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Abstract

Objective     To  explore  the  genotyping  characteristics  of  human  fecal Escherichia  coli (E.  coli)  and  the
relationships  between  antibiotic  resistance  genes  (ARGs)  and  multidrug  resistance  (MDR)  of E.  coli in
Miyun District, Beijing, an area with high incidence of infectious diarrheal cases but no related data.

Methods    Over a period of 3 years, 94 E. coli strains were isolated from fecal samples collected from
Miyun  District  Hospital,  a  surveillance  hospital  of  the  National  Pathogen  Identification  Network.  The
antibiotic  susceptibility  of  the  isolates  was  determined  by  the  broth  microdilution  method.  ARGs,
multilocus  sequence  typing  (MLST),  and  polymorphism  trees  were  analyzed  using  whole-genome
sequencing data (WGS).

Results    This study revealed that 68.09% of the isolates had MDR, prevalent and distributed in different
clades, with a relatively high rate and low pathogenicity. There was no difference in MDR between the
diarrheal (49/70) and healthy groups (15/24).

Conclusion    We developed a random forest (RF) prediction model of TEM.1 + baeR + mphA + mphB +
QnrS1 + AAC.3-IId to identify MDR status, highlighting its potential for early resistance identification. The
causes  of  MDR  are  likely  mobile  units  transmitting  the  ARGs.  In  the  future,  we  will  continue  to
strengthen the monitoring of ARGs and MDR, and increase the number of strains to further verify the
accuracy of the MDR markers.
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 INTRODUCTION

I nfectious  diarrhea  is  a  major  public  health
problem  worldwide,  especially  in  developing
and  underdeveloped  countries,  imposing  a

heavy  burden  on  societies.  In  2000–2002,
approximately  4.7% of  the  global  daily  disease
burden  was  caused  by  diarrhea[1].  According  to  the
World  Health  Organization  (WHO)  estimates,
approximately tens of millions of people suffer from
diarrhea  every  day,  resulting  in  3–5  billion  cases
annually.  Moreover,  5–10  million  people  die  of
severe  diarrhea,  with  a  daily  average  of  25,000
deaths[2]. E.  coli-associated  diarrhea  is  the  main
cause  of  infectious  diarrhea  in  humans  and
animals[3].  It  is  also  one  of  the  causes  of  diarrheal
diseases  among  travelers  in  underdeveloped
countries. Notably, E. coli includes pathogenic E. coli
and  common E.  coli and  is  a  ubiquitous  symbiotic
bacterium  in  the  intestines,  widely  existing  in  the
living  environment  such  as  air,  water,  and  soil  in
regions  inhabited  by  mammals  and  birds,  among
others.  According  to  data  from  the  National  Food
Poisoning Report of the Health Emergency Response
Center  of  the  China  Center  for  Disease  Control  and
Prevention, in the third quarter of 2018, the highest
number  of  food  poisoning  cases  was  caused  by
microbes. E.  coli has  been  identified  as  one  of  the
most  important  pathogens  causing  bacterial  food
poisoning  and  is  mainly  transmitted  through  water
and food[4-6].

In  recent  years,  the  emergence  of  antibiotic-
resistant E.  coli has  posed  a  threat  to  global  public
health.  This  phenomenon  is  becoming  increasingly
serious,  as  it  currently  ranks  third  among  the  12
listed  antibiotic-resistant “priority  pathogens”
described  by  the  WHO.  Numerous  studies  have
reported  the  high  rates  of  antibiotic  resistance  in
China  and  other  Asian  countries.  For  example,  in
Iran,  diarrheagenic E.  coli are  resistant  to
tetracycline  (63%),  ampicillin  (62%),  streptomycin
(56%),  and  amoxicillin/clavulanic  acids  (44.5%)[7].  In
Taiwan,  China,  diarrheagenic E.  coli strains  are
resistant  to  amoxicillin  (97.9%),  cefazolin  (81.3%),
nalidixic  acid  (76.4%),  gentamicin  (54.2%),  and
ciprofloxacin  (39.6%)[8].  In  Korea,  these  strains  are
highly resistant to nalidixic acid (44.0%), tetracycline
(41.3%),  ampicillin  (40%),  ticarcillin  (38.7%),  and
trimethoprim/sulfamethoxazole  (34.7%)[9].  Common
E.  coli strains  also  exhibit  serious  drug  resistance,
especially  MDR[10,11].  International  studies  (i.e.,  in
Africa,  Asia,  Europe,  South  America,  and  other
regions)  have  shown  that  MDR  in E.  coli is  highly

prevalent  in  clinical  and  community  environments,
such as in drinking water and poultry[12-14]. In general,
E. coli with multidrug resistance (MDR) is considered
a  major  health  treat  in  both  humans  and  animals
globally  and  should  be  regarded  as  a  serious  public
health concern.

Many  studies  have  comprehensively  examined
drug  resistance  in E.  coli by  identifying  and
characterizing  related  resistance  genes.  In  recent
years,  both  domestic  and  foreign  scholars  have
conducted  extensive  research  on  resistance  using
whole-genome  sequencing  (WGS).  WGS  offers  the
advantages  of  high  throughput,  high  accuracy,  and
convenience and has been increasingly employed to
analyze  phylogenetic  relationships  and  characterize
differences.

Miyun is located northeast of Beijing and has the
largest  mountainous  area  and  rural  population.  It
has  various  scenic  spots  characterized  by  beautiful
hills  and  clear  water  that  attract  tourists.  However,
an  economic  gap  was  noted  when  Miyun  was
compared  with  other  central  areas  of  Beijing.  A
study  reported  that  the  number  of  infectious
diarrheal cases in this area had always ranked first in
Beijing, with E. coli being the predominant diarrheal
pathogen  in  the  past  ten  years[15].  According  to  the
Chinese  Infectious  Disease  Detection  Report
Information  System,  infectious  diarrhea  cases
remain at the top. However, there are no reports on
ARGs or whole genomes available for Miyun.

In a previous study, we analyzed diarrheagenic E.
coli.  We  collected  the  bacteria  from  patients  with
diarrhea  at  the  Miyun  District  Hospital  of  the
National  Pathogen  Identification  Network.  We  then
acquired  WGS  data  for  diarrheal E.  coli. However,
there has been very little analysis of common E. coli,
especially  in  the  context  of  sequencing,  indicating  a
need to address these gaps. The remaining questions
include:  1)  What  are  the  genotyping  characteristics
of  human  fecal E.coli including  diarrheagenic E.  coli
and common E.  coli?  2)  What  are  the  relationships
between  multidrug  resistance  and  genotyping
characteristics?  3)  Do  certain  genetic  characteristics
and  types  reflect  drug  resistance?  To  address  these
questions,  we  studied  diarrheagenic E.  coli and
common E.  coli from the  Miyun  District  subjects.  In
the following sections, we uniformly refer to both of
these types as “E. coli”. The aim of this study was to
conduct a comprehensive analysis of the phenotype
and  WGS  of E.  coli isolates  to  shed  light  on  the
relationship  between  the  genotype  and  drug-
resistance.  This  would  provide  a  scientific  reference
for better control and prevalence of drug-resistant E.
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coli in the region, a basis for the allocation of future
health  resources,  the  formulation  of  strategies  to
prevent the spread of E. coli with MDR, and guidance
for  empirical  antibiotic  treatment.  However,  due  to
the  limited  data,  complex  analysis  was  insufficient.
Therefore,  it  is  necessary  to  consistently  gather
strains and accumulate further sequencing data.

 MATERIALS AND METHODS

 Sampling, Isolation, and Identification

According  to  the  work  requirements  of  the
National  Pathogen Identification Network,  a total  of
490  fecal  samples  were  collected  weekly  from
patients with diarrhea (diarrheal group) at the Miyun
District  Hospital,  a  surveillance  hospital,  from  2019
to 2021. Moreover,  53 fecal samples were collected
from  healthy  individuals  (healthy  group). The
diarrheal  group  included  those  having  diarrhea ≥ 3
times  every  day.  The  healthy  group  included
individuals  without  diarrhea  symptoms.  The  fecal
samples  were  sent  to  the  laboratory  as  soon  as
possible.  If  the  delivery  time  was  >  2  h,  they  were
placed  in  the  Cary–Blair  transport  medium.  The
laboratory  staff  directly  coated  the  fecal  samples
onto  MacConkey  agar  medium  and  cultured  the
strains  at  37  °C  for  24  h.  A  peach-opaque  single
typical  bacterial  colony  was  selected  from  each
plate,  and  a  passage  culture  was  maintained.  The
non-spore-forming Bacillus Gram-negative strain was
identified  using  Gram  staining  under  a  microscope.
Finally,  the  bioMerieux  automatic  bacterial
identification  system  was  used  to  identify
biochemical reactions, such as lactose fermentation,
acid and gas production, oxidase-negative reactions,
and  DNase-negative  reactions,  in  accordance  with
the  requirements  of  the  National  Food  Safety
Standard  for  Microbiological  Examination  of  Food
Coliform  Group  Count  (GB/T  4789.3-2016).  The
isolates  identified  as E.  coli were  cultured  to  obtain
pure strains.

 Antibiotic Resistance Analysis of Isolated Strains

Drug  sensitivity  tests  for  17  antibiotics  were
performed  using  the  microbroth  dilution  method.
The nine drug classes were macrolides, tetracyclines,
β-lactams,  quinolones,  aminoglycosides,
sulfonamides,  chloramphenicols,  polypeptides,
compounds  and  17  kinds  of  drugs  were  analyzed,
namely,  AZI  (Azithromycin),  CIP  (Ciproflaxacin),  NAL
(Nalidixic acid), TET (Tetracycline), TIG (Tegecycline),
AMK  (Amikacin),  STR  (Streptomycin),  SXT

(Trimethoprim/sulfamethoxazole),  MEM
(Meropenem),  ETP  (Ertapenem),  CTX  (Cefotaxime),
CAZ  (Ceftazidime),  CZA  (ceftazidime-avibactam),
AMP  (Ampicilin),  CHL  (Chloramphenicol),  CT
(Polymyxin E) and AMS (Ampicillin/sulbactam). ATCC
25922 was used as the reference strain. According to
the  standard  reference  values  of  the  Clinical  and
Laboratory  Standards  Institute  of  the  United  States,
the  isolates  were  evaluated  as  resistant,
intermediately  resistant,  or  sensitive.  MDR  strains
were  defined  as  those  resistant  to ≥ 3  antibiotics.
The nine drug classes, as long as they were resistant
to  one  type  of  antibacterial  drug,  belonged  to  the
drug resistance class.

 DNA Extraction and WGS

Shanghai  Berger  Biotechnology  Co.,  Ltd.
performed  sequencing  of  all  the  strains.  Genomic
DNA  was  extracted  from E.  coli isolates  using  the
PureLink  Genomic  DNA  Mini  Kit  (Thermo  Fisher
Scientific,  Waltham,  MA,  USA),  Qiagen,  Gentra,  or
Puregene  bacterial  kits.  DNA  concentrations  were
determined  using  the  Qubit  dsDNA  BR  Assay  Kit
(Thermo Fisher Scientific). Sequencing libraries were
prepared  using  the  Nextera  XT  DNA  Library
Preparation  Kit  or  the  Nextera  DNA  Flex  Library
Preparation  Kit,  according  to  the  manufacturer’s
protocol  (Illumina,  Inc.,  San  Diego,  CA,  USA).  Pair-
end  sequencing  was  performed  on  the  Illumina
HiSeq, MiSeq, or NextSeq sequencing platforms. Raw
reads  were  adapter-trimmed,  quality-filtered  using
fastp[16] and  assembled  de  novo  using  SPAdes
version 3.11[17].

 Identification  of  Multilocus  Sequence  Typing
(MLST),  Sequence  Types  (STs),  and  Phylogenetic
Trees

ARGs  were  identified  using  Resfinder  4.0.
Identified  ARGs  were  manually  reviewed  to
eliminate  potentially  redundant  ARGs  predicted  at
the  same  genomic  position.  Phylogroups  were
assigned  using  the  EzClermont  too[18].  To  predict
MLST,  seven  conventional  housekeeping  genes
(aspA,  glnA,  gltA,  glyA,  pgm,  tkt,  and  uncA)  were
analyzed  using  MLST  2.0.  Minimum  spanning  trees
(MST)  based  on  MLST  data  from  all  isolates  were
generated  using  PHYLOViZ  v2.0  with  the  geoBURST
Full MST algorithm.

 Statistical Analysis and Random Forest (RF) Settings

R  software  (version  4.1.2,  R  Foundation  for
Statistical  Computing,  Vienna,  Austria)  was  used  for
statistical  analysis.  The χ2 test  was  used  to  analyze
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the differences in counting data between the groups.
P <  0.05  indicated  a  statistically  significant
difference. Ninety antibiotic resistance genes (ARGs)
and  MDR  phenotypes  were  analyzed  as  variables.
Based  on  the  decision  tree  mechanisms,  RF  models
combine  various  decision  tree  classifiers  to  provide
the  final  classification  and  improve  classification
accuracy. In this study, the RF model included all the
available  variables  that  were  randomly  divided  into
the training (70%) and validation (30%) sets. Random
processes  were repeated until  all  data were equally
distributed  in  both  sets.  Tuning  was  considered  to
avoid overfitting for maximum likelihood (ML)-based
models,  and  the  optimal  hyperparameter  in  the
training  process  for  the  ML  models  was  a  fivefold
cross-validation.

 Single Nucleotide Polymorphism (SNP) Tree

Raw  paired-end  reads  were  mapped  to  the
reference  genome  of E.  coli str.  K-12  (accession  no.
NC_000913.3)  using  the  Burrows-Wheeler  Aligner
version  0.7.2.  SNPs  were  identified  using  SAMtools
Mpileup[19]. Qualified SNPs were chosen according to
the  following  criteria:  1)  a  minimum  distance  of  10
bps between each SNP, 2) a minimum of 10% of the
average  depth,  3)  mapping  quality  of  >  25,  4)  SNP
quality  of  >  30,  5)  all  insertions  and  deletions  were
excluded.  ML  phylogenetic  trees  were  established
using  RAxML[20] with  a  generalized  time-reversible
model and gamma distribution to model site-specific
rates  of  variation.  Bootstrapping  with  1,000
replicates  was  used  to  determine  the  robustness  of
the SNP-based ML phylogenetic tree.

 RESULTS

A total of 94 E. coli strains were identified in 490
fecal  samples  from  patients  with  diarrhea  and  53
fecal samples from healthy individuals between 2019
and  2021.  Among  them,  70  strains  were  from  the
diarrheal group, and 24 were from healthy donors.

 Strain Isolation and Drug-resistance Result Analysis
of Antibiotic Resistance Categories

The drug resistance rates of the 94 E. coli strains
were  29.79% for  macrolides,  40.43% for
tetracyclines,  71.28% for  β-lactams,  65.96% for
quinolones,  32.98% for aminoglycosides,  35.11% for
sulfonamides, 8.51% for chloramphenicols, 3.19% for
polypeptides,  and  26.60% for  compounds.  There
were  64  (68.09%)  MDR  strains,  including  41  strains
(43.62%)  resistant  to ≥ 5  antibiotics  and  9  strains
(E21,  E38,  E43,  E44,  E45,  E48,  E68,  E73,  and  E9)

resistant  to ≥ 9  antibiotics.  The  sensitivity  of  the
strains from the healthy group to AMS (P = 0.003, P <
0.05),  ETP (P =  0.000, P <  0.05),  CZA (P =  0.000, P <
0.05), CTX (P = 0.011, P < 0.05), and AZI (P = 0.026, P
<  0.05)  was  significantly  higher  than  that  of  the
diarrheal  group.  No  significant  difference  in  MDR
was  observed  between  the  diarrheal  and  healthy
groups. Drug resistance rates are listed in Table 1.

 Analysis of ARGs and MDR

 Number of Kinds of ARGs and MDR　Ninety kinds of
ARGs  were  identified  in  the  94  strains.  All  kinds  of
ARGs  were  constructed  and  divided  into  five  drug
resistance categories,  from the most  to  least:  efflux
pump conferring antibiotic resistance (41), antibiotic
inactivation  or  hydrolase  (36),  target-site  changes
(6),  protein-altering  cell  wall  charge  conferring
antibiotic  resistance  (5),  and  others  (2).  We  then
analyzed the relationship between MDR and ARGs. A
comparison  between  the  number  of  kinds  of  ARGs
and  MDR  showed  that  there  was  a  positive
correlation, i.e., the higher the number of ARGs, the
higher  the  MDR  rate.  However,  an  exception  was
found  for  E57,  a  sensitive  strain  that  surprisingly
contained  more  than  50  kinds  of  ARGs.  Detailed
information is shown in Figure 1. In total, among the
strains  containing  30–40  kinds  of  ARGs,  5  of  the  9
strains  were  multidrug  resistant.  Among  the  strains
containing  40–50  kinds  of  drug  ARGs,  39  of  the  63
strains  were  multidrug  resistant.  Among  the  strains
containing 50–60 kinds of ARGs, 17 of the 19 strains
were multidrug resistant.
 ARGs and MDR　This study analyzed the correlation
between  each  of  the  90  ARGs  and  MDR,  revealing
that  only  the  following  8  ARGs  are  significantly
associated  with  MDR.  These  eight  ARGs  are: gadW,
dfrA17, mphA, aadA5, qnrS1, AAC(3)-IId, sul1,  and
TEM.1 (Table  2).  The  remaining  82  ARGs  were  not
significantly associated with MDR.
 Optimal  Combination  ARGs  Pattern  and  MDR　 To
better  predict  the  gene  combinations  associated
with MDR, the RF classifier approach was utilized to
identify  MDR  risk  markers.  The  optimal  gene
combination  pattern  of TEM.1 + baeR + mphA +
mphB + QnrS1 + AAC.3-IId was associated with MDR
by  the  RF  method.  An  RF  classifier  model  with  64
MDR  and  30  non  MDR  controls  was  constructed  to
assess  the  potential  of  ARGs  as  predictors  of
multidrug  resistance  in E.  coli.  Six  ARGs  (TEM.1 +
baeR + mphA + mphB + QnrS1 + AAC.3-IId)  were
found  to  comprise  an  influential  group
characteristics  (top  six  features  by  relative
influence),  predicting  MDR  by  a  ten-fold  cross-
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validation  of  the  RF  model  (Figure  2).  These  six
predictors  achieved  a  classification  accuracy  of
85.19%.  The  MDR  index  reached  an  area  under  the
receiver  operating  characteristic  curve  (AUC)  of
0.917  with  a  95% confidence  interval  (CI)  of
0.6627–0.9581  between  the  MDR  and  non-MDR
controls  (P =  0.02754; Figure  3).  The  data  indicated
that the classifier model based on the six predictors
achieved  the  predicted  potential  for  the
investigation of the risk of MDR in E. coli.

 Analysis of Population, STs, and MDR

Based on the  seven allelic  differences,  94 E.  coli
strains were divided into 50 STs, of which two strains
were named new STs,  STn1 and STn2, because they
failed to match any known ST.  STs of E. coli isolates
showed diverse distributions,  with ST10 (10.64%) as
the main epidemic type, followed by ST1491 (6.38%),
ST48  (6.38%),  and  ST69  (5.32%),  with  MDR  rates  of
50.00% (5/10), 50.00% (3/6), 83.33% (5/6), and 100%
(5/5).  There  were  28  STs  (41  strains)  with  a  100%
MDR,  and  7  STs  (20  strains)  with  a  50.00%–100%
MDR.  In  addition,  more  than  50% of  strains  in  four
STs  were  resistant  to  >  4  types  of  antibiotics,
including  ST10  (50.00%),  ST48  (50.00%),  ST4

(66.70%), and ST73 (66.70%). Through a comparison
between  healthy  and  diarrheal  patients,  we  found
that  ST48,  ST137,  ST4,  ST73,  ST69,  ST38,  and  ST131
had  more  strains  with  MDR  in  the  diarrheal  group.
ST38,  ST69,  ST131,  and  ST10  showed  more  strains
with MDR in the healthy group.  We also found that
70.00% (49/70)  of  the  strains  from  the  diarrheal
group  and  62.50% (15/24)  of  the  strains  from  the
healthy  group  had  MDR.  No  difference  in  MDR was
found between the two populations,  indicating  that
the  proportion  of  strains  in  the  healthy  group  was
relatively  high.  Therefore,  the  analysis  was
conducted according to the following conditions: i.e.
diarrhea MDR,  health MDR,  diarrhea non MDR,  and
health non MDR. The results indicated that the MDR
ratios of ST69 and ST131 were higher in the healthy
group  than  in  the  diarrheal  group.  In  ST69,  MDR
strains  accounted  for  60.00% of  the  participants  in
the healthy group and 40.00% in the diarrheal group.
The  healthy  and  diarrheal  groups  MDR  rates  for
ST131  were  66.70% and  33.30%,  respectively.  In
addition,  more  than  50% of  the  strains  in  four  STs
were  resistant  to  >  4  types  of  antibiotics,  including
ST10  (50.00%),  ST48  (50.00%),  ST4  (66.70%),  and
ST73 (66.70%). Two new STs, namely STn1 and STn2,

Table 1. Drug resistance of 94 E. coli strains

Antibiotic Toltel antibiotic
resistance n (%)

Diarrheagenic E. coli (n = 70) Common E.coli (n = 24)
PAntibiotic

resistance n (%)
No antibiotic

resistance n (%)
Antibiotic

resistance n (%)
No antibiotic

resistance n (%)
Ampicillin (AMP) 63 (67.02) 49 (70.00) 21 (30.00) 14 (58.33) 10 (41.67) 0.294

Ampicillin/sulbactam (AMS) 25 (26.60) 24 (34.29) 46 (65.71) 1 (4.17) 23 (95.83) 0.004

Tetracycline (TET) 36 (38.30) 25 (35.71) 45 (64.29) 11 (45.83) 13 (54.17) 0.379

Meropenem (MEM) 2 (2.13) 2 (2.86) 68 (97.14) 0 24 (100) 0.986

Polymyxin E (CT) 2 (2.13) 1 (1.43) 69 (98.57) 1 (4.17) 23 (95.83) 1.000

Ertapenem (ETP) 30 (31.91) 30 (42.86) 40 (57.14) 0 24 (100) < 0.001

Ceftazidime/avibactam (CZA) 26 (27.66) 26 (37.14) 44 (62.86) 0 24 (100) < 0.001

Tigecycline (TIG) 7 (7.45) 7 (1.00) 63 (90.00) 0 24 (100) 0.279

Cefotaxime (CTX) 26 (27.66) 24 (34.29) 46 (65.71) 2 (8.33) 22 (91.67) 0.014

Ceftazidime (CAZ) 7 (7.45) 7 (1.00) 63 (90.00) 0 24 (100) 0.246

Ciprofloxacin (CIP) 39 (41.49) 30 (42.86) 40 (57.14) 9 (37.50) 15 (62.50) 0.646

Azithromycin (AZI) 28 (29.79) 25 (35.71) 45 (64.29) 3 (12.50) 21 (87.50) 0.032

Chloramphenicol (CHL) 8 (8.51) 8 (11.43) 62 (88.57) 0 24 (100) 0.191

Nalidixic acid (NAL) 53 (56.38) 38 (54.29) 32 (45.71) 15 (62.50) 9 (37.50) 0.484

Streptomycin (STR) 31 (32.98) 23 (32.86) 47 (67.14) 8 (33.33) 16 (66.67) 0.966

Trimethoprim/sulfamethoxazole (SXT) 33 (35.11) 25 (35.71) 45 (64.29) 8 (33.33) 16 (66.67) 0.833

Amikacin (AMK) 0 0 70 (100) 0 24 (100) /

Multidrug resistance (MDR) 64 (68.09) 49 (70.00) 21 (30.00) 15 (62.50) 9 (37.50) 0.496
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were identified in this study, with the representative
strains  E71,  a  strain  with  MDR  from  the  diarrheal
group, and H95, a strain with MDR from the healthy
group (Figure 4).

According  to Clermont’s method,  94 E.  coli
strains  could  be  divided  into  groups  A  (44  strains,
46.81%),  B1  (11  strains,  11.70%),  B2  (14  strains,
14.89%), C (1 strain, 1.06%), D (20 strains, 21.28%), E
(2 strains, 2.13%), F (1 strain, 1.06%), and U (1 strain,
1.06%),  with  MDR  rates  of  59.09% (26/44),  63.64%
(7/11), 78.57% (11/14), 0% (0/1), 80% (16/20), 100%
(2/2),  100% (1/1),  and  100% (1/1),  respectively.
Figure  5 shows  the  distribution  of  the  groups  and
MDR.  The  Figure  highlights  that  MDR  groups  are
generally surrounded by MDR groups, and non MDR
groups  are  also  surrounded  by  non  MDR  groups.
Because  group  B  was  more  pathogenic  than  the
other groups[21,22], we analyzed group B in detail. The
B2  group,  including  ST569,  ST73,  ST131,  ST589,  and
ST1092,  was  an  MDR  group  (100%).  ST1193  in  B2
had  MDR  (50%).  ST582  in  B2  did  not  have  MDR

(100%).  ST29,  ST3285,  ST1196,  ST155,  ST316,  ST641
in B1 had MDR (100%).  ST327, ST20, ST517, ST40 in
B1 were non MDR (100%).

We established  an  SNP tree  for E.  coli based  on
the  number  of  SNP  genes.  We  found  that  the  MDR
strains  were  distributed  across  all  clades.  No
significant differences in MDR were observed among
the  clades.  Moreover, Figure  6 shows  that  group  A
and  D  are  the  main  groups.  This  represents  the
relationship  between  MDR  and  the  six-gene
combination. We can clearly see that the strains with
TEM.1  +  baeR  +  mphA  +  mphB  +  QnrS1  +  AAC.3-IId
genes positive combination all had MDR.
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Table 2. Eight drug resistance genes with significant
correlation with MDR

ARGs χ2 P

gadW 4.990 0.025*

dfrA17 9.728 0.002**

mphA 11.262 0.001**

aadA5 9.038 0.003**

qnrS1 5 .845 0.016*

AAC(3)-IId 10.650 0.001**

sul1 5.591 0.018*

TEM.1 8.249 0.004**

Note. *P <  0.05; **P <  0.01.  ARGs,  antibiotic
resistance genes; MDR, multidrug resistance.
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 DISCUSSION

E.  coli is  a  ubiquitous  commensal  bacterium  in  the
intestinal tract and is an important pathogen of diarrhea
and  extraintestinal  infections  in  humans  and  animals[3].
The  resistance  of E.  coli to  all  available  antimicrobial
agents  has  been  reported,  including  the  last  line  of
antibiotics  that  are  reserved  for  treating  infectious
diarrhea.  This  is  a  medically  alarming situation[10,11].  The
emergence  of  antimicrobial  resistance  in E.  coli is  a
global  public  health  threat,  especially  in  the  context  of
MDR[23-25].  Because  commensal  and  pathogenic  isolates
usually  share  the  same  environment[3],  MDR  exists  in
living  environments,  such  as  water,  meat,  and  healthy

people[26]. This study showed that the E. coli MDR rate in
the  Miyun  District  was  relatively  high.  Among  the  94
isolated  strains,  64  (68.09%)  were  multidrug  resistant.
This  MDR  rate  was  slightly  lower  than  the  70.2% MDR
rate  of  diarrheagenic E.  coli in  southeast  China,  slightly
higher  than  the  63.97% rate  in  southwest  China,  and
much higher than the 53.3% rate in Beijing[27-29]. Among
these  strains,  41  were  resistant  to ≥ 5  antibiotics,
accounting  for  43.62%,  which  is  slightly  lower  than  the
resistance  rate  to  5–11  antibiotics  reported  in
Southwest China (51.5%)[28].  However, two strains were
resistant  to  11  types  of  antibacterial  drugs,  warranting
stringent  and  continuous  surveillance  of  antibiotic
resistance patterns.
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Our results showed that the drug resistance rate
of  quinolones,  which  are  the  main  drugs  used  for
treating  infectious  diarrhea,  reached  65.96%.  The
high  drug  resistance  rate  to  quinolones  may  be
related  to  their  frequent  use,  which  should  be
further  investigated  in  Beijing  and  neighboring
countries.  The  resistance  rate  to  AMP  was  the
highest  in  this  study,  and  was  slightly  higher  than
that reported in Shanghai and Jilin, and slightly lower
than  that  reported  in  India  and  Korea[30-33].  Among
the antibiotic drugs tested, AMK, CT, and MEM were
the  most  effective  against E.  coli.  According  to
previously  published  reports,  MDR  presents  with
different rates of drug resistance in different regions.
These variations could be attributed to the prevailing
drug  use  and abuse  in  the  specific  study  regions.  In
addition,  compared  to  the  diarrheal  group,  AMS,
ETP,  CZA,  CTX,  and  AZI  had  obvious  disinfection
effects on E. coli isolated from the healthy group. In
Miyun,  these  are  the  first-line  drugs.  This
observation further illustrates the complexity of drug
resistance  in  the  strains  isolated  from  the  diarrheal

group.  Therefore,  long-term  monitoring  of  drug
resistance is of crucial importance.

This  study  revealed  that  MDR  was  prevalent  in
different  STs  and  clades  of E.  coli,  including  in  the
healthy  group.  This  highlights  the  importance  of
paying attention to MDR even in apparently healthy
individuals.  From  the  perspective  of  STs,  this  study
found  that  ST48,  ST137,  ST4,  ST73,  ST69,  ST38,  and
ST131 had more MDR strains in the diarrheal group.
However, ST38, ST69, ST131, and ST10 showed more
MDR  strains  in  the  healthy  group.  There  was  no
statistically  significant  difference  in  MDR  between
the  diarrheal  and  healthy  groups.  This  further
highlights  the  notion  that  MDR  is  prevalent  in
healthy  individuals.  The  MDR  ratios  of  ST69  and
ST131 in the healthy group were higher than those in
the  diarrheal  group.  Thus,  the  MDR  of  the  healthy
group  in  Miyun  District  was  also  highly  valued.
People  continuously  excrete  drug  resistant E.  coli
that  can  be  transmitted via other  humans,  animals,
and  the  environment  through  pollution[34].  This
suggests that E. coli with MDR is present in the living
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environment. We should not only monitor resistance
in samples obtained from patients with diarrhea, but
also  monitor  samples  from  the  environment  and
food over long periods of time. Our study also found
that  there  were  61  strains  (100%)  in  35  STs  with
more  than  or  equal  to  50% of  strains  with  MDR.
Thus, the MDR of ST10, ST1491, ST48, ST4, and ST73
should be highlighted. Correlation analysis of STs and
MDR revealed that ST10, ST1491, and ST48 were the
top three epidemic STs of the 50 STs, with respective
MDR  rates  of  50%,  50%,  and  100% detected  in  this
study, which is similar to the research conclusions of
domestic clinical isolates in the Anhui province[35]. In
contrast,  ST1491  was  highly  susceptible  to  most
antimicrobials  in  other  parts  of  southeastern
China[27]. The drug resistance of the ST type varied in
different  regions,  which  may  be  related  to
differences  in  strains  and  drug  usage  habits.  These
STs  and  their  MDR  rates  must  be  monitored  to
detect  changes  over  time,  which  is  important  for
preventing the spread of drug resistance. Moreover,
some  studies  have  indicated  that  over  50% of  the
strains in ST73 with extraintestinal infections showed
MDR,  while  drug  resistance  was  rarely  detected[36].
Whether different locations in the human body and
the  same  ST  of E.  coli infection  affect  the  same
pattern  of  drug  resistance  is  worth  investigating.  In
seven  cities  in  China,  high  MDR  resistance  rates  in
ST1193  strains  were  mostly  observed  in  children[36].
Our  study  showed  that  the  ST1193  strains  were  all
isolated  from  elderly  people  over  60  years  of  age.
Therefore, sufficient attention should be paid to the
population characteristics as well.

From  the  perspective  of  different  phylogenetic
groups, there were no statistical differences in MDR
among  the  different  clades.  The  MDR  situation  is
slightly  more  serious  compared  with  the  previous
study  in  Beijing  conducted  in  2007–2009,  which
indicated  that  50% of  the  MDR E.  coli isolates
belonged  to  phylogenetic  group  D,  followed  by
group  A.  The  polymorphism  tree  in  this  study
showed that E. coli isolates had rich diversity, with a
high  proportion  of  groups  A  and  D  and  a  low
proportion  of  group  B1.  The  existing  literature  also
shows  that  group  B  has  a  relatively  strong
pathogenicity,  whereas  groups  A  and  D  have  a
relatively  weak  pathogenicity[21,22].  Therefore,  a
slightly  positive  aspect  in  Miyun  is  that  these
predominant  MDR  clades  have  low  pathogenicity.
This  study  showed  that  almost  all  STs  in  group  B2
had  MDR.  Further  investigations  are  required  to
determine  whether  toxicity  is  related  to  drug
resistance.  In  addition,  there  was  a  statistically

significant  difference  in  the  distribution  of  MDR  in
groups A, B, and D between the different age groups.
In  clade  A,  the  proportion  of  MDR  strains  in  young
adults (16–30) was the highest (P < 0.05). There was
no  statistical  difference  in  the  distribution  of  MDR
between the urban and mountainous areas.

To  identify  the  risk  genes  for  MDR,  we  compared
ARGs  with  MDR.  Eight  genes  were  found  to  be
significantly  associated  with  MDR,  namely gadW,
dfrA17, mphA, aadA5, qnrS1, AAC(3)-Id, sul1,  and
TEM.1.  These  genes  are  common  ARGs  which  have
been  extensively  studied.  Furthermore,  to  achieve
more accurate risk prediction of complex combination
patterns,  we  developed  an  RF  machine  learning
approach  to  quantify  the  power  of  different
combinations  of  ARGs  to  predict  MDR.  In  a  non-
parametric  deep  machine  learning  model,  all  strains
were used to train the model and were highly effective
at  extracting  nonlinear  relationships  from  input  data
while being time-efficient.  RF regressors are ensemble
models of regression trees trained on different subsets
of input data,  which reduce the variance of predictors
and  minimize  overfitting[12].  In  this  study,  a
classification accuracy of 85.19% was achieved. Among
the  classifiers  that  provided  the  most  accurate
prediction was the pattern of TEM.1 + baeR + mphA +
mphB + QnrS1 + AAC.3-IId genes. Strains that has all of
those  6  genes  belonged  to  the  MDR  group.  We
successfully  applied  the  RF  method  to  predict  MDR,
demonstrating  its  ability  and  simultaneously
highlighting  its  importance.  RF  has  been  successfully
utilized  in  prior  studies  to  predict  infectious  diseases
and has also been applied for short-term forecasting of
COVID-19  infections  by  Ribeiro  et  al.[37].  To  verify  the
model’s  accuracy,  we  plan  to  increase  the  number  of
strains in future studies.

The  six  genes  in  the TEM.1  +  baeR  +  mphA  +
mphB  +  QnrS1  +  AAC.3-IId set  were  all  related  to
mobile  units.  These  mobile  units  may  therefore  be
involved  in  MDR. Mph is  present  in  the  plasmid
known to transfer MDR. TEM was used to locate the
transposon  Tn1  of  the  resistant  plasmid. Sul1 is
usually  regulated  by  a  class  I  integron  which
participates in the prediction of MDR. AAC(3)-IId can
be  found  in  mobile  units  such  as  class  I  integrons,
insertion  sequences,  Tn  transposons,  and
bacteriophages[38-41].  MDR  is  then  most  probably
transmitted  by  these  mobile  units.  In  the  last
decade,  numerous  ARGs  have  been  identified  in E.
coli isolates,  many  of  which  were  acquired  through
horizontal gene transfer. Resistant E. coli may act as
a  significant  reservoir  for  ARGs,  thus  playing  a
considerable role in the spread of drug resistance in
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the  environment.  In  the  enterobacterial  gene  pool,
E.  coli acts  both  as  a  donor  and  recipient  of  ARGs,
meaning  that E.  coli cannot  only  acquire  resistance
genes  from other  bacteria  but  also  pass  such  genes
to  other  bacteria.  These  mobile  elements  can
rearrange,  resect,  and  transfer  ARGs  by  capturing
foreign  genes  and  transferring  them  horizontally,
thus  easily  spreading  antibiotic  resistance  and
promoting  the  rapid  evolution,  diversification,  and
adaptation of E. coli strains.

Moreover,  among  all  MDR  strains,  16  were
resistant  to  more  than  9  types  of  antibiotics,
especially  E43  and  E44,  which  were  resistant  to  11
antibiotic  drugs.  All  of  them belonged to the severe
MDR  group.  Among  them, fosA3, dfrA1,  and SAT-1
were relatively uncommon genes found in this study.
FosA are  found  on  mobile  genetic  elements[42].
Isolates  carrying  plasmid-mediated fosA have  also
been found in companion animals. The first cases in
China  were  reported  in  2012  and  2013  in  dogs  and
cats[43].  Another  study reported the high  prevalence
of fosA3-producing E.  coli in  pets  and  their  owners,
highlighting the transmission of fosfomycin-resistant
E. coli isolates between humans and animals[44].  The
discovery  of fosA drug  resistance  gene  in  this  study
suggests  that  the  MDR  of  this  strain  may  be
transmitted  from  animals  to  humans  through
transfer  factors  carrying  the  related  drug  resistance
genes.  Therefore,  monitoring  of  drug  resistance
genes  in  animals,  the  environment,  and  humans  is
necessary. The E9 strain resistant to 10 antimicrobial
drugs,  was  found  to  have SAT-1 and dfrA1 genes,
which  are  rarely  detected  and  can  enhance  drug
resistance.  However,  the  roles  of SAT-1 and dfrA1
genes in drug resistance requires further evaluation.
Uncommon  genes  in  severe  MDR  strains  warrant
stringent and continuous surveillance.

 CONCLUSION

This study found that MDR E. coli was prevalent,
with a relatively high rate of distribution in different
clades,  including  the  healthy  group.  MDR  and  low
pathogenic  clade  STs  were  prominent  in  the  Miyun
District.  RF  prediction  model  for TEM.1  +  baeR  +
mphA + mphB + QnrS1 + AAC.3-IId, a marker of MDR,
should  be  identified  early  to  demonstrate  its
potential  for  MDR  detection.  The  high  rate  of  MDR
was  most  likely  caused  by  the  presence  of  genetic
mobile  units.  In  the  future,  we  will  further  increase
the  number  of  strains  to  verify  the  accuracy  of  the
RF  prediction  model.  At  the  same  time,  we  should
strengthen  the  monitoring  of  rare  genes  such  as

fosA. Long-term  monitoring  is  necessary  to  control
the  prevalence  of  MDR E.  coli in  the  region,
formulate  strategies,  and  guide  the  treatment  of
patients with diarrhea.
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