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Abstract Background: Escherichia coli is the most common cause of urinary tract infections 

(UTIs). It is widely accepted that uropathogenic E. coli (UPEC) mainly emerge from the distal 

gut microbiota. Identification of bacterial characteristics that are able to differentiate UPEC 
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from fecal commensal strains will facilitate the development of novel strategies to detect and 

monitor the spread of UPEC. 

Methods: Fifty fecal commensal, 83 UTI-associated and 40 biliary tract infection (BTI)-associ- 

ated E. coli isolates were analyzed. The NotI restriction patterns of chromosomal DNA in the 

isolates were determined by pulse-field gel electrophoresis. The phylogenetic types and the 

presence of 9 known virulence genes of each isolate were determined by PCR analyses. Addi- 

tionally, the susceptibilities of the isolates to antibiotics were revealed. Then the associations 

of NotI resistance with UTI-associated isolates, phylotypes, and antibiotic resistance were as- 

sessed. 

Results: NotI resistance was correlated with UTI-associated isolates, compared to the fecal 

isolates. Consistently, NotI-resistant isolates harbored a greater number of virulence factors 

and mainly belonged to phylotype B2. Additionally NotI resistance was correlated with chlor- 

amphenicol resistance among the bacteria. Among the fecal, UTI-associated and BTI- 

associated groups, the distribution of NotI-resistant group B2 isolates was correlated with 

UTI-associated bacteria. 

Conclusion: NotI resistance alone is a potential marker for distinguishing fecal strains and 

UPEC, while the combination of NotI resistance and B2 phylogeny is a candidate marker to 

differentiate UPEC from fecal and other extraintestinal pathogenic E. coli. Additionally, NotI 

resistance may be valuable for assessing the potential of chloramphenicol resistance of E. coli. 

Copyright ª 2021, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an 

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 
 

 
 
 

Introduction 
 
Urinary tract infections (UTIs) are the most common bac- 

terial infections, which result in substantial economic and 

public health burden and significantly affect the life quality 

of patients.1,2 Escherichia coli is the most common causa- 

tive agent of UTIs.3,4 It is widely accepted that uropatho- 

genic E. coli (UPEC) mainly emerge from the distal gut 

microbiota.3,5 Thus, compared to the fecal commensal 

strains of E. coli, UPEC have additional virulence factors 

(VFs) that allow them to successfully transit from the in- 

testinal tract to the urinary tract.3 The presence of VFs 

reflects the virulence potential of an E. coli strain to cause 

the infection. However, current understanding of the crit- 

ical VFs that differentiate UPEC from commensal strains is 

limited because the pathogens require a combination of 

multiple VFs to cause infections and the composition of VFs 

is very diverse among UPEC.3,6,7 In addition, E. coli strains 

are classified mainly into 4 phylogenetic groups, A, B1, B2, 

and D. The strains responsible for extra-intestinal in- 

fections, including UTIs, are more likely belongs to groups 

B2 or D.3,6,8,9 Since E. coli characteristics that associate 

with UTIs are potential markers of UPEC, in the present 

study we attempted to identify UTI-associated character- 

istics of E. coli. 

In bacteria, chromosomal DNA restriction patterns are 

commonly utilized for subtyping bacterial pathogens. Re- 

striction fragment length polymorphism (RFLP) analyses 

depend on the susceptibility of the bacterial chromosome 

to restriction enzyme digestion. However, resistance of 

bacterial chromosome to digestion by some restriction en- 

zymes has been epidemiologically associated with in- 

fections. It has been shown that Sau3A1 resistance is 

prevalent in epidemic-associated Listeria monocytogenes 

strains.10,11 Similarly, Chiou et al. have shown that 6 out of 

10 E. coli O157:H7 strains (the E. coli serotype associated 

with hemorrhagic colitis and hemorrhagic uremic syn- 

drome) exhibit NotI resistance,12 suggesting that the re- 

striction enzyme resistance may associate with intestinal 

infection of E. coli. NotI is a rare-cutting restriction enzyme 

(restriction site: GCGGCCGC) and is commonly utilized in 

RFLP analyses. We speculate that NotI-resistant E. coli 

strains may have a greater potential to cause disease. In 

this study, we determined that E. coli strains with NotI 

resistance are significantly associated with UTIs. 

 
Materials and methods 

 
E. coli isolates 

 
The E. coli isolates used in this study were collected from 

National Cheng Kung University Hospital at Tainan city, 

Taiwan and have been described previously.7,13 The UTI- 

associated strains were isolates from urine samples ob- 

tained from patients with UTIs. The biliary tract infection 

(BTI) associated bacteremia E. coli isolates were obtained 

from the blood specimens of BTI patients with bacteremia. 

The fecal isolates were collected from healthy human 

feces. Bacteria were grown in Luria Bertani (LB) broth at 

37 ◦C for 16 h unless otherwise indicated and were stored in 

LB with a final concentration of 15% glycerol at 
—80 ◦C.4,14,15 

 
PCR-based genotyping, phylogenetic typing, and 

z2389 detection 

 
The frequencies of the 9 known virulence genes among the 

E. coli isolates were determined by PCR-based assays using 

primers and PCR conditions as described previously.13,16e18 

The phylogenetic group of each E. coli isolate was deter- 

mined by the PCR-based method described by Clermont 
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et al.19 This typing technique, which classifies E. coli into A, 

B1, B2, and D groups, is based on triplex PCR by detecting 

the presence chuA and yjaA genes, and the DNA fragment 

TspE4.C2. chuA is present in the strains belonged to groups 

B2 and D, but not in the strains belonged to group A and B1. 

The presence of yjaA was able to discriminate groups B2 and 

D, while the presence of TspE4.C2 was utilized to differen- 

tiate group A from group B1. Strains in groups B2 and D are 

yjaA positive and negative, respectively. Strains in groups B1 

and A are TspE4.C2 positive and negative, respectively.20 To 

detect z2389, two sets of primers Z2389-F1 and R1 (50- 

TTGCACGTCCAAGAAGATGT and 50-CCAATCAGG- 

GAAGCCTTGTA) and Z2389-F2 and Z2389-R2 (50-ATGAATG- 

TAATAGATTTGTTTTC and 50-CTTTGGAAGTTAGGGTATAA) 

were used. The PCR reactions for z2389 detection were 

heated to 95 ◦C in an automated thermal cycler for 5 min, 

followed by 30 cycles of denaturation (95 ◦C, 45 s), annealing 

(59 ◦C, 45 s), and extension (72 ◦C, 50 s). All PCR amplifi- 

cations were performed in a 25 ml reaction mixture and 

carried out in an Eppendorf Mastercycler@ gradient thermal 

cycler (Eppendorf, Hamburg, Germany). Taq polymerase was 

used in the reactions. All PCR tests were performed 2 times 

with independently prepared boiled bacterial lysates. Addi- 

tional assays were conducted if discrepancies between the 

independent assays occurred. 

For the PCR-based analysis of the known virulence genes 

and z2398, the E. coli strains that served as positive con- 

trols included CFT073 (papGII, sat, iha, usp, ireA, iroN, and 

hlyA), UTI89 (sfaS ), J96 (papGIII ), and EDL933 (z2398). 
MG1655 was used as a negative control for all the 
genes.7,21e23 

 
Antimicrobial susceptibility testing 

 
Susceptibility of the E. coli isolates to each of five antimi- 

crobial agents (nalidixic acid, ciprofloxacin, levofloxacin, 

chloramphenicol, and tetracycline) was determined by the 

disk diffusion method described by the Clinical and Labo- 

ratory Standards Institute (CLSI). 

 
Pulsed-field gel electrophoresis 

 
PFGE was performed to analyze E. coli chromosomal DNA 

digested with XbaI or NotI, following the protocol described 

previously.24,25 The resulting DNA profiles were recorded 

using a digital camera system (Kodak Electrophoresis 

Documentation and Analysis System 290; Kodak, Rochester, 

New York, USA). PFGE fingerprints were analyzed using 

BioNumerics software version 4.6 (Applied Maths; Kortrijk, 

Belgium). The dendrograms for the NotI- and XbaI-PFGE 

patterns were constructed using the Dice similarity coeffi- 

cient and Unweighted Pair Group Method with Arithmetic 

Mean (UPGMA) algorithm, with settings for pattern opti- 

mization of 1.5% and band tolerance of 0.75%. 

 
Statistical analysis 

 
All of the comparisons between different bacterial groups, 

except those for the virulence scores, were measured using 

the two-tailed Fisher’s exact test.20 The comparisons of the 

virulence scores between the NotI-resistant and NotI- 

susceptible E. coli groups were measured using the 

ManneWhitney U test. A P value of <0.05 was set as the 

threshold for statistical significance. 
 

Results 
 
E. coli with NotI resistance is associated with UTIs 

 
To investigate whether UPEC and fecal commensal E. coli 

isolates can be discriminated by the PFGE subtyping anal- 

ysis with NotI. Fifty E. coli fecal isolates from healthy 

human subjects and 83 E. coli isolates from patients with 

UTIs were analyzed. Among the 133 E. coli isolates 20 were 

shown to be NotI-resistant and thus clustered together in 

the dendrogram based on the PFGE pattern (Fig. 1A; Sup- 

plement Fig. 1). The NotI-sensitive isolates exhibited 

distinct restriction patterns except for 2 isolates, one UTI- 

associated and one fecal isolates (Fig. 1A). Based on the 

dendrogram, three clusters of NotI-sensitive bacteria 

(Clusters I, II, and III) exhibited high frequencies of UTI- 

associated isolates (91%, 83%, and 100%, respectively), 

suggesting the NotI restriction patterns in these clusters 

may be correlated with UTIs. Since the NotI-resistant strain 

showed an identical pattern of NotI PFGE (Supplement 

Fig. 1), they were possibly originated from a bacterial 

clone and thus likely derived from an epidemiological 

outbreak. If the NotI-resistant isolates were derived from 

an epidemiological outbreak, it may cause a bias inference 

with the epidemiological distribution of NotI resistance 

among the E. coli isolates. To exclude this possibility, the 

20 NotI-resistant isolates were further analyzed using XbaI 

PFGE. These isolates exhibited distinct XbaI restriction 

patterns, suggesting that they were not derived from an 

epidemiological outbreak (Fig. 1B). Among the NotI- 

resistant strains, 19 isolates were UTI-associated isolates, 

whereas only one was a fecal isolate. The frequency of NotI 

resistance in UTI-associated isolates (23%; 19/83) was 

significantly higher than that in the fecal isolate (2%; 1/50), 

indicating that NotI resistance of E. coli is statistically 

associated with UTIs (Fig. 2). 

 
NotI resistance is associated with phylogenetic 

group B2 E. coli 

 
We further investigate whether the distribution of NotI 

resistance is associated with phylogenetic groups. As shown 

in Table 1, a majority of the NotI-resistant isolates (17 of 20 

isolates) belonged to phylogenetic group B2. Therefore, the 

distributions of NotI resistance were significantly associated 

with phylogenetic group B2 among all the isolates (both 

commensal and UTI-associated) and among the UTI- 

associated isolates. In contrast, NotI resistance among all 

the E. coli isolates was negatively associated with phylo- 

genetic group A, whose member strains are often devoid of 

extraintestinal VFs (Table 1).26 

 
Association of NotI resistance with virulence genes 

 
Because E. coli isolates with NotI resistance were signifi- 

cantly associated with UTIs, we further investigated 
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Figure 1.   Dendrograms of the PFGE patterns of the fecal and UTI-associated E. coli isolates. (A) The dendrogram of the NotI 

PFGE patterns of the 113 E. coli isolates. Twenty isolates exhibited NotI-resistant pattern. All the NotI-sensitive isolates showed 

distinct NotI restriction patterns except for two isolate, F28 and U72 which showed an identical pattern. Among the NotI-sensitive 

isolates, three clusters of isolates contained high frequencies of UTI-associated strains (Cluster I, II, and III). The isolates in each of 

the clusters showed higher than 62% of similarity (Supplementary Fig. 1) (B) The dendrogram of the XbaI PFGE patterns of the 20 

NotI-resistant isolates. The isolates with names beginning with “U” and “F” are UTI-associated and fecal isolates, respectively. 

 
 

 
 

Figure 2. The distribution of NotI resistance among the fecal 

isolates and UTI-associated isolates. 

 
 

whether the distribution of NotI resistance is associated 

with virulence. Therefore, the distribution of NotI resis- 

tance was compared to the distributions of 9 known VFs 

(iha, papGII, papGIII, cnfI, hlyA, sat, ireA, iroN, and usp) 

among the E. coli isolates.7,21,27 Among all of the E. coli 

strains, the NotI-resistant isolates exhibited significantly 

higher frequencies of papGII, sat, ireA, and usp than the 

NotI-sensitive isolates (Table 1). Among the UTI-associated 

E. coli strains, the NotI-resistant isolates exhibited signifi- 

cantly higher frequencies of papGIII and usp than the NotI- 

sensitive isolates. In addition, the NotI-resistant isolates 

exhibited significantly higher average virulence scores than 

the NotI-sensitive E. coli among all the isolates and the UTI- 

associated isolates, suggesting that NotI-resistant E. coli 

strains are associated with a higher virulence potential. 

 
 

Association of NotI resistance with antibiotic 

resistance 

 
In addition, the correlation of NotI resistance with anti- 

biotic resistance among the E. coli isolates was investigated 

(Table 1). The NotI-resistant isolates showed a significantly 

higher frequency of chloramphenicol resistance than the 

NotI-susceptible isolates among all the isolates and among 

the UTI-associated isolates, suggesting the distribution of 

NotI resistance is associated with chloramphenicol resis- 

tance among the E. coli isolates (Table 1). On the other 

hand, NotI resistance show no significant association with 

the resistance to nalidixic acid, ciprofloxacin, levofloxacin, 

and tetracycline (Table 1). 
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Table 1 Distribution of NotI resistance in relation to phylogenetic groups, VFs, and antibiotic resistance among the E. coli 

isolates used in this study. 

All strains (n Z 133)a UTI-associated strains (n Z 83) 

a All strains include the 50 fecal isolates and the 83 UTI-associated isolates. 
b Only P values < 0.05 are shown; NS, not significant. 
c The average scores of the indicated bacterial groups represent the means of virulence scores, which were calculated for each 

isolates as the sum of all the 9 known virulence genes detected (iha, papGII, papGIII, cnfI, hlyA, sat, ireA, iroN, and usp). 
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 NotI resistant NotI susceptible P-valueb  NotI resistant NotI susceptible P-valueb 

(n Z 20) (n Z 113)   (n Z 19) (n Z 64)  

Phylogenetic group        

A 0 (0%) 30 (27%) 0.007  0 (0%) 6 (9%) NS 

B1 1 (5%) 10 (9%) NS  1 (5%) 7 (11%) NS 

B2 17 (85%) 57 (50%) 0.006  17 (89%) 39 (61%) 0.025 

D 2 (10%) 16 (14%) NS  1 (5%) 12 (19%) NS 

Virulence factor        

iha 10 (50%) 33 (29%) NS  9 (47%) 24 (38%) NS 

papGII 12 (60%) 28 (24%) 0.003  12 (63%) 22 (34%) 0.034 

papGIII 0 (0%) 7 (6%) NS  0 (0%) 5 (8%) NS 

cnf1 2 (10%) 18 (16%) NS  2 (11%) 15 (23%) NS 

hlyA 6 (30%) 25 (22%) NS  6 (32%) 17 (26%) NS 

sat 10 (50%) 27 (24%) 0.028  9 (47%) 22 (34%) NS 

ireA 8 (40%) 20 (18%) 0.036  8 (42%) 15 (23%) NS 

iroN 8 (40%) 37 (33%) NS  8 (42%) 24 (37%) NS 

usp 16 (80%) 49 (43%) 0.003  16 (84%) 36 (56%) 0.032 

Average scorec 3.6 2.2 0.001  3.7 2.8 0.033 

Antibiotic resistance        

Nalidixic acid 11 (55%) 42 (37%) NS  10 (53%) 26 (41%) NS 

Ciprofloxacin 1 (5%) 13 (12%) NS  1 (5%) 11 (17%) NS 

Levofloxacin 1 (5%) 12 (11%) NS  1 (5%) 9 (14%) NS 

Chloramphenicol 16 (80%) 35 (31%) <0.001  15 (79%) 28 (44%) 0.009 

Tetracycline 15 (75%) 71 (63%) NS  14 (74%) 43 (67%) NS 

 
 
 
 
 

 

The combination of NotI resistance and phylogeny 

B2 may be a marker specific to UPEC 

 
To investigate whether NotI resistance is specifically asso- 

ciated with UPEC, but not with other extraintestinal path- 

ogenic E. coli, we further analyzed 40 bacteremia E. coli 

isolates associated with biliary tract infections (BTIs). The 

frequency of NotI resistance in the BTI-associated E. coli 

(10%; 4/40) was lower than that in the UTI-associated iso- 

lates (23%; 19/83), although the difference was not statis- 

tically significant (Table 2). These findings suggested that 

NotI resistance may be correlated with UTIs (or UPEC), 

when UTI-associated isolates was compared with BTI- 

associated isolates. However, a further study with larger 

sample sizes is required to draw a conclusive conclusion. 

NotI resistance was shown to be associated with phylo- 

genetic group B2 E. coli (Table 1). Since UPEC are mainly 

belonged phylogenetic groups B2 and D,7 we further 

assessed whether the association of NotI resistance with 

UTIs (or UPEC) is due to the association of the restriction 

resistance with the group B2 E. coli. Among the group B2 E. 

coli, the frequency of the NotI resistance in the UTI- 

associated isolates (30%; 17/56) was still higher than 

those in the fecal isolates (0%; 0/18) and BTI-associated 

isolates (10%; 1/10) (Table 2). These findings suggest that 

the association of NotI resistance with UTIs is not due to the 

association of the restriction resistance with the group B2 

bacteria (i. e. NotI resistance specifically associates with 

UTIs). 

We further stratified all the E. coli isolates into two 

groups: the group of isolates with both NotI resistance and 

phylogeny B2 and the group of the other isolates (Table 3). 

The frequency of the NotI-resistant B2 bacteria in the UTI- 

associated isolates (20%; 17/83) was significantly higher 

then those in the fecal isolates (0%; 0/50) and BTI- 

associated isolates (3%; 1/40), while the distribution of 

the NotI-resistant B2 bacteria in the fecal and BTI- 

associated E. coli showed no significant difference (Table 

3). These findings suggest that NotI resistance plus phy- 

logeny B2 is specifically associated with UTIs, when UPEC 

are compared to fecal and other extraintestinal pathogenic 

E. coli strains. 

 
Association of NotI resistance with z2389 

 
Chiu et al. have shown that the gene z2389, which encodes 

a DNA cytosine methyltransferase, is responsible for 

methylation of the first cytosine residue in the NotI site 

(GCGGCCGC), thus causing NotI resistance in E. coli 

O157:H7 strains.12 To investigate whether z2398 is respon- 

sible for the NotI resistance in our E. coli isolates, 2 sets of 

primers specific to z2398 were used to detect this gene in 
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the NotI-resistant isolates. However, z2398 was not 

detected, suggesting that z2398 is not responsible for the 

NotI resistance (data not shown). 

 
 

Discussion 
 

This study is the first to demonstrate that UPEC is statis- 

tically associated with NotI-resistant chromosomal DNA 

when compared with fecal commensal E. coli, suggesting 

that NotI resistance is a bacterial characteristic able to 

discriminate UPEC and commensal E. coli. Consistent with 

this finding, the NotI resistance was significantly associ- 

ated with higher virulence scores and the phylogenetic 

group B2. We have also firstly demonstrated that the dis- 

tribution of NotI-resistant group B2 E. coli was significantly 

correlated with UTI-associated bacteria, when the UTI- 

associated, BTI-associated, and fecal isolates were 

compared. This finding suggest that NotI resistance plus 

the B2 phylotype is a potential marker to distinguish UPEC 

from fecal and other extraintestinal pathogenic E. coli. In 

addition, NotI resistance was shown to be associated with 

chloramphenicol resistance, which may contribute to 

evaluating the potential of E. coli strains in resisting the 

antibiotic treatment. 

Resistance of chromosomal DNA to restriction enzyme 

digestion has been a valuable marker for epidemiological 

investigations of pathogenic bacteria. One example is the 

food-borne bacterial pathogen L. monocytogenes. Food 

contamination by the bacteria is involved in numerous 

outbreak and sporadic human listeriosis. However, it is 

believed that only a fraction of Listeria monocytogeness 

strains identified in foods are able to cause illness.28 Since 

an epidemic-associated clone of L. monocytogeness is 

associated Sau3AI resistance, Sau3AI restriction analyses 

can be a tool to assess the hazard posed by Listeria- 

contaminated food.10,11 In addition, SmaI resistance 

among methicillin-resistant Staphylococcus aureus (MRSA) 

is associated with MRSA strains originating in animals.29 

Therefore, SmaI resistance has been utilized to investi- 

gate the entry of animal-originated MRSA strains into 

human populations.30,31 Accordingly, the association of 

the NotI resistance of E. coli chromosomal DNA with UTIs 

and chloramphenicol resistance may benefit future 

epidemiological investigations of UPEC. 

The association of the NotI-resistant E. coli isolates 

with UTIs may be explained by the possibility that NotI 

resistance contributes to the urovirulence of E. coli. Re- 

striction resistance of bacterial chromosomal DNA is 

mainly acquired by epigenetic modification, most 

commonly by DNA methylation of restriction sites.32 This 

epigenetic modification has been shown to affect tran- 

scriptional regulation of bacterial virulence genes, and 

therefore, it may regulate the virulence of pathogenic 

bacteria.32 For example, such epigenetic modification is 

required for the full virulence of Salmonella in mice and is 

involved in regulating the expression of E. coli’s 

pyelonephritis-associated (P) pili that contribute to kidney 

colonization.32,33 Therefore, the epigenetic modification 

of the NotI cutting sites may be involved in the tran- 

scriptional regulation of urovirulence genes. Another 

nonexclusive explanation for the association is that the 
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Table 3 The distribution of NotI-resistant B2 E. coli in fecal, UTI-associated, and BTI-associated E. coli isolates. 

Strains Fecal isolate UTI-associated BTI-associated 

(N Z 50) isolates (N Z 83) isolates (N Z 40) 

P valuea 

Fecal vs. UTI BTI vs UTI Fecal vs BTI 

a Only P values < 0.05 are shown; NS, no significant. 

Journal of Microbiology, Immunology and Infection xxx (xxxx) xxx 

 
 
 
 
 

B2 plus NotI resistant 0 (0%) 17 (20%) 1 (3%) 0.0002 0.0065 NS 

The others 50 (100%) 66 (80%) 39 (98%)    

 
 
 

gene(s) responsible for NotI resistance may be genetically 

linked to genes encoding urovirulence. Many virulence 

genes of pathogenic E. coli are acquired through horizontal 

transfer of mobile genetic elements.3,34 The NotI 

resistance-encoding genes may be carried by mobile ele- 

ments that also harbor virulence genes and thus are usually 

co-transferred with the VFs.9 The association of NotI 

resistance with higher virulence scores may support this 

hypothesis. 

When the fecal and UTI-associated isolates (113 isolates 

in total) were included in the analysis of virulence gene 

distributions, the frequencies of the virulence genes, pap- 

GII, sat, ireA, and usp in the NotI-resistant isolates were 

significantly higher than those in the NotI-sensitive isolate 

(Table 1). These findings may simply reflect the fact that 

the frequency of UTI-associated isolates in the NotI- 

resistant group (19/20; 95%) was higher than that in the 

NotI-sensitive group (64/93; 69%) (i. e. NotI resistance is 

associated with UTI), because virulence genes are associ- 

ated with UPEC in comparison with fecal commensal 

strains.7 When only the UTI-associated strains (83 isolates) 

were analyzed, the distributions of papGII and usp in the 

NotI-resistant group were still significantly higher than 

those in the NotI-resistant group (Table 1). These findings 

suggest that NotI-resistant UPEC strains have a higher po- 

tential to harbor papGII and usp than NotI-sensitive UPEC 

strains. In addition, in the UTI-associate isolates, the NotI- 

resistant group exhibited a significant higher virulence 

score than the NotI-sensitive group (Table 1). It is likely 

that NotI-resistant UPEC strains are correlated with a 

higher virulence potential than NotI-sensitive UPEC strains. 

The correlations of NotI resistance to the E. coli phylo- 

genetic groups were consistent with the associations of NotI 

resistance with UTIs and greater virulence potential. Most 

E. coli strains fall into four main phylogenetic groups, A, B1, 

B2, and D.19 It is known that extraintestinal pathogenic E. 

coli strains, including UPEC, mainly belong to phylogenetic 

group B2 and, to a lesser extent, group D.3 It is also known 

that group A and B1 strains are most often devoid of 

extraintestinal VFs.26,35 In agreement with these previous 

studies, NotI resistance was positively associated with 

group B2 strains but negatively associated with group A 

strains among the E. coli isolates in the present study. 

NotI resistance was associated with chloramphenicol 

resistance among the E. coli isolates (Table 1). Chloram- 

phenicol is an old broad-spectrum antibiotic with potent 

therapeutic effect against bacterial infections, including 

UTIs. Although chloramphenicol is no longer a first-line 

antibiotic for treating infections in developed countries 

due to its bone marrow toxicity,36 this agent has regained 

popularity in light of the rising incidence of multidrug- 

resistant (MDR) bacteria and for managing patients with 

beta-lactam allergy.36 In view of the fact that chloram- 

phenicol has become an important alternative antimicro- 

bial agent, understanding the resistance potential of 

pathogens to chloramphenicol treatment will greatly 

facilitate the decision-making of antibiotic selection. The 

chloramphenicol resistance rates in the UPEC ranged from 

16% to 55% around the world (51.8% in the present 

study),37e39 suggesting that the distribution of chloram- 

phenicol resistance may significantly differ in distinct 

geographic areas. NotI restriction resistance may serve as a 

predictor to assess the potential of chloramphenicol resis- 

tance in pathogenic E. coli. Similarly, the association be- 

tween restriction resistance and antimicrobial resistance 

has been shown in other bacteria. MobI resistance is asso- 

ciated with erythromycin resistance among swine isolates 

of Campylobacter coli, which is a pathogen capable of 

causing human and animal diarrhea.40 

Chiou et al. have identified that the gene z2398, which 

encodes a DNA cytosine methyltransferase, is responsible 

for the NotI resistance of the E. coli O157:H7 strains by 

methylating the first cytosine residue of the NotI site 

(GCGGCCGC).12 z2398 is located within the prophage CP- 

933 R in the sequenced E. coli O157:H7 strain EDL933,12 

suggesting that E. coli O157:H7 strains horizontally ac- 

quired the NotI resistance phenotype through phage 

infection. However, we failed to detect z2398 in our NotI- 

resistant strains using two pairs of primers; this finding 

suggests that a gene other than z2398 is responsible for 

modification of the NotI sites in these NotI-resistant UTI- 

associated strains and that the mechanism by which the 

NotI-resistant phenotype was acquired is different than 

that of the E. coli O157:H7 strains. 

In conclusion, NotI resistance may be valuable for the 

differentiation of uropathogenic and non-pathogenic E. coli 

strains and for the assessment of chloramphenicol resis- 

tance among E. coli strains. In addition, the combination 

NotI resistance and B2 phylogeny may be a potential marker 

for distinguishing UPEC from fecal and other extraintestinal 

pathogenic E. coli. Studies are in progress to further iden- 

tify the genes responsible for NotI resistance in UTI- 

associated bacteria and to determine whether NotI resis- 

tance contributes to the pathogenesis and antibiotic resis- 

tance of UPEC. 
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