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Abstract

Uropathogenic Escherichia coli (UPEC) is the leading causative agent of Urinary tract infection (UTI).
The emerging multidrugresistance of UPEC to antimicrobial agents (such as antibiotics or Chinese
herbs) has been a serious public health problem and may result in the complication or failure of UTI
therapy, yet with unknown underlying mechanisms. Our present study aims to explore the plasmid
DNA-based gene transfer mechanism of the drug resistance UPEC strains. The pPICZoA plasmid
containing the Zeocin resistance gene was applied as extraneous resistance plasmid to investigate the
uptake ability of plasmid and the plasmid transfer frequency of a UPEC stain alone or co-culturing with
DHS5o bacteria during the formation of biofilm process. The results showed that the uptake efficiency
and plasmid transfer frequency increased from 8 h to 24 h during the biofilms formation, and then
slowed down after the formation of biofilms. What’s more, the plasmid transfer frequency was
independent of the bacteria culture conditions. Our present study is of importance to the mechanisms
illustration of multidrug resistance (like herbal medicine) in UPEC, and might provide a foundation for
the research of resistance gene spreading reduction.
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Introduction

Urinary tract infection (UTI) refers to the infection in any part
of urinary system [1]. It is one of the most common types of
nosocomial infection in humans, and about 150 million new
UTI cases were reported annually all over the world. Among
all the predominant microorganism or etiologic agent that
causes UTIs, Uropathogenic Escherichia coli (UPEC) is
proved to be the major bacterial culprit cause (about 80%)
[2-4].

The UPEC causing UTI makes it one of the most common
indications for conventional antimicrobial therapy. As a result,
the excessive use of antibiotics leads to emergence and rapid
increase in antibiotic resistance in UPEC. Recently studies
indicated that the rise of multidrug resistance (MDR) in UPEC
leaded to the aggregation and complication of UTI disease,
such as a higher rate of recurrent, protracted course of UTI,
which eventually could result in parenchymal destruction or
renal insufficiency of patients [3,5,6]. The emergence and
increasing prevalence of MDR in UPEC has now been a
serious public health problem. Thus it is of vital importance to
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explore the virulence mechanisms of MDR-UPEC prevalence
for developing new generation of therapeutic agents.

Chinese herbal medicine or extract was proved to be novel
therapy method for UTI treatment. However, the application of
Chinese herb extract for UTI therapy also leads persistent
exposure of UPEC to herb extract therapeutic drugs, and
eventually results in the rise of Chinese herb extract-resistant
UPEC isolates [7]. Recently, our group successfully isolated
some UPEC strains clinically from UTI patients and it all
showed various resistance to a Chinese herbal extracts (data
not shown). The strains could expressed pga genes, which
were discovered to be responsible for the synthesis and export
of polysaccharide f-1,6-N-acetyl-D-glucosamine polymer
(PGA), which was the material of biofilm formation, and /uxS
genes, which encoded auto-inducer 2 (Al-2) acting as a signal
molecule of quorum-sensing system for the biofilm formation.
We hypothesized that drug resistance mechanism mediated by
biofilm formation may play a vital role in the multidrug
resistance of UPEC.

In present study we aimed to investigate the plasmid DNA-
based gene transfer as well as the antibiotic resistances
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mechanisms of a Chinese herb extract-resistant UPEC strain
(1351). The pPICZaA plasmid containing the Zeocin
resistance gene was applied as extraneous resistance plasmid
DNA to investigate the uptake of plasmid and the plasmid
transfer of UPEC alone or co-culturing with DH5a bacteria
during the formation of biofilm process.

Materials and Methods

Drug-resistance test of UPEC strains

Three clinically isolated UPEC strains 1351 was inoculated
onto solid culture medium containing different concentrations
of kana, chloramphenicol, tetracycline, zeocin and
hygromycin, respectively. The concentrations of antibiotics
were 16 pg/ml, 32 pg/ml, 64 pg/ml, 128 pg/ml, 256 pg/ml.
According to the growth of bacterial colonies in the culture
plate, the growth of the UPEC was determined. The resistance
of strain was determined according to the standard of
antimicrobial susceptibility testing.

Uptake of exogenous plasmids by UPEC strain

Monocolony of UPEC 1351 was seeded in 10 ml of LB culture
medium and cultured for 18 h with shaking. The bacteria
solution was diluted to 0.5 Mc Farland and then, 2 pl was taken
and added into 96 well plates containing 200 pl medium
dilution. To investigate the influence of exogenous plasmid
concentration on UPEC strain uptakefinal concentration of 0.5
pg/ml, 1 pg/ml, 2 pg/ml, 4 pg/ml and 8 pg/ml pPICZA
plasmids were incubation with the biofilms for 24 hours. The
samples were diluted and seeded onto Zeocin-containing and
free plates. The colonies were counted for evaluation of the
uptake of exogenous antibiotics-resistant plasmid. Exogenous
plasmid pPICZA was added at the final concentration of 2
pg/ml. To determine whether the intake of exogenous
antibiotics-resistant plasmid by UPEC 1351 was time-
dependent, UPEC 1351 and exogenous plasmids pPICZA was
co-incubated for 4 h, 8 h, 12 h, 16 h, 24, 36 and 48 h,
respectively. At each time point, Samples were taken from
three wells and incubated in 37°C for 24 h. Then, the samples
were diluted and coated onto Zeocin-containing and free
plates. The colonies were counted.

To determine the difference between strains with biofilm and
those without biofilm, equal exogenous plasmids were added
into the two different strains. After 24 h and 48 h incubation,
the intake of exogenous plasmids was measured as described
above. Plasmid delivery during mutualism culture and biofilm
formation of UPEC and DH5 a (pPICZA+). To determine the
optimal observation time for drug-resistant plasmid transfer
during mutualism culture, the mutualism culture of DHS
(pPICZA+) and UPEC single colony were firstly performed in
LB medium (pH7.4). The transfer frequency of drug-resistant
plasmids was measured using the above described method after
bacteria seeding 4 h, 8 h, 12 h, 16 h, 24 h, 36 h and 48 h,
respectively. Briefly, co-cultured bacteria were coated onto
plates containing both Zeocin and UPECI1351-resistant herb
extract drug. The grown colonies were counted.
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Subsequently, 0.5% sugar or 100 mM CaCl, containing LB
and TSB medium at the pH of 7.4 (normal), 6.0 (partial acid)
and 9.0 (alkaline) were used for mutualism culture of DH5a
(pPICZA+) and UPEC single colony. At the optimal
observation time as determined above, plasmid delivery
frequencies in different medium were measured using the
above method.

Statistics

Data was expressed as Mean + SD. Statistical analysis was
performed using SPSS 17.0. A p<0.05 was considered as
statistically significant.

Results

Drug-resistance of UPEC strain (1351)

The UPEC strain 1351 could all grow well in culture plates
with 16 pg/ml - 256 pg/ml of antibiotics kanamycin sulfate,
chloromycetin and tetracycline. But the growth was all
inhibited in culture plates with 16 pg/ml - 256 pg/ml of both
Zeocin and Hygromycin (Table 1). The results suggested that
the isolated UPEC strain 1351 was sensitive to Zeocin and
Hygromycin. Accordingly, the pPICZaA plasmid contains the
Zeocin resistance gene was used as extraneous resistance
plasmid DNA for plasmid uptake and transfer investigation.

Table 1. Measurement of drug-resistance for different antibiotics.

Antibiotic Kana Chloramphenicol Tetracycline Zeocin Hygromycin

16 pg/ml + + +
32 pg/ml + + +
64 pg/ml + + +
128 pg/ml + + +
256 pg/ml + + +

lllustration: “+” stands for positive, “-” stands for negative

Influence of exogenous plasmid concentration on
UPEC strain uptake

To further investigate the influence of exogenous plasmid
concentration on UPEC strain uptake, 0.5 pg/ml, 1 pg/ml, 2
pg/ml, 4 pg/ml and 8 pg/ml of exogenous drug-resistant
pPICZA plasmids were administrated to UPEC strain. As
shown in Figure 1A, the plasmids uptake frequency increased
with a dose-dependent manner from 0.5 pg/ml - 2 pg/ml, but
exhibited no obvious increase over 2 pg/ml. Thus 2 pg/ml of
plasmid was applied for further investigation.

Time-dependent uptake of plasmids by UPEC strain
and influence of plasmid concentration

As shown in Figure 1B, the pPICZA plasmids uptake
frequency of UPEC strain increase over culture time and was
of time dependent manner. In order to further investigate the
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increase rate in the pPICZA plasmids uptake frequency, the
increase of plasmids uptake frequency over per two time points
was calculated by subtracting the uptake frequency of one time
point from the uptake frequency of the next time point. As
shown in Figure 1C, uptake frequency increase rate increased
between 8 h-24 h, and especially the increase in 12 h-16 h and
16 h-24 h exhibited the highest rate among all time period,
during which the strain finished the bacterial adhesion and
biofilms formation. After the formation of biofilms, the
increase rates slowed down.
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Figure 1. The uptake of plasmid and increase rate of UPEC.

The uptake frequency of biofilms and planktonic
bacteria

The uptake frequency of both biofilms and planktonic bacteria
were evaluated to compare the uptake ability of multidrug
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resistant UPEC and normal E. coli. As shown in Figure 2A, the
uptake frequency of E. coli in biofilms were 0.635 + 0.041 x
10 and 1.284 £ 0.052 x 10 for 24 h and 48 h respectively,
which it were lower than that of planktonic E. coli (1.281 +
0.047 x 10 and 1.775 + 0.057 x 107 for 24 h and 48 h
respectively). The results indicated that exogenous drug-
resistant plasmids uptake frequency of planktonic bacteria was
significantly high than that of UPEC in biofilms.
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Figure 2. The uptake of plasmid and increase rate of UPEC co-
culturing with DH5a.

Influence of cultivation environments on the plasmid
transfer capacities between UPEC and DH5a during
biofilm formation

In order to study the plasmid transfer capacities between
biofilms and planktonic bacteria during biofilm formation,
UPEC and DHS5a were co-cultured and the plasmid transfer
was measured. Similarly with UPEC strains alone, the pPICZA
plasmids uptake frequency of UPEC strain increase in a time
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dependent manner as co-culturing with planktonic bacteria
(Figure 2B).

What’s more, the rate of increase in the pPICZA plasmids
uptake frequency was also measured as mentioned above. The
increase rates were 0 x 107, 0.0165 x 107, 0.0422 x 107,
0.449 x 107, 0.284 x 10, 0.1788 x 10, 0.4186 x1 0- for 0 -
4h,4h-8h,8h-12h,12h-16h,16h-24h,24h-36h, 36
h - 48 h respectively (Figure 2C), which indicated that the
plasmid transfer capacities increase from 8 h to 24 h during the
formation of biofilms and the increase rate slowed down after
that. As increase rate exhibited the highest level (0.449 x 10)
between 8 h - 12 h, the time point 12 h was further used for
evaluation the influence of culture conditions on plasmids
uptake frequency.

Further, different culture condition, the normal LB (pH 7.4)
medium, acidic LB (pH 6.0) medium, alkaline LB (pH 9.0)
medium, normal LB containing 0.5% glucose, TSB medium
(pH 7.4) and normal LB containing 100 mM CaCl, were
applied. As shown in Figure 2C, there was no significant
difference among all the groups. The results suggested that
culture conditions (such as pH value and glucose
concentration) had no influence on the plasmids uptake
frequency.

Discussion

The emergence and rapid increase of MDR in UPEC made
UTIs a serious public health problem and resulted in
complicated therapy for it. In our previously study, we
successfully isolated UPEC strains with various resistance to
Chinese herbal extract clinically from UTI patients. The strains
could expressed pga and [uxS genes, which played important
role during the formation and maturation of biofilm process.
Our present study further confirmed that increase rate of
uptake frequency of the UPEC strain increased along with the
formation of biofilms from 8 h to 24 h and the increase rate
was slowed down after biofilms formation. What’s more, the
uptake frequency of UPEC strain was similar under different
culture condition. As is well known, the bacterial biofilm refers
to a structured community of bacterial cells as well as the self-
produced polymeric matrix around it [8-10]. The bacteria in
biofilm are physiologically distinct from planktonic bacteria,
which by contrast are single-cells floating or swimming in a
liquid medium. The biofilms forming strains could exhibit
obviously drug-resistance by reducing the antibiotic targets,
such as the biosynthesis of bacterial walls, or reducing the
antibiotic uptake [11]. The biofilms lead to the high drug-
resistance ability of bacteria, which may result in the evading
of bacteria to the immune system, and eventually chronic
infection as well as our control of diseases [12-15].

Recent studies indicated that the plasmid transfer may also
occurred during the biofilms formation process, and the gene
transfer was considered to be one of the major reasons for the
obtainment of the drug-resistance genes [16,17]. Besides, the
strains with antibiotic resistance genes could also spread the
genes as the biofilms dissociation and caused more damage
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[18]. Thus the relationship between biofilms formation and
gene transfer among strains is key to understanding
mechanisms of drug-resistance strains emergence. In the
present study, the Chinese herb extract-resistant UPEC strain
was proved to uptake the exogenous drug-resistant plasmids
pPICZA plasmids in a time dependent manners, and the
increase rate of uptake frequency increased during biofilms
formation process (8 h - 24 h), after which the increase rates
slowed down. The bacteria of spatially structured bacterial
populations or the biofilms are very different from planktonic
bacteria in well-mixed liquid environments. The plasmid
DNA-based gene transfer is favored by the bacterial biofilms
due to the close cell-to-cell contact of the bacterial cells, since
the densely packed biofilms cells could minimize shear force
of it [19,20]. The biofilm was also proved to be beneficial for
the increased stability of plasmid [21,22].

The development of biofilms involved in numbers of genes and
proteins via many mechanisms. Firstly, several adhesin gene
products were proved to mediate the development and
competence of Escherichia coli biofilm, and biofilm associated
adhesin genes could eventually enhance the ability of UPEC to
cause UTIL. For example, fimA encoding Type | fimbriae was
proved to facilitate Escherichia coli’s attachment to the host
mucosa as well as it biofilm formation. Evidences suggested
that the expression levels of fimA varied in different time
period, during which the biofilm formation abilities were
different [23]. F9 genes (Such as gene clusters c/931-c1936
from UPEC CFT073), which encoded another type of fimbriae
that were highly similar to those of type 1 fimbriae, could also
strongly mediate biofilm growth of E. coli strain [24].
Secondly, some biofilm matrix related genes have been also
proved to play important roles during biofilm formation.

The pga genes pgaABCD, which encoded the polysaccharide
B-1,6-N-acetyl-D-glucosamine polymer (PGA) is the necessary
element for biofilm formation [25,26]. Thirdly, the growth and
metabolism associated genes or proteins could also mediate the
development and competence of Escherichia coli biofilm,
which may potentially affect the infection of biofilms. For
example, as a part of the activated methyl cycle, LuxS is
proved to affect biofilm formation through AI-2-independent
effects on metabolism, which may assist it in adapting to
diverse conditions and eventually lead to the high drug-
resistance ability [27]. What’s more, evidence proved that
about 11 kinds of growth related link genes in biofilm were up-
regulated as compared to planktonic bacteria during
logarithmic and stable phase. To sum up, the increase of
biofilm matrix, or growth and metabolism associated genes
expression contribute greatly to the biofilm development and
thus were closed to the high drug-resistance ability of the
bacteria. The biofilm lifestyle of bacteria which were mediated
by these genes or proteins levels, lead to the gene transfer of
genetic elements and increase the range of it, especially for the
resistance genes under adverse environmental. Consistently, as
demonstrated in our study, UPEC strain biofilm was proved to
have an increased rate of transfer of a pPICZaA plasmid
containing the Zeocin resistance gene compared to planktonic
E. coli under zeocin condition.
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Conclusion

The present study confirmed that persistent exposure of UPEC
to herb extract therapeutic drugs could eventually result in the
rise of Chinese herb extract-resistant UPEC isolates. Increase
rate of the Chinese herb extract-resistant UPEC strain’s uptake
frequency increased along with the formation of biofilms from
8 h to 24 h and the increase rate slowed down after biofilms
formation. However, the difference of culture conditions had
no significantly influence on the plasmids uptake frequency.
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