 
medium. RNA isolation and cDNA synthesis were per-
formed as described earlier (Singh et  al. 2019). After 
treatment with Turbo DNase (Thermo Fisher Scientific, 
Waltham, USA) for 1 h at 37 °C, reverse transcriptase 
PCR was carried out with 200 ng of RNA and EIIBC_Glc 

specific primer (GS1, Table 2) using a one-step RT-PCR 
kit (Thermo Fisher Scientific, Waltham, USA). The cycle 
condition used was 42 °C for 60 min followed by heat 
inactivation at 72 °C for 10 min. Positive and negative 
controls were included in RT-PCR for checking primer 
functionality and DNA contamination. Cotranscription 
analysis was carried out by specific PCR amplification 
from cDNA using different sets of primers (Table 3).

Rice root colonization

A. brasilense Sp7 and its derivative dctP::km mutant har-
boring plasmid, pVS7, were genetically tagged with GFP 
via conjugative mobilization of plasmid pVS8 (Singh 
et al, 2019). Dehulled seeds of rice (Oryza sativa variety 
TN1) were surface sterilized as described earlier (Singh 
et al, 2019) with minor modifications. The dehulled seeds 
were allowed to germinate for 4 days on Whatman filter 
soaked with Hoagland’s medium (Hoagland and Arnon 
1950) before shifting them for hydroponic growth in the 
same medium. Cultures of gfp-tagged A. brasilense Sp7, 
dctP::km mutant, and its D-glucose utilizing recombi-
nant strains grown in LB broth and containing a total of 
 105 cells per ml were pelleted, washed, and inoculated in 
each tube 4 days after seedling growth in the Hoagland’s 
medium in the presence of IPTG (0.4 mM). One set of 
the seedlings was further grown for 10 more days in the 
controlled plant tissue culture chamber at 24 °C with a 
15-h light and 9-h dark regimen without any bacterial 
inoculation. After 10 days, rice roots inoculated with gfp-
tagged A. brasilense and its D-glucose utilizing recombi-
nant were washed and used for observing the extent of root 
colonization under a confocal microscope as described 
earlier (Singh et al. 2019).

To determine the number of colony-forming units 
(CFU) of the inoculated strains, pieces of root tips from 
three different hydroponically grown seedlings were cut 
and their weight determined. The root tips were crushed 
and homogenized in 300 µl LB broth, serially diluted in 
the same medium, and spread on LB agar plates supple-
mented with chloramphenicol (20 µg/ml). After 48 h of 
incubation at 30 °C in an incubator, the number of colonies 
on each plate was counted. The experiment was done in 
triplicate.

Statistical analysis

Experiments on measurement of growth and D-glucose con-
sumption were performed in triplicates in three independent 
experiments. The mean significant values were determined 
by using SPSS 17 package software (SSP Inc., Chicago, 
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IL, USA). Analysis of the variance followed by Duncan’s 
multiple comparison test was used to analyze significance 
between more than two treatments. Differences were consid-
ered significant at P < 0.05.

Results

Comparison of the genes involved in the uptake 
of D‑glucose in A. brasilense Sp7 and A. lipoferum

Since A. brasilense Sp7 shows very poor growth on D-glu-
cose as sole carbon source but A. lipoferum 4B grows well 
on D-glucose, we examined their genomes for the presence 
of genes encoding enzymes for the uptake and metabolism 
D-glucose on KEGG. The gene encoding G6PD was present 
in the genome of A. lipoferum (AZOLI_p30596) but absent 
in A. brasilense Sp7 (Table 1). The D-glucose PTS in A. 
lipoferum 4B consists of two divergently organized ORFs 
(AZOLI_p20577 and AZOLI_p20578) (Fig. 1a), in which 
AZOLI_p20578 codes for the EI/HPr/EIIA component of 

the PEP-dependent D-glucose PTS, and AZOLI_p20577 
codes for fused glucose-specific PTS enzymes: IIB and 
IIC components (EIICB-Glc). In A. brasilense Sp7 also, 
two divergently organized ORFs AMK58_28220 and 
AMK58_28215 encode EIIA and EIICB-Glc components, 
respectively (Fig. 1a). The EIIA and EIICB proteins of A. 
brasilense Sp7 and A. lipoferum 4B showed 73.4% and 81% 
identity, respectively (Table 1). The EIIBC proteins from 
both the species were of almost identical size (594 and 595 
aa) showing no gaps or deletions. In case of EIIA, however, 
the A. lipoferum 4B protein was of 856 aa while that of A. 
brasilense Sp7 was only 836 aa. Alignment of the deduced 
amino acid sequence of the two EIIA proteins showed an 
absence of a stretch of 14 aa at the N-terminus and a dele-
tion of 4 aa stretch in the middle of the EIIA protein of 
A. brasilense Sp7 (Supplemental Fig. S1). In the case of 
A. lipoferum 4B, two other genes (AZOLI_p20575 and 
AZOLI_p20574) encoding GFPAT and NagA are organ-
ized in the same orientation as AZOLI_p20577 (Fig. 1a). 
Another two related genes further downstream included 
murQ (AZOLI_p20571) and nagE (AZOLI_p20570) which 

Table 2  Bacterial strains and plasmids

Strains or plasmids Relevant properties References/Sources

Bacterial strains
  Azospirillum brasilense Sp7 Wild-type strain (ATCC 29145) (Nur et al. 1981)
  Azospirillum lipoferum 4B Wild-type strain ( ATCC 29707) (Wisniewski-Dyé et al. 2011)
  E. coli DH5α ΔlacU169 hsdR17 recA1 endA1 gyrA96 thiL relA1 Gibco/BRL
  E. coli S.17–1 Smr recA thi pro hsdR RP4-2 (Tc::Mu; Km::Tn7) (Simon et al. 1983)

Plasmids
  pMMB206 Broad host range, low copy number, expression vector, Cmr (Morales et al. 1991)
  pBBR1MCS-2 Broad host range, medium copy number, lacZ containing promoterless vector, 

Kmr
(Kovach et al. 1995)

  pBBR1MCS-3 Broad host range, medium copy number, lacZ containing promoterless vector, 
Tetr

(Kovach et al. 1995)

  pVS1 (Ga) Constitutively expressing G6PD gene of A. lipoferum under the control of Km 
promoter in pBBR1MCS-2

This work

  pVS2 (G) G6PD gene of A. lipoferum cloned at the BamHI and HindIII restriction sites of 
the pMMB206 vector

This work

   pVS3 (GI) Constitutively expressed NagA and GFPAT genes of A. lipoferum under the 
control of Km promoter in pBBR1MCS-2

This work

  pVS4 (GII) Divergently organized genes encoding EIIA and EIIBC of A. lipoferum along 
with their native promoters cloned at the XbaI site of the pBBR1MCS-3 vector

This work

  pVS5 (GIII) Divergently organized genes encoding EIIA and EIIBC with downstream gene 
encoding GFPAT, of A. lipoferum cloned at the XbaI site of the pBBR1MCS-3 
vector

This work

  pVS6 (GIV) Divergently organized genes encoding EIIA and EIIBC with two downstream 
genes encoding NagA and GFPT of A. lipoferum cloned at the XbaI site of the 
pBBR1MCS-3 vector

This work

  pVS7 (GV) Modified pBBR1MCS-2 vector constitutively expressed transcriptionally fused 
NagA, GFPAT, Glc-PTS and G6PD genes of A. lipoferum under the control of 
Km promoter

This work

  pVS8 gfp gene cloned at the BamHI and HindIII restriction sites of the pMMB206 
vector

This work
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encoded an N-acetylmuramic acid 6-phosphate acetylase and 
an N-acetylglucosamine PTS system EIICBA or EIICB com-
ponent, respectively (Fig. 1a).

A search in the TCDB showed that A. lipoferum 
4B ORFs AZOLI_p20572,  AZOLI_p20574,  AZOLI_
p20575, AZOLI_p20577, and AZOLI_p20578 were the 
homologs to PA3757 (NagR), PA3758 (NagA), PA3759 
(NagS), PA3760 (NagF), and PA3761 (NagE), respectively, 
of Pseudomonas aeruginosa PAO1 (Table 1 and Fig. 1a) 
which are involved in the utilization of NAG (Korgaonkar 
and Whiteley 2011). Although ORFs AZOLI_p20577 and 
AMK58_28215 were identified as fused glucose-specific 
PTS enzymes consisting of the components IIB and IIC 
(EIICB-Glc), AZOLI_p20578 and AMK58_28220, they 
were identified as NAG phosphotransferase transporters of 
the Glc family which are known to transport D-glucose, glu-
cosamine, NAG, and a large variety of α- and β-glucosides. 
Several of these PTS transporters lack their own IIA domains 

and use D-glucose IIA protein (Saier 2015). Most of these 
transporters have the B and C domains linked together in 
a single polypeptide chain. We did not find the homologs 
of the remaining three genes of NAG utilization gene clus-
ter in the vicinity of AMK58_28215 and AMK58_28220 
in A. brasilense Sp7. A homolog of NagA, showing 53.4% 
identity with the NagA of A. lipoferum 4B, was found at 
a different location in the genome of A. brasilense Sp7 as 
AMK58_10545.

Co‑transcription analysis of gene encoding 
EIICB‑Glc, GFPAT and NagA

Since the ORFs AZOLI_p20574 (NagA), AZOLI_p20575 
(GFPAT), and AZOLI_p20577 (EIICB-Glc) were organ-
ized together in the direction opposite to that of AZOLI_
p20578 (EIIA) (Fig. 1b). The first nucleotide of the start 
codon (ATG) of AZOLI_p20574 overlaps with the last 

Table 3  Primers used in this study

Primers Sequence 5’ to 3’ direction

(a) Primers used for cloning in pBBR1MCS-3 and pMMB206
  PG1 CTA GTC TAG ACG AAA CTC CCT CAC ACT AGC TC
  PG2 CTA GTC TAG AAT GAT GGA ACC AGT AGA ATA CCAG 
  PG3 GCT CTA GAT CAG ACG GTC TTC GTC ACT TTG 
  PGR CTA GTC TAG AAT TTG TGC GCC TCT GCT CTG C
  DF1 CGC GGA TCC AGA GGT CCG AAG ATG CAA CCC 
  DR1 CCC AAG CTT GAA CTT TTT TCA CCA CCA TGA CG
  GF CGC GGA TCC ATG GTG AGC AAG GGC GAG 
  GR CCC AAG CTT TTA CTT GTA CAG CTC GTCCA 

(b) Primers used for cloning in modified pBBR1MCS-2 vector for constitutive overexpression
  DF CCG CTC GAG CAT GCA ACC CCG CTC CACCG 
  DR TCC CCC CGG GCA TGA CGA TTT TTT GAG CGA CC
  PDF CCG CTC GAG GAT GAC AGA GCA GAA GCC GCC 
  PDR TCC CCC CGG GGA AAC TCC CTC ACA CTA GCT CG
  PAF CCG CTC GAG CAT GAC AGA GCA GAA GCCGC 
  PAR CCC CCC GGG GGG CCC AAG CTT GGG CAC ACT AGC TCG CCC GCC AC
  PBF CCC AAG CTT GGG GGA CAA ATT GCG GGA GAG CC
  PBR CCC CCC GGG GGG GCT CTA GAG CGA TGG GAC GCG CGC TAT TCG 
  PCF GCT CTA GAG CAG AAT GAG GAC CAA CCA AAC ATG 
  PCR CCC CCC GGG GGG GAA GAT CTT GTC AGA TCG CCG GCC ACGC 
  PDF1 GAA GAT CTT CTG CCA CCG ACG CGA GAG GTC 
  PDR1 CCC CCC GGG GGG GAA CTT TTT TCA CCA CCA TGACG 

(c) Primers used for co-transcription analysis
  GS1 CAG TTC GGA CAG AGG 
  GS2 CCT CGC GTA GCA GC
  BF CTT CGC CAC CAC CCG TCT GC
  BR TCG ATC AGG TAT TTG CCG TAGG 
  GFF GTC TAT GAA CTG GCA CTG GC
  GFR CGA AAT GGA TGC CCA AGA CC
  CNT GAA ACC GTG GTG TTC GAG GAC 
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nucleotide of the stop codon (TGA) of AZOLI_p20575 at 
the junction of the two genes suggesting co-transcription 
and even coupled translation of the two genes. The gap of 
178 bp between AZOLI_p20577 and AZOLI_p20575, how-
ever, raised a doubt whether the genes encoding EIICB-Glc 
was also co-transcribed with the genes encoding GFPAT 
and NagA. RT-PCR analysis of the cDNA synthesized by 
the gene-specific primer GS1 revealed that EIICB-Glc- and 
GFPAT-specific primers (BCF/BCR) produced an ampli-
con of 583 bp while GFPAT- and NagA-specific primers 
(GFPTF/GFPTR) produced as amplicon of 468 bp (Fig. 1a, 
b). This analysis of the transcripts of EIICB-Glc, GFPAT, 
and NagA genes of A. lipoferum 4B indicated that AZOLI_
p20574 (NagA), AZOLI_p20575 (GFPAT), and AZOLI_
p20577 (EIICB-Glc) were transcribed together as a single 
transcriptional unit.

Role of A. lipoferum 4B genes in conferring 
D‑glucose utilization ability to A. brasilense Sp7

Although the genes encoding EIIA and EIIBC of the D-glu-
cose PTS were present in the genomes of both A. brasi-
lense Sp7 and A. lipoferum 4B, it is only the latter which 
utilizes efficiently both D-glucose and NAG for its growth. 
Since G6PD was absent in A. brasilense Sp7, we cloned the 
gene encoding G6PD from A. lipoferum 4B in pMMB206 

(as G) and in pBBR1MCS-2 (as Ga) (Fig. 2a), expressed 
it in A. brasilense Sp7, but did not observe any improve-
ment in the growth of A. brasilense Sp7 on MM plate con-
taining D-glucose as sole carbon source. Since EIIA and 
EIIBC encoding genes were present in A. brasilense Sp7, we 
decided to examine if the expression of neighboring genes 
GFPAT and NagA (GI, Fig. 2a) without or with G6PD (G) 
would improve D-glucose utilization. But, this also failed to 
improve D-glucose utilization in A. brasilense Sp7 (Fig. 2b, 
c). We then cloned the two genes encoding EIIA and EIICB 
from A. lipoferum 4B (GII, Fig. 2a) and expressed it without 
and with G6PD (G) in A. brasilense Sp7, but still failed to 
see any improvement in the growth of A. brasilense Sp7 on 
D-glucose (Fig. 2b, c). Next, we cloned two amplicons of 
DNA regions of A. lipoferum 4B, one containing the genes 
encoding GFPAT, EIIA, and EIICB (GIII) and the other 
containing the genes encoding NagA, GFPAT, EIIA, and 
EIICB (GIV)(Fig. 2a), and expressed them without or with 
G6PD (G). In the case of GIII without or with G, we did not 
find any improvement in D-glucose utilization (Fig. 2b, c). 
However, in the case of GIV, we could see a conspicuous 
improvement in the growth of A. brasilense Sp7 on D-glu-
cose as a sole source of carbon (Fig. 2b), which showed 
further enhancement when G was also expressed along with 
GIV (Fig. 2b, c). These observations indicated that G6PD, 

Fig. 1  a Organization of the genes encoding EIIA and EIIBC of the 
glucose phosphotransferase system (PTS) in Azospirillum lipoferum 
4B, Azospirillum brasilense Sp7, and Pseudomonas aeruginosa 
PAO1. Identities of the genes of each bacterium are shown within the 
arrows depicting orientation of each gene. Identities, similarities, and 
annotation of the proteins encoded by the genes of A. lipoferum 4B 
with their orthologs in A. brasilense Sp7 and P. aeruginosa PAO1 
are shown in Table 1. b Co-transcription analysis of the genes encod-

ing glucose PTS in A. lipoferum 4B. The agarose gel shows the result 
of PCR amplifications. Lane 1: using primer 2 and 3 from purified 
DNase-treated RNA; Lane II and Lane III with primer pairs 2, 3 and 
4, 5 using cDNA as template. Lane IV using primers 2 and 6 with 
cDNA as template. Primers 1, 2, 3, 4, 5, and 6 are primers GS1, BF, 
BR, GFF, GFR, and CNT, respectively as listed in Table 3. Lane V 
shows 100 bp molecular weight marker (NEB). Location of the prim-
ers is shown in Fig. 1b above and below the genes of A. lipoferum 4B
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EIIA, EIICB, GFPAT, and NagA were required for confer-
ring D-glucose utilization ability to A. brasilense Sp7.

After finding that the genes encoding G6PD, EIIA, 
EIICB, GFPAT, and NagA enhanced the ability of A. bra-
silense Sp7 to utilize D-glucose when they were expressed 
with their native promoters, we asked whether these genes 
will further enhance D-glucose utilization ability if all the 
5 genes were put together as a transcriptional unit under a 
constitutively expressed promoter. For this, we constructed 
a D-glucose utilization cassette (GV) by cloning all the 
five genes (in the sequence NagA, GFPAT, EIIA, EIICB, 
and G6PD) downstream of a constitutive promoter of the 
kanamycin (Km) resistance gene (Fig. 3a), and found that 
it further improved the D-glucose utilization ability of A. 
brasilense Sp7.

When we compared the growth of A. brasilense Sp7 
(GV) strain with its parent in the minimal medium having 
high phosphate and D-glucose (as sole carbon source) but 
lacking biotin, the growth of A. brasilense Sp7 (GV) was 
considerably better than that of A. brasilense Sp7 (Fig. 3b, 
c). In this medium, A. brasilense Sp7 (GV) grew consid-
erably faster than A. lipoferum 4B (Fig. 3b, c), and con-
sumed significantly more glucose than A. lipoferum 4B 
(Fig. 3d). A comparison of the growth of A. brasilense Sp7 
(G + GIV) with that of A. brasilense Sp7 (GV) showed that 
the growth of A. brasilense Sp7 (GV) was twice that of A. 
brasilense Sp7 (G + GIV) (Figs. 2 and 3). This difference 

is expected to be due to the superiority of the constitu-
tive expression of the 5 genes under the kanamycin pro-
moter over the expression of GIV genes with their native 
promoters.

Since A. lipoferum 4B requires low phosphate and biotin 
to grow optimally on glucose as carbon source, we compared 
the growth of A. brasilense Sp7 (GV) with its parent and 
with A. lipoferum 4B in the low phosphate medium supple-
mented with biotin. In this medium, A. lipoferum 4B grew 
better than A. brasilense Sp7 (GV) (Fig. 3e, f). Analysis of 
the D-glucose in the spent medium after 96 h showed that 
A. lipoferum 4B consumed more glucose than A. brasilense 
Sp7 (GV) (Fig. 3g).

Evaluation of the ability of engineered A. brasilense 
Sp7 to colonize rice roots

After ascertaining that A. brasilense Sp7 (GV) grows well 
on D-glucose as sole carbon source, we investigated its 
ability to colonize rice roots (Fig. 4). For this, we geneti-
cally tagged A. brasilense Sp7, a dctP::km mutant of A. 
brasilense Sp7, and A. brasilense Sp7 harboring GV with 
green fluorescent protein (GFP) (Singh et al. 2019). The 
dctP::km mutant of A. brasilense Sp7 is compromised in 
the uptake of dicarboxylates and hence colonizes the roots 
of a C4 plant poorly (Singh et al. 2019). We compared 
colonization of the roots of the rice seedlings by different 

Fig. 2  a Representation of the set of genes of A. lipoferum 4B 
that were cloned in different recombinant plasmids constructed 
to test the genes required for glucose utilization in A. brasilense 
Sp7. Recombinant plasmids containing G6PD in pMMB206 and 
pBBR1MCS-2 were designated as G (pVS1) and G1 (pVS2), 
respectively. Recombinant plasmids harboring genes encod-
ing NagA + GFPAT, EIIA + EIIBC, GFPAT + EIIBC + EIIA, and 
NagA + GFPAT + EIIBC + EIIA were designated as GI (pVS3), 
GII (pVS4), GIII (pVS5), and GIV (pVS6), respectively. The genes 

cloned in each recombinant plasmid are highlighted in light grey. b 
Comparison of the growth of A. brasilense Sp7 harboring GI, GII, 
GIII, and GIII without (plate on left) or with G (plate on right) on 
minimal medium agar plates containing glucose as sole carbon 
source. c Growth measured as optical density of the cultures of A. 
brasilense Sp7 harboring G + GI, G + GII, G + GIII, and G + GIII 
without (plate on left) or with G (plate on right) in minimal medium 
containing glucose as sole carbon source after 96 h
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GFP-tagged strains of A. brasilense Sp7 by confocal laser 
scanning microscopy 12 days after inoculation (Fig. 4). A. 
brasilense Sp7 showed some colonization due to its abil-
ity to utilize the limited amount of dicarboxylates present 
in the root exudates of rice seedlings, but the dctP::km 
mutant A. brasilense Sp7 showed very poor colonization. 
The A. brasilense Sp7 (GV), however, showed profuse 
intercellular colonization due probably to its ability to 
utilize the abundant amount of D-glucose exuded by the 
roots of rice seedlings. A large number of intense green 
fluorescing cell aggregates or clumps scattered on the sub-
apical region of the roots inoculated with GFP-tagged A. 
brasilense Sp7 (GV) suggested that the engineered strain 
with its D-glucose utilizing ability colonized the roots of 
rice seedlings much better than its parent.

A quantitative assessment of the rice root colonization 
(Fig. 5) showed that the CFU isolated from the rice roots 

inoculated with A. brasilense Sp7 (GV) showed about tenfold 
increase in comparison to those inoculated with A. brasilense 
Sp7. This difference in CFU was more pronounced in case of 
dctP::km mutant. While the CFU from the roots inoculated 
with of dctP::km mutant declined from  105 to  102, the CFU 
from the roots inoculated with dctP::km (GV) were at par with 
those inoculated with A. brasilense Sp7 (GV).

Discussion

In this study, we have shown that the genes involved in 
D-glucose utilization in A. lipoferum 4B can improve the 
ability of A. brasilense Sp7 to utilize D-glucose and to colo-
nize the roots of rice seedlings better. Earlier studies on the 
comparison of A. brasilense Sp7 and A. lipoferum 4B on 
their ability to utilize carbon compounds for growth showed 

Fig. 3  a Organization of the genes encoding NagA, GFPAT, EIIBC, 
EIIA, and G6PD on GV (pVS7). Comparison of the growth of A. 
lipoferum 4B, A. brasilense Sp7, and A. brasilense Sp7 (GV) on agar 
plate (b, c) and liquid medium (d, e) and glucose utilization (d, g) in 

minimal medium containing glucose as sole carbon source with high 
phosphate lacking biotin (b, c, d) and low phosphate plus biotin (e, f, 
g)
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that A. lipoferum 4B utilizes both D-glucose and D-glucosa-
mine well for its growth but A. brasilense Sp7 fails to do so 
(Goebel and Krieg 1984; Loh et al. 1984; Martinez-Drets 
et al. 1984). This inference was based on the comparison of 
the growth on different carbon sources including malate or 
succinate on which A. brasilense Sp7 grows very rapidly. 
In these studies, which involved prolonged incubation of 

bacterial strains on minimal medium agar plates, the authors 
showed that A. brasilense Sp7 grows very poorly on D-glu-
cose as carbon source. The previously observed inability of 
A. brasilense Sp7 to use D-glucose as a sole carbon source, 
and the absence of hexokinase, glucose-6-phosphate dehy-
drogenase, and 6-phosphofructokinase had indicated towards 
an absence of the catabolic Embden-Meyerhof-Parnas path-
way and a hexose monophosphate pathway in A. brasilense 
Sp7 (Westby et al. 1983; Goebel and Krieg 1984; Martinez-
Drets et al. 1984). But, some strains of A. brasilense were 
reported to grow very slowly on D-glucose (Tarrand et al. 
1978). A. brasilense Sp7 was shown to utilize about 5% of 
the available D-glucose, and its rate of oxygen consumption 
on D-glucose was about one-quarter of that on succinate as 
carbon source (Goebel and Krieg 1984; Loh et al. 1984). 
These reports suggest that D-glucose utilization ability may 
not be entirely absent in A. brasilense but very inefficient in 
comparison to other carbon sources such as dicarboxylates, 
D-fructose, glycerol etc.

D-glucose represents over 90% of the carbohydrates in 
the root exudates of rice seedlings, indicating that this sugar 
is the main source of carbon in the rhizosphere of young rice 
plants (Bacilio-Jiménez et al. 2003). In view of the abun-
dance of D-glucose in rice root exudates, and the poor ability 
of A. brasilense Sp7 to utilize D-glucose, we set out to engi-
neer the D-glucose utilization ability in A. brasilense Sp7 to 
improve its ability to colonize rice rhizosphere. The prima 
facie analysis of the genome of A. brasilense Sp7 indicated 
that it lacks only G6PD. Hence, we hypothesized that clon-
ing and expression of the A. lipoferum 4B gene encoding 
G6PD on a broad host range expression vector should be 

Fig. 4  Confocal laser scanning microscopic images (10 × and 40 ×) 
of surface sterilized apical and sub-apical regions (shown in boxes, 
Fig. P) of the roots of Oryza sativa 10  days after inoculation with 
gfp-tagged A. brasilense Sp7, dctP::km mutant of A. brasilense Sp7, 

dctP::km (GV), and A. brasilense Sp7 (GV). Roots showing green 
fluorescence show roots colonization by the inoculated strains. How-
ever, the absence of green fluorescence on uninoculated control roots 
shows absence of background green fluorescence in the roots

Fig. 5  Quantification of colonization of A. brasilense Sp7, dctP::km, 
dctP::km (GV), and A. brasilense Sp7 (GV) as colony-forming units 
(CFU) obtained from the roots 10 days after inoculation which were 
inoculated with 10.5 cells 4  days after seedling growth in liquid 
medium. Mean ± standard deviation of triplicates from three experi-
ments are indicated, and differences between the means were calcu-
lated. Small letters above the bars represent a homogeneous subset of 
the treatments and indicate the result of Duncan’s multiple range test 
(different letters have P values of < 0.05)
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sufficient to confer D-glucose utilization ability to A. brasi-
lense Sp7. But, transfer of G6PD was not enough for improv-
ing its D-glucose utilization ability. Although the deduced 
amino acid sequence of the EIIBC proteins in both the spe-
cies was highly similar, EIIA protein showed a truncation of 
14 aa at the N-terminus and a deletion of 4 aa stretch in case 
of A. brasilense Sp7 (Supplemental Fig S1) that the EIIA 
protein of A. brasilense Sp7 may not be functional. This may 
be one of the reasons why the transfer of EIIA and EIIBC 
together with G6PD from A. lipoferum 4B did not confer 
D-glucose utilization ability to A. brasilense Sp7.

Further, the genes encoding the EIIA and EIIBC com-
ponents of the PTS appear to be the part of the gene clus-
ter involved in the utilization of NAG in A. lipoferum 4B 
as found in P. aeruginosa PAO1 (Fig. 1). A similar PTS 
is likely to be involved in the utilization of D-glucose in 
A. lipoferum 4B as we did not find any other PTS dedi-
cated for D-glucose transport in its genome. Usually, NAG 
is transported via a NagE transporter, phosphorylated, and 
then deacetylated by N-acetylglucosamine-6-phosphate 
deacetylase (NagA) to produce glucosamine-6-phosphate, 
which is then converted into fructose-6-phosphate by glu-
cosamine-6-phosphate deaminase (NagB) or glucosamine-
fructose-6-phosphate aminotransferase (GFPT) (Moye et al. 
2014; Boulanger et al. 2010; Gaugué et al. 2013; Korgaonkar 
and Whiteley 2011). The close vicinity of the genes encod-
ing proteins responsible for the transport and catabolism of 
NAG to the genes encoding components of the D-glucose 
PTS, and co-transcription of the genes encoding EIICB-
Glc, GFPAT and NagA suggests some unknown connection 
between D-glucose and NAG utilization in A. lipoferum 4B. 
The essentiality of the genes involved in NAG (or GlcNAc) 
utilization for the utilization of D-glucose suggests that 
D-glucose transport in A. lipoferum 4B may be mediated 
via a PTS that is used for the transport of NAG.

After ensuring that the engineered strain of A. brasi-
lense Sp7 grows well on D-glucose as sole carbon source, 
we evaluated the ability of the engineered strain to colo-
nize rice roots. Although some dicarboxylates might be 
available in the rice rhizosphere to sustain the survival of 
A. brasilense Sp7, it may not be enough to compete with 
other rhizosphere bacteria having the ability to efficiently 
utilize D-glucose for their growth (Bacilio-Jiménez et al. 
2003). When colonization of the roots of the rice seedlings 
by the engineered strain of A. brasilense Sp7 was com-
pared with its parent, both the strains showed colonization. 
But, the engineered strain showed clumps or aggregates of 
cells at many places indicating that the engineered strain 
colonized the roots of rice seedlings much better than its 
parent. To minimize root colonization due to the ability of 
A. brasilense Sp7 to utilize dicarboxylates, we compared 
root colonization by a dctP::km mutant of A. brasilense 
Sp7 (Singh et al. 2019), which was defective in the major 

transporter of dicarboxylates. The engineered derivative of 
the dctP::km mutant of A. brasilense Sp7 showed consid-
erably higher root colonization than the dctP::km mutant. 
Recovery of 10-–15-fold higher CFU of the engineered 
derivative of A. brasilense Sp7 over its parental strains 
A. brasilense Sp7, and about  103–104 fold higher CFU 
of dctP::km mutant (GV) over dctP::km mutant clearly 
showed that strains carrying D-glucose utilization cassette 
showed improved root colonization than their parents. The 
ability of the engineered strain of A. brasilense Sp7 to uti-
lize D-glucose in low as well as high phosphate medium 
with or without biotin indicated that it can survive and 
multiply in the rhizospheres that might be low in biotin 
and high in phosphate.

The ability of bacteria to utilize the ingredients of root 
exudates plays a critical role in root colonization (Bacilio-
Jiménez et al. 2003; Cambell and Greves 1990; Futamata 
et al. 1998; Lynch and Whipps 1990). The association 
between plants and microbial communities living in the 
rhizosphere can be improved by manipulating plants to 
release certain chemicals or nutrients in their root exu-
dates, and by enhancing the ability of rhizobacteria to 
utilize them. The establishment of a trophic link between 
PGPR and the plant is considered a sound approach to 
favor the maintenance of a sufficient microbial inoculum 
in the plant root system. Although PGPRs are frequently 
used as bioinoculants, there are only a few reports on their 
engineering to make them more effective root coloniz-
ers. Earlier attempts in this direction have shown that the 
expression of a heterologous gene encoding a siderophore 
receptor improved the competitiveness of Pseudomonas 
fluorescens in soil (Raaijmakers et al. 1995), and a het-
erologous gene encoding chitinase into the Burkholderia 
vietnamiensis led to a significantly enhanced suppression 
of diseases such as wheat sheath blight, cotton Fusarium 
wilt, and tomato grey mold (Zhang et al. 2012). Similarly, 
the expression of genes encoding proline dehydrogenase 
(Van Dillewijn et  al. 2001), or 1-aminocyclopropane-
1-carboxylate deaminase (Ma et al. 2004) increased the 
ability of Sinorhizobium meliloti to nodulate legumes; and 
a gene encoding trehalose-6-phosphate synthase improved 
the ability of Rhizobium etli to nodulate Phaseolus vul-
garis (Suárez et al. 2008). Since improved root coloniza-
tion is often a prerequisite to improve plant growth by 
any PGPR, the enhanced ability of A. brasilense Sp7 to 
colonize rice roots due to its improved ability to utilized 
D-glucose may lead to an improved plant growth in case of 
rice as well as other plants which exude relatively higher 
amounts of D-glucose in their root exudates.
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