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Background: Glyphosate is a non-selective systemic herbicide with a broad spectrum of weed control that inhibits a key 
enzyme, 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase, in the shikimate pathway.
Objectives: Isolation and analysis of the epsps (aroA) gene responsible for glyphosate-tolerance in bacteria from Roundup-
contaminated soils was the aim of this study.
Materials and Methods: Sampling was done from the soil of the gardens which were heavily contaminated by Roundup 
herbicide and then bacterial screening was performed in the presence of high concentrations of glyphosate. The genus of 
bacterium was identified via molecular methods such as 16S rRNA sequencing. The aroA gene of this bacterium (aroAHA-09) 
was isolated using the primers designed-upon specific regions of aroA genes available in NCBI GenBank database. The 
PCR product was cloned, sequenced and subcloned into pET28a as an expression vector and transferred into E. coli strain 
BL21(DE3). The cells were inoculated in liquid M9 minimal medium containing IPTG and different concentrations of 
glyphosate.  
Results:  The genus of bacterium was identified as Pseudomonas sp. strain HA-09. The isolated aroAHA-09 gene from this 
bacterium was approximately 2.2 kb in size. Bioassay of E. coli expressing this gene showed high tolerance to 
glyphosate (up to 300 mM). 
Conclusions: The aroAHA-09 gene could be considered as a novel and efficient candidate for development of glyphosate-
tolerant crop plants.
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1. Background
Genetic manipulation of crop plants to obtain resistance 
to the broad-spectrum and nonselective herbicide 
glyphosate (N-phosphonomethyl glycine) is one of 
the most effective and economic approach for weed 
elimination (1-3). Glyphosate-based herbicides, such as 
Roundup, inhibits the enzyme 5-enolpyruvylshikimate-
3-phosphate synthase (EPSPS) (EC 2.5.1.19) in the 
shikimate pathway (1). EPSPS (AroA) is the sixth 
enzyme in the shikimate pathway, which is essential for 
the synthesis of aromatic amino acids (L-phenylalanine, 

L-tyrosine and L-tryptophan) in plants, fungi and 
microorganisms (4-6). AroA catalyzes the transition of 
the enolpyruvyl moiety of phosphoenolpyruvate (PEP) 
to the 5-hydroxyl of shikimate-3-phosphate (S3P) to 
produce 5-enolpyruvylshikimate-3-phosphate (EPSP) 
and inorganic phosphate (Fig. 1). It seems there is a 
lot of competition between PEP binding sites and 
glyphosate. Therefore, glyphosate competes with PEP 
for binding to the active site of AroA (7, 8).
Two classes of AroA sharing less than 30% analogous 
amino acid sequence have been identified (9). Class 
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I enzymes found in all plants and bacteria such as 
Escherichia coli and Salmonella typhimurium show 
that low micromolar concentrations of glyphosate can 
inhibit the activity of the enzyme (10). Nevertheless, 
the glyphosate-tolerant EPSPS can be generated with 
one or more amino acid alteration in EPSPS sequence 
(11). This method was first reported in EPSPS of S. 
typhimurium with a single substitution of P101S (12). 
Another mutation was a G96A substitution in E. coli 
EPSPS sequence (13, 14). Class II enzymes found 
in bacteria such as Pseudomonas sp. strain PG2982, 
Agrobacterium tumefaciens strain CP4, Streptococcus 
pneumonia, Staphylococcus aureus, Ochrobactrum 
anthropi, Bacillus cereus and other bacteria species 
have shown good tolerance in the presence of high 
concentrations of glyphosate (15-24) and also have 
high affinity for PEP (25). Among different types of 
AroA enzymes which have been reported from various 
bacteria, only CP4 EPSP synthase derived from A. 
tumefaciens strain CP4 has been successfully used in 
glyphosate-tolerant commercial plants (9).

2. Objectives
The main goal of this study was to isolate bacterial 
strains present in Roundup-contaminated garden soils 
in different areas of Iran and to clone and characterize 
respective aroA gene(s) followed by expression and 
glyphosate resistance evaluation in E. coli.

3. Materials and Methods

3.1. Sample Collection from Glyphosate-Contaminated 
Soils
Soil samples were collected from gardens in different 
areas of Iran with 5-7 years history of continuous 
Roundup treatment (26). In each site, samples were 
taken from different points at 0–20 cm depth, completely 
mixed and stored at 4 °C in a refrigerator until use.

3.2. Isolation of Glyphosate-Tolerant Bacteria
For the inoculum, 5 g of each soil sample was suspended 
in 10 mL sterile water and after centrifugation, 1 mL of 
each sample was inoculated into 250 mL M9 minimal 
medium Erlenmeyer flasks and incubated at 30 °C. 
After two days, 200 µL of the content of each flask was 
spread onto M9 plates containing 60 mM glyphosate 
(glyphosate was purchased from Sigma-Aldrich). At 
the end, after three days of incubation at 30 °C, each 
colony was transferred to a new M9 medium plate 
containing 200 mM glyphosate. Among them, one 
colony grew well in this concentration of glyphosate 
that was selected for further verification.

3.3. Identification of Bacterium
In order to identify selected bacterial isolate using 16S 
rRNA gene amplification, the chromosomal DNA was 
isolated using a bacterial DNA extraction kit (Roche 
Applied Science, Germany). Then amplification by 
PCR was performed using universal primers 27F 
(5’-AGAGTTTGATCCTGGCTCAG-3’) and 1492R 
(5’-TACGGTTACCTTGTTACGACT-3’) (27) under 
standard conditions in a 50 μL volume containing 1X 
PCR buffer, 1.5 mM MgCl2, 2 mM dNTP mixture, 1 
μM primers, 1 μL of Pfu DNA polymerase (Fermentas, 
St. Leon-Rot, Germany) and 2 ng of template DNA. 
Thermocycling conditions were followed by initial 
denaturation at 94 °C for 4 min and 30 amplification 
cycles of denaturation at 94 °C for 1 min, annealing at 59 
°C for 1 min, primer extension at 72 °C for 1 min and 
a final extension at 72 °C for 5 min. After separation of 
PCR products on 1% agarose gel, desired DNA fragment 
was purified from the gel using agarose gel extraction 
kit (Roche Applied Science, Germany) and sequenced. 
For identifying the genus of bacterium, the obtained 16S 
rRNA gene sequence was compared to the NCBI (National 
Center for Biotechnology Information) GenBank database 
using nucleotide BLAST software (28).
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Figure 1. 

  

Figure 1. The sixth enzymatic step of the shikimate pathway
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3.4. Isolation and Cloning of aroA Gene from Bacterium
According to the similarity of the isolated bacterium 
(Pseudomonas sp. strain HA-09) with other species 
such as P. fluorescens F113, P. fluorescens Pf-5, 
P. fluorescens Pf0-1 and P. brassicacearum subsp. 
brassicacearum NFM421 resulting from the nucleotide 
BLAST in NCBI, the aroA gene sequences of these 
selected bacteria (CP003150.1 locus-tag PSF113_1640; 
CP000076 locus-tag Pfl_4309; CP000094 locus-tag 
Pfl01_4074; CP002585.1 locus-tag PSEBR_a1552) 
were aligned using ClustalW. Forward and reverse 
primers were then designed based on the full length of 
their aroA gene sequences. PCR was performed with 
new forward (5’-ATGATCGGTCGCCTGGTGG-3’) 
and reverse (5’-TCACGACTGTGCCTCTTGTG-3’) 
primers in 50 μL volume reaction mixture as previously 
mentioned. PCR amplicon was gel-purified, cloned 
into the pJET vector (Thermo Scientific CloneJET PCR 
Cloning Kit) and sequenced.
The sequence of the partial 16S rRNA gene of 
Pseudomonas sp. strain HA-09 and its aroA gene 
(aroAHA-09) were deposited in EBI-EMBL database 
under the accession numbers LT844660 and LT853254, 
respectively.

3.5. Construction of Bacterial Expression Vector
After checking the restriction sites in aroAHA-09 gene 
sequence, forward and reverse primers were designed 
with EcoRI and HindIII at 5′ and 3′ termini, respectively. 
Then the inserted gene was amplified by PCR, digested 
with EcoRI and HindIII, purified and cloned into the 
corresponding restriction sites of pET28a (Novagen). 
The plasmid pET28a-aroAHA-09 was confirmed by DNA 
sequencing and transformed into competent E. coli 
strain BL21(DE3).

3.6. Expression and Purification of EPSPS
Initially and in order to optimize effecting factors such 
as temperature, pH adjustment, induction time and IPTG 
concentration, the E. coli BL21(DE3) harboring plasmid 
pET28a-aroAHA-09 was grown into 15 Erlenmeyer flasks 
containing 250 mL M9 minimal medium and incubated 
at 37 °C. After optimization of the expression condition, 
the cells were grown to OD600 = 0.3, and to express 
aroAHA-09 gene, 0.5 mmol/L IPTG was added to the 
growing culture. After 8 h (before adding glyphosate), 
1 mL of each bacterial culture was taken for SDS-PAGE 
expression analysis. The purification of the expressed 
EPSPS was performed according to the manufacturer’s 
instructions of purification kit (QIAGEN). Transformed 
bacteria were cultured in liquid M9 minimal medium 
and incubated at 37 °C. Cells were harvested and then 

disrupted by adding lysis buffer containing lysozyme 
and nuclease and incubated on ice for 20 min. The 
lysate was centrifuged at 12000 rpm for 25 min in order 
to collect the supernatant. The cleared lysate containing 
the 6xHis-tagged protein was loaded onto the pre-
equilibrated Ni-NTA spin column and centrifuged 
at 1500 rpm for 5 min. Then, after washing twice 
with wash buffer (containing 20 mM imidazole) and 
centrifugation at 2700 rpm for 2 min, protein was eluted 
twice with elution buffer containing 250 mM imidazole 
and centrifuged at 2900 rpm for 2 min. The protein 
concentration was measured by the Bradford assay 
method (29) and the purity of protein was determined 
by SDS–PAGE in a 12% polyacrylamide gel.

3.7. Cell Growth in the Presence of Glyphosate
For investigation and comparison of cell growth, 8h 
after IPTG inoculation, glyphosate was added into 15 
Erlenmeyer flasks (in three repetitions) in concentrations 
of 60, 120, 180, 240 and 300 mM. The wild type E. 
coli BL21(DE3) was also inoculated in M9 minimal 
medium and considered as a negative control for each 
concentration of glyphosate. The optical density was 
measured at 600 nm at approximately 6 h intervals (6, 
12, 18, 24, 30, 36, 42, 48, 54 and 60 h).

4. Results

4.1. Isolation of Glyphosate-Tolerant Pseudomonas sp. 
Strain HA-09
The main objective of this research was to obtain high 
glyphosate resistant bacterial strains from indigenous 
soil. Among isolated bacterial strains from high-
contaminated soils, 29 colonies were able to grow 
onto M9 plates containing 60 mM glyphosate; one 
of the isolates grew well in the presence of 200 mM 
glyphosate. The 16S rRNA gene sequence of this isolate 
was analyzed confirming that the isolated strain (HA-
09) belongs to the genus Pseudomonas. Alignment 
of the sequenced amplicon using nucleotide BLAST 
software showed 99% identity to the 16S rRNA genes of 
P. brassicacearum, P. fluorescens and P. thivervalensis 
(Fig. 2).

4.2. Isolation and Cloning of the aroAHA-09 Gene 
Primers were designed based on the conserved region 
of the full length sequence of the most similar aroA 
genes with aroAHA-09. Amplification of a complete 
novel aroA gene from Pseudomonas sp. strain HA-
09 was then performed using degenerate primers and 
the PCR product, approximately 2.2 kb in size, was 
cloned and confirmed by sequencing. The resulting 

http://jb.asm.org/content/193/18/4685.short
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Figure 2. 

 

Figure 2. Phylogenetic tree based on partial 16S rRNA sequence, showing the relationships of Pseudomonas species and phylogenetic 
position of strain HA-09. Bootstrap values below 50% are not displayed.
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Figure 3. 

  

Figure 3. Phylogenetic tree based on the full-length sequence of aroA genes within Pseudomonas species. 

sequence showed high percent of similarity with 
identified bacterial genes from P. fluorescens F113 and 
P. brassicacearum subsp. brassicacearum NFM421  

(Fig. 3). The nucleic acid and deduced amino acid 
sequences of aroAHA-09 were analyzed by the command 
line version of NCBI BLAST showing 95% nucleotide 
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Figure 5. 

Figure 4. SDS-PAGE analysis of total lysate and purified 6xHis-AroAHA-09 protein. M, Pre-stained protein ladder (PR901641, Sinaclon, 
Iran); 1 and 2, total bacterial proteins from IPTG-induced E. coli BL21(DE3) harboring pET28a and pET28a-aroAHA-09 vectors, respectively; 
3, purified 6xHis-AroAHA-09 fractions from soluble proteins.

Figure 5. Growth of native E. coli BL21(DE3) abbreviated as EcBL21(DE3) compared to transformed E. coli BL21(DE3) harboring 
AroAPseudomonas sp. HA-09 abbreviated as EcAroA-HA-09 in liquid M9 minimal medium supplemented with glyphosate at different concentrations  
indicated in the figure.
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sequence identity and 98% amino acid sequence 
identity to aroA genes of the above-mentioned three 
bacteria.

4.3. Expression and Purification of AroAHA-09
The full length fragment of the aroAHA-09 gene 
was subsequently cloned into pET28a expression 
vector. The E. coli BL21(DE3) harboring pET28a-
aroAHA-09 was harvested and disrupted by lysis buffer 
containing lysozyme after which a high percent of the 
target fusion protein was detected in the supernatant 
at 37 °C. The fusion protein was easily purified from 
the soluble fractions of the cell lysate using pre-
equilibrated Ni-NTA spin column. To determine the 
optimal imidazole concentration needed to elute the 
protein, different concentrations of imidazole (up 
to 500 mM) were tested and finally, elution buffer 
containing 250 mM imidazole was used to elute 
the 6xHis-AroAHA-09. SDS-PAGE analysis indicated 
distinct band at 78 kDa, which corresponds well with 
calculated molecular weight (Fig. 4).

4.4. Bioassay for Glyphosate Sensitivity
Growth curves of E. coli BL21(DE3) harboring 
expression vector are shown in Figure 5. The cells 
were inoculated and grown in liquid M9 minimal 
medium containing varying concentrations of 
glyphosate. All cultures were induced with 0.5 
mmol/L IPTG. Transformed E. coli BL21(DE3) grew 
well in the presence of 300 mM glyphosate, whereas 
wild type E. coli BL21(DE3) was strongly inhibited 
in the presence of 60 mM glyphosate suggesting that 
AroAPseudomonas sp. HA-09 was more tolerant to glyphosate 
exposure than AroAE. coli BL21(DE3).

5. Discussion
For the benefit of engineering glyphosate-tolerant 
crops, a novel aroA gene can be obtained from 
microorganisms that play key roles in glyphosate 
tolerance in many contaminated soils. Indiscriminate 
application of glyphosate-based herbicides such as 
Roundup, in addition to soil pollution, could lead 
to genetic mutations of soil microorganisms. These 
changes, regardless of the problems caused by 
pollution, can be used as an opportunity to extract 
novel genes and proteins for environmental and 
industrial utilizations. Since the 1980s, researchers 
have tried to identify glyphosate-insensitive 
bacteria from polluted soils. One of these bacteria 
is Agrobacterium tumefaciens strain CP4, which 
glyphosate-tolerant epsps (cp4 epsps) has been 
isolated from and commercially used in genetically 

modified crops such as soybean, corn, cotton, and 
canola (16, 30). 
Site-directed mutagenesis in glyphosate-sensitive 
epsps genes has also been performed and demonstrated 
by many researchers partially conferring resistance 
to glyphosate (11, 31-35). In our previous report, 
point mutations were introduced in E. coli epsps gene 
(Gly96 to Ala and Ala183 to Thr) showing resistance 
to concentrations of glyphosate only up to 20 mM 
(33, 36), whereas in this study, we identified a novel 
glyphosate-tolerant epsps (aroAPseudomonas sp. HA-09) from 
the soil bacterium Pseudomonas sp. strain HA-09 and 
evaluated its expression in E. coli in the presence of 
higher glyphosate concentrations (up to 300 mM). This 
threshold of tolerance created by AroAPseudomonas sp. HA-09 
enzyme has a significant importance in comparison 
with other similar studies in the past (up to 200 
mM) (15, 19-22). Therefore, despite environmental 
problems, contaminated soils can be a good source 
for achieving glyphosate-insensitive EPSPS (AroA) 
enzyme. 

6. Conclusion
The results suggest that the AroAHA-09 from 
Pseudomonas sp. strain HA-09 shows significant 
resistance in the presence of high glyphosate 
concentrations. According to this, the aroAHA-09 could 
be considered as a novel and efficient candidate gene 
in commercial development of transgenic glyphosate-
tolerant plants in the future.
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