
MOLECULAR MEDICINE REPORTS  13:  257-264,  2016

Abstract. Rapid and efficient inactivation of a target gene 
in Escherichia coli chromosomes is required to investigate 
metabolic engineering. In the present study, a multiple gene 
inactivation approach was demonstrated in four strains of 
enterotoxigenic E. coli (ETEC), which are the predominant 
pathogenic bacteria causing piglet diarrhea, mediated by 
λ Red and Xer recombination. The chromosomal genes, luxS 
and pfs were inactivated using the multiple gene inactivation 
approach in the wild-type strains of E. coli, K88, K99,  987P 
and F41. This indicated that dif sites may be reused to inacti-
vate multiple chromosomal genes when no antibiotic-resistant 
selectable markers remain. Following inactivation of luxS and 
pfs, the ability of ETEC to produce the quorum sensing signal, 
and induce auto‑inducer 2 activity and biofilm formation were 
significantly reduced. Furthermore, the multiple gene inacti-
vation approach also exhibits a high recombination efficiency 
and follows a simple process.

Introduction

Rapid and efficient inactivation of genes in microorganisms 
is an important process, which enables the analysis of physi-
ological and genetic characteristics of bacteria. In recent years, 

chromosome gene deletion technology of Escherichia coli has 
developed rapidly. The method of λ Red and FLP recombina-
tion, as described by Datsenko and Wanner (1), is a popular 
method to delete genes in E. coli. Baba et al (2) reported 
that the single gene mutation of various strains of E. coli 
was constructed using this method. The process of building 
multiple gene deletion strains, in order to remove the resistance 
genes in the mutant strains, required repeated transformation 
or removal of the auxiliary plasmid, which complicates the 
experimental process and elongates the experimental cycle. Dif 
sites are identified by the Xer recombinant enzyme in E. coli, 
which simplifies the procedure. It has been reported that one 
gene was successfully deleted from an E. coli chromosome 
using the λ Red and Xer recombination system (3). However, 
whether it is suitable for multiple gene deletion in different 
strains and the efficiency of such deletions have not, to the best 
of our knowledge, been reported.

During bacterial growth specific signal molecules are 
secreted allowing the bacteria to monitor the population 
density in the surrounding environment and adjust the expres-
sion of multiple genes. This is known as quorum sensing 
(QS) and uses signal molecules, termed autologous inducers 
(AIs). In type II QS, luxS and pfs genes are significant genes, 
involved in AI‑2 synthesis (4). The pathogenic association 
between bacteria and host is complex and diverse; numerous 
studies demonstrate that the QS system of pathogenic bacteria 
aids in a variety of biological functions, including biofilm 
formation, virulence factor production, drug resistance and 
adhesion (5).

Biofilms are formed by bacteria adhering to surfaces and 
extracellular matrices (6). The biofilms of certain pathogenic 
bacteria are formed on the surface of tissues and organs, as 
well as on the surface of medical devices, which results in 
complications due to infection (7). According to statistical 
analyses, the majority of bacterial infections are caused by 
biofilms, which result in drug resistance, but also compromise 
the host immune system, markedly impacting the preven-
tion and treatment of bacterial infection (8). Enterotoxigenic 
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E. coli (ETEC) is the main cause of piglet diarrhea, a particu-
larly serious piglet disease, and an important cause of piglet 
mortality. The current study focuses on enterohemorrhagic 
(EHEC) and enteropathogenic E. coli (EPEC). In addition, 
there are few studies, to the best of our knowledge, regarding 
ETEC, thus the present study investigates the effect of luxS 
and pfs gene deletion on biofilm formation, in order to further 
elucidate the effects of virulence factor gene expression and 
the association with drug resistance.

Materials and methods

DNA manipulation. Pfu DNA polymerase (Agilent 
Technologies, Inc., Santa Clara, CA, USA) was used to 
generate polymerase chain reaction (PCR) products for 
cloning and gene insertion, and ReddyMix (Thermo Fisher 
Scientific, Beijing, China) was used for screening of colonies 
by PCR, according to standard PCR protocols. Restriction 
enzymes (Takara Biotechnology Co., Ltd., Changchun, 
China), T4 DNA ligase (Takara Biotechnology Co., Ltd.), and 
the PCR Purification Clean‑Up kit (Takara Biotechnology 
Co., Ltd.) were used according to the manufacturer's instruc-
tions.

Bacterial strains and media. Four strains of ETEC served 
as targets in the gene integration experiments. ETEC and 
E. coli DH5α (Takara Biotechnology Co., Ltd.) were cultured 
in Luria‑Bertani (LB) medium (Junfeng Bioengineering 
Co., Ltd., Beijing, China) and antibiotic medium (Junfeng 
Bioengineering Co., Ltd.), in liquid broth and 1.5% agar plates 
containing 100 µg/ml ampicillin (Junfeng Bioengineering Co., 
Ltd.). All bacterial cultures were incubated at 37˚C, with agita-
tion at 200 rpm for liquid cultures. Strains and plasmids used 
in the present study are described in Table I.

Preparation of the homology arms with the gentamicin (GM) 
resistance gene. The luxS and pfs genes from four types of 
ETEC were amplified using the primers, luxS forward (F), luxS 
reverse (R), pfs F and pfs R. These PCR products were cloned 
into pMD‑18T to create plasmids, p18T‑luxS or p18T‑pfs. The 
GM resistance gene was amplified from the pJN105 plasmid 
using primers, difGM F and difGM R (Table II.) This primer 
incorporated a 3' region of a gene encoding GM resistance 
and a 5' tail that included a 28‑bp E. coli dif site (dif E. coli: 
GGT GCG CAT AAT GTA TAT TAT GTT AAAT). The plas-
mids, p18T‑luxS and p18T‑pfs were digested using EcoRV 
restriction enzyme, and the GM resistance gene with dif sites 
was cloned into the plasmids forming p18T‑luxS‑difGM or 
p18T‑pfs‑difGM plasmids.

The p18T‑luxS‑difGM and p18T‑pfs‑difGM plasmids were 
digested with both EcoRⅠ and PstⅠ restriction enzymes, and 
the DNA fragments were recovered and amplified using the 
luxS F, luxS, Pfs F and Pfs R primers to transform the E. coli.

Preparation of competent cells and plasmid transforma‑
tion. The plasmid, pKD46 was transformed into ETEC, as 
described by De Mey et al (9). The four strains of ETEC, with 
the pKD46 plasmid, were cultured in LB medium at 30˚C and 
oscillated at 180 rpm for 12 h. Bacteria (0.1 ml) was added to 
1 ml LB medium containing 1 µg/ml ampicillin and 2 mmol/l 

L‑arabinose (Spectrum Technology Co., Ltd., Shanghai, China), 
and cultured at 30˚C, with oscillation at 180 rpm. Bacteria were 
grown until reaching an optical density (OD600) value of ~0.6. 
The culture was then placed in ice‑cold water for 20 min, and 
the bacteria were centrifuged at 6,000 x g for 10 min, washed 
once with ice‑cold water and washed twice with ice‑cold 
10% glycerol (Shanghai Seagull Trading Co., Ltd., Shanghai, 
China) prior to collection for electroporation.

Bacterial transformation and ETEC chromosomal gene inte‑
gration. The luxS or pfs gene DNA fragment (on plasmids, 
including the GM resistance gene and dif sites) were mixed 
with competent cells and placed in an electroporation cuvette 
(Takara Biotechnology Co., Ltd.). An electrical pulse was 
applied to the competent cells at 1,800 V for 5 µsec and were 
then placed in LB broth containing 1 mmol/l L‑arabinose. 
The cells were cultured at 30˚C, oscillated at 180 rpm for 1 h 
and plated on GM-selective agar (Thermo Fisher Scientific, 
Beijing, China). The bacteria was inoculated in LB medium 
with GM, cultured at 30˚C and oscillated at 180 rpm for 24 h. 
This procedure was repeated twice following which the cells 
were appropriately diluted with LB culture without GM and 
plated on a solid LB agar to exclude the strains that were 
unable to grow on the agar with GM. These bacteria were 
further identified by PCR.

Crystal violet (CV) method for quantification of biofilm 
formation. Biofilm assays on 6-well plates were performed, 
as described by Hossain and Tsuyumu (10) with certain 
modifications. For quantitative analysis of biofilm production, 
an overnight culture was grown in biofilm‑inducing medium 
(Junfeng Bioengineering Co., Ltd.) to an OD600 of ~2.0 and 
diluted at 1:20. Culture medium was added to each plate and 
incubated for 24 h at 30˚C without agitation. To remove the 
loosely associated bacteria, the culture was removed from 
the wells and rinsed three times with sterile distilled water. 
CV (2%; Beijing Noble Laser Technology Co., Ltd., Beijing, 
China) solution was added to each well to stain the bacteria 
and the culture was incubated at room temperature for 
15 min. The wells were rinsed with Milli‑Q water (Shanghai 
Seagull Trading Co., Ltd.) and 95% ethanol was added to each 
CV-stained well. Absorbance (600 nm) was measured using 
a QFLC‑7001 spectrophotometer (HKY Technology Co.,Ltd, 
Beijing, China). Six‑well plates were used per experiment, and 
the entire experiment was performed in triplicate.

AI‑2 activity assay. The AI‑2 activity in cell‑free E. coli 
culture fluids was measured using the Vibrio harveyi BB170 
bioluminescence reporter assay, at 6,000 x g for 10 min (11,12). 
Cell‑free culture fluids were prepared by filtration of liquid 
cultures (13,14) or by centrifugation, as described above. 
AI‑2 activity was evaluated as light production compared 
to background light obtained with the appropriate E. coli 
growth medium. Liquid supernatant of V. harveyi BB120 
served as the control group and E. coli DH5α served as the 
negative control.

Statistical analysis. Results were expressed as means ± stan-
dard deviation and analyzed using SPSS 16.0 software (SPSS, 
Inc., Chicago, IL, USA). Group differences were compared 
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using Student's t-test and P<0.05 was considered to indicate a 
statistically significant difference.

Results

Gene integration and selectable marker excision. A schematic 
of the gene integration approach in E. coli using λ Red and Xer 
recombination is presented in Fig. 1. The target gene from the 
ETEC bacteria was amplified and cloned into the pMD18‑T 
vector. Appropriate restriction sites in the target gene were 
selected; however, when there was no suitable restriction site, 
reverse PCR amplification was used to obtain two homologous 
arm vectors. Fragments of the antibiotic resistance genes with 

dif sites at the two terminals were inserted into the target gene 
(in the present study, a GM resistance gene was used). The 
fragment, including the selectable gene, dif sites and homolo-
gous arms, was obtained from the vector by PCR amplification 
or restriction enzyme digestion. The fragment and pKD46 
vector were subsequently transformed into ETEC. The target 
gene was excised as the mutated ETEC recombines with the 
dif site to excise the selectable gene using Xer recombination. 

Construction of recombinant vector. The mutation method 
for the luxS and pfs genes was the same, therefore, the method 
for luxS gene inactivation is presented. The luxS gene was 
amplified with primers luxS F and luxS R, and cloned into the 

Table I. Bacterial strains and plasmids used in the current study.

Strain or plasmid Description Serial number Source

Strain
  E. coli K88 Type F4 adhesin CVCC1525 CVMMC
  E. coli K99 Type F5 adhesin CVCC232 CVMMC
  E. coli 987P Type F6 adhesin CVCC209 CVMMC
  E. coli F41 Type F41 adhesin CVCC231 CVMMC
  V. harveyi BB120 AI‑2 detection BAA‑1116 ATCC
  V. harveyi BB170 AI‑2 detection BAA‑1117 ATCC
  E. coli DH5α Host of clone plasmid  Takara Biotechnology, Co., Ltd.
Plasmid
  pMD18‑T Vector for cloning polymerase chain
 reaction products  Takara Biotechnology, Co., Ltd.
  pJN105 Cloning gentamicin resistance gene  Invitrogen Life Technologies
  pKD46 Promote E. coli chromosomal gene integration  Invitrogen Life Technologies

E. coli, Escherichia coli; V. harveyi, Vibrio harveyi; AI‑2, auto‑inducer 2; CVMMC, Chinese veterinary microorganisms management center; 
ATCC, American Type Culture Collection.
 

Table II. PCR primers used in the current study.

Name Size (nt) Sequence (5' to 3') Function of PCR product

luxS
  F 22 ATGCCGTTGTTAGATAGCTTCA
  R 22 GATGTGCAGTTCCTGCAACTTC luxS gene amplification
Pfs
  F 22 TGGTAAACTATGCCTTCAAATC
  R 19 GTACGACAACAAACGGGAC pfs gene amplification
GM
  F 28 GGTGCGCATAATGTATATTATGTTAAAT Gentamicin resistance and
  R 27 ATTTAACATAATATACATTATGCGCACC gene amplification
difGM
  F 56 ACTTCCTAGAATATATATTATGTAAACT Gentamicin resistance gene
   GGTGCGCATAATGTATATTATGTTAAAT and mplification with dif
  R 55 AGTTTACATAATATATATTCTAGGAAGT site
   ATTTAACATAATATACATTATGCGCACC

PCR, polymerase chain reaction; GM, gentamicin; F, forward; R, reverse.
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vector, pMD18‑T. The vector, pMD‑luxS, was then digested 
by the restriction enzyme, EcoRV, and the fragment of GM 
resistance gene with dif sites at the two terminals was cloned 
into the vector. EcoRI and HindIII restriction enzymes were 
used to digest the vector of pMD‑luxS‑difGM in order to 
obtain the fragment from homologous recombination (Fig. 2). 
Two products are produced following digestion; the vector, 
pMD18-T and the fragment of homologous recombination.

Recombination of four strains of ETEC. Four strains of 
ETEC produced the same results, thus, the data presented 
is of E. coli K88. Three randomly selected bacteria were 
inoculated in LB medium with GM, amplified by GM F and 
GM R to produce a 1,000-bp product (Fig. 3). Amplification 
by luxS F and luxS R produces two products at ~1,500 and 
500 bp (Fig. 4). Bacteria were then subcultured a third time, 
and amplified by luxS F and luxS R producing one product at 
~500 bp (Fig. 5). Sequencing of the products indicated a 28-bp 

Figure 1. Chromosomal gene inactivation approach in Escherichia coli.

Figure 2. Agarose gel of the vector p18T‑luxS‑difGM was digested by EcoRI 
and HindIII enzyme. Lane 1 and 2, digestion product of pMD‑luxS‑difGm; 
lane 3, DNA marker of 2,000 bp.

Figure 3. Agarose gel of polymerase chain reaction products generated using 
the forward and reverse gentamicin primers. Lane 1‑3, randomly selected 
bacteria (first subculture); lane 4, DNA marker of 2,000 bp.
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fragment was successfully inserted into the luxS gene (Fig. 6). 
These findings indicate that inactivation of the luxS and pfs 
genes had been successful.

Effect of mutant strains on biofilm formation. The ability to 
form biofilms was observed in four strains of ETEC and is 
presented in Fig. 7. The ability to form biofilms was detected 
by crystal violet staining in both the deletion plates and the 
wild‑type. It was demonstrated that the absorbance of the 
deletion plates were significantly lower compared with the 
wild‑type, suggesting that deletion of the luxS gene resulted 
in a decreased ability to form biofilms. Results of ultraviolet 
spectrophotometry indicating absorption are presented in 
Table III.

AI‑2 activity detection. V. harveyi BB170 was used to assay the 
AI‑2 level of ETEC. Liquid supernatant of V. harveyi BB120 
served as the control group, E. coli DH5α served as the nega-
tive control (Fig. 8). AI‑2 secretion was significantly decreased 
following deletion of the luxS gene.

Discussion

The present study demonstrated a simple and rapid technique 
for selectable marker gene deletion following gene integration 
in bacteria, which should be applicable to all prokaryotes with 
the ubiquitous Xer recombination system (15). The fragment, 
including a selectable gene, dif sites and the chromosomal 
target gene was amplified by PCR, or cloned into a plasmid, 
and then integrated into the chromosome. ETECs that have 
undergone Xer recombination at dif sites during continuous 
culture (and have, therefore, lost the resistance gene) are iden-
tified by antibiotic sensitivity testing and verified by PCR.

Competent cells of E. coli demonstrate a sharp peak of 
transformation efficiency at an OD600 value of ~0.4 when 
the electroporation method is applied (16); Datsenko and 
Wanner (1) reported that the value was ~0.6, however the 
present study indicated that a value of ~0.8‑1.0 obtains greater 
transformation efficiency. This value varies in previous 
studies, therefore, it is hypothesized that peak transformation 
efficiency varies with the strains and should be determined 
prior to experimentation (17). Datsenko and Wanner (1) 
used homologous arm fragments (length, 50 bp) to conduct 
recombination, however, the current study observed that the 
efficiency of homologous recombination using a fragment of 
~200 bp was ten times greater than using a 50‑bp fragment. In 
the current study, the luxS or pfs genes of ETEC were replaced 
with a GM resistance gene by homologous recombination. As 
the chromosome mutation is irreversible, the exogenous gene 
is highly stable in the bacteria. Throughout the present study, 
the efficiency of recombination was observed to be reduced 
when using fresh competent cells, however the efficiency 
was increased when the competent cells were placed in the 
refrigerator at ‑80˚C for 24 h or longer. This was observed 
in the four strains of ETEC that were investigated, whether 
the deleted gene was luxS, pfs, or ack (data not shown). The 
reason for this has not been determined in the current study, 
however, is an important factor in recombination efficiency. 
The Xer recombination system deletes selected genes with 
a homologous arm fragment by recognizing the dif site of 

Figure 4. Agarose gel of polymerase chain reaction products generated using 
forward and reverse luxS primers. In the first subculture in culture medium 
without antibiotics, only certain strains underwent λ Red combination, but a 
few bacteria underwent Xer combination. In the third subculture, all strains 
underwent λ Red and Xer combination. Thus, two bands can be observed 
between 1,000 and 2,000 bp. Lane 1 and 2, randomly selected bacteria from 
the first subculture; lane 3, DNA marker of 2,000 bp.

Figure 5. Agarose gel of polymerase chain reaction products generated using 
forward and reverse luxS primers. In the third subculture in culture medium 
without antibiotics, all bacteria underwent Xer combination. Thus, the band 
between 1,000 and 2,000 bp was missing. Lane 1‑3, randomly selected bac-
teria from the third subculture; lane 4, DNA marker of 2,000 bp.

Table III. Absorbance of four strains of ETEC bacteria.

 Absorbance l/(g·cm)
 -----------------------------------------------------------------------------------
Bacteria K88 K99 987P F41

Deletion 0.21±0.04 0.44±0.11 0.16±0.09 0.22±0.08
Wild‑type 1.17±0.11a 1.21±0.13a 1.57±0.19a 1.39±0.21a

Absorbance measured to determine ability to form biofilms in ETEC 
bacteria following deletion of luxS and pfs genes, analyzed for sig-
nificant differences between deletion and wild‑type bacteria. aP<0.01. 
ETEC, enterotoxigenic Escherichia coli.
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E. coli after the homologous arm has been exchanged with 
the chromosome. In the process of multiple gene deletion, 
the plasmid (such as pKD46) used in λ Red recombination 
was maintained within the strain and used to delete another 
gene, further simplifying the experimental procedure. A 
previous study demonstrated that dif site recombination is 
not affected by antibiotic use (3). The GM resistance gene 
can be removed by Xer recombination, and upon addition of 
GM to the culture medium, a 28‑bp fragment remains in the 
luxS or pfs gene. The recombination efficiency of the Xer 
system is high. Fig. 4 presents results from the first subcul-
ture, demonstrating production of two products at ~1,500 and 
500 bp. The product at ~1,500 bp was the bacterial chromo-
some fragment resulting from λ Red recombination, while 
the ~500‑bp fragment had undergone Xer recombination. 
The bright bands at ~500 bp suggests that the majority of 
bacteria used the Xer system. Fig. 5 demonstrates the third 
subculture, the presence of only the 500 bp product suggests 
all bacteria had undergone λ Red and Xer recombination. 
Previous research has speculated that multiple dif sites 
on a chromosome may recombine again in the process of 
culture, leading to unstable characteristics of gene mutant 
strains (18). In the current study, two dif sites were used to 
mutate the luxS and pfs genes, therefore the chromosome of 
the strains exhibited two dif sites, however the sites did not 
recombine in subsequent culture. The findings of the present 
study may enhance the methods of gene mutation of ETEC. 
More than ten ETEC genes were deleted in the present study 

and these strains lost the corresponding characteristic during 
fermentation. For example, K88 and K99 have a hemolysin 
toxin encoded by hlyA. The ability to destroy red blood cells 
was significantly decreased after deletion of the hlyA gene. 
The fliC gene was deleted which encoded the major flagellin 
protein and thus, biofilm formation was reduced in the fliC 
gene mutant strain. Finally, the EtpA gene was deleted, which 
encoded the adhesin protein. This resulted in a reduction in 
biofilm formation.

Figure 8. Auto‑inducer 2 assays for deletion and wild‑type of the luxS gene in 
enterotoxigenic Escherichia coli. *P<0.01. Error bars represent mean ± stan-
dard error of the mean.

Figure 6. Sequencing results of the luxS gene following recombination.

Figure 7. Effect of luxS gene was deleted upon biofilm formation. The absorbance of plates was significantly lower compared with the right side plates which 
shows that ability of deletion strain to form biofilms was significantly reduced. Four types of enterotoxigenic Escherichia coli are presented: (A) K88, (B) K99, 
(C) 987P and (D) F41. Left, luxS gene deletion strains; right, wild‑type strains.

  A   B   C   D
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QS is a cell‑to‑cell signaling process in bacteria enabling 
control of gene expression and synchronizing activities that are 
beneficial only at a high population density (19). QS functions 
via the production, secretion and detection of small molecules 
termed AIs; however production and detection of the majority 
of AIs is restricted to a single species. AI‑2 (expressed by the 
luxS gene) is an exception as it is widely distributed in different 
strains of bacteria and controls distinct traits (5,20,21). As 
a result of these characteristics, it is proposed that AI‑2 is 
used during interspecies communication. AI‑2 was discov-
ered in V. harveyi and previous studies have demonstrated 
that certain organisms use AI‑2 in the regulation of genes, 
which determine various functions, including expression 
of virulence factors in Actinobacillus actinomycetemcomi‑
tans (22,23), EHEC O157:H7 (24), P. gingivalis (25,26), 
Streptococcus pyogenes (27), Vibrio cholerae (28-30), and 
Vibrio vulnificus (31); motility in Campylobacter jejuni (32), 
EHEC O157:H7 and EPEC E. coli O127:H6 (33,34); cell divi-
sion in E. coli W3110 and EHEC O157:H7 (35,36); production 
of antibiotics in Photorhabdus luminescens (37); biofilm 
formation in Streptococcus gordonii (38); and an AI‑2 ATP 
binding cassette‑type transporter in Salmonella enterica 
serovar Typhimurium (39). This previous research demon-
strates the wide variety of bacteria using AI‑2 to control a 
diverse range of function‑specific genes.

Previous studies suggest that the expression of virulence 
factors and metabolism of E. coli bacteria were regulated 
by the luxS gene (40). Further analysis determined that 
luxS performs a variety of functions, regulates the expres-
sion of hundreds of genes, determines population density 
and regulates biofilm formation by synthesis of AI‑2 signal 
molecules. In addition, exogenous AI‑2 enhances biofilm 
formation and the mechanism may function via the expres-
sion of flagella, which induce bacterial activity (41‑43); 
however, these previous studies focused on EHEC and EPEC 
or other strains of E. coli. In the current study, four strains 
of ETEC were used and it was demonstrated that the ability 
to form biofilms was significantly reduced without the luxS 
gene (Fig. 7 and Table III). The result suggests that the effect 
of luxS on biofilm formation in ETEC is widespread, with 
the largest impact observed on 987P and the smallest on 
K99. Current research on ETEC is minimal, therefore, the 
aim of the present study was to demonstrate that multiple 
gene inactivation to delete the luxS gene (or other genes) may 
be used to evaluate the influence of AI‑2 on biofilm forma-
tion, the associated drug resistance and virulence factors in 
order to contribute to the prevention and treatment of piglet 
diarrhea.

In conclusion, gene inactivation by λ Red and Xer recom-
bination is a rapid, efficient and stable method for deletion of 
ETEC genes. Deletion of luxS and pfs significantly reduces 
the activity of AI‑2 and the ability of ETEC to form biofilms. 
However, further investigation is required to elucidate the 
effect of QS on the expression of virulence genes and drug 
resistance.
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