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Introduction

Escherichia coli is a commensal bacterium found in the large intestines of humans
and animals. It has a high elasticity to acquire antimicrobial resistance (AMR) genes or
even raise intrinsic resistance by genetic mutation under improper antimicrobial
treatment. The growing prevalence of AMR E. coli represents a significant public health
concern which puts it as a priority microorganism for monitoring AMR under the United
Nations' sustainable development goals. Furthermore, certain strains acquired virulence
genes and were associated with enteric and extraintestinal infections. These potentially
virulent E. coli strains caused several outbreaks worldwide through the consumption of
contaminated raw milk and dairy products, one of the important sources of E. coli
transmission to humans. In Egypt, the production of milk and dairy products poses a
significant risk of E. coli contamination since it mainly depends on small farms and
small-scale factories operating under improper hygienic conditions. Additionally,
antimicrobials are frequently and improperly used in these farms. This results in the
presence of antimicrobials at subinhibitory levels, promoting the selection and

dissemination of resistant strains and AMR genes. The transfer of these resistance



determinants from animals to humans underscores the urgent need for monitoring the
emergence and dissemination of AMR E. coli in dairy products in the Egyptian markets
and understanding the impact of improper usage of antimicrobials on dairy sectors on

hazarding antimicrobials important for humans.

Thus, this study aims to elucidate the role of milk and dairy products in
transmitting AMR and potentially pathogenic E. coli to humans while investigating the
impact of uncontrolled antimicrobial use in dairy farms on resistance development.
Chapter 1 describes the screening of raw milk and dairy products from Egyptian markets
to detect AMR and pathogenic E. coli. Chapter 2 evaluates the effects of subinhibitory
concentrations (SICs) of commonly used antimicrobials on the resistance profiles of
susceptible E. coli strains in vitro. Chapter 3 extends this analysis to multidrug-resistant
(MDR) E. coli strains, exploring the broader implications of such antimicrobial use for

human medicine.

Chapter 1. Prevalence and characterization of antimicrobial-resistant and

potentially pathogenic E. coli in raw milk and dairy products, in Egypt

To examine the contamination of E. coli in Egyptian milk and dairy products,
210 samples were collected from small farms, supermarkets, and street vendors in
Kafrelsheikh and Algarbia, governorates, Egypt. Samples included raw buffalo milk
(n=50), goat milk (n=20), Domiati cheese (n=35), Domiati cheese with pepper (n=25),
rayeb (n=40), and yogurt (n=40). The samples were processed and cultured on EMB
agar plates. Fifty-five (26%) samples were contaminated by E. coli and 196 E. coli
isolates were obtained. Notably, a higher contamination rate was observed in raw milk
(30-68%) compared to fermented dairy products (7.5-13%). The processing steps,
probiotic and lactic acid-producing bacteria utilized during the ripening of these
products may exert an inhibitory effect on E. coli. To avoid selection of clonal isolates
for characterization, E. coli isolates (n=196) were examined by ERIC-PCR, resulting
in 84 non-clonal isolates whose clonal relatedness was also confirmed by PFGE.
Antimicrobial susceptibility test of the 84 isolates was conducted using the disc
diffusion method. Among 84 isolates, 27% (23/84) were resistant to at least one
antimicrobial agent and 3.5% (10/23) of them were classified as MDR (resistant to at

least three classes of antimicrobials).

For further profiling of E. coli strains (n=84), O-genotyping and phylogenetic
grouping were conducted. Forty-eight O-genotypes belonging to four phylogenetic
groups (A, B1, B2, and D) were detected, including two strains belonging to OgGp9,
phylogenetic group D, like the strain caused a large outbreak after consumption of
school milk in Toyama, Japan. To investigate the similarity of Egyptian isolates to the

Toyama outbreak strain, H-genotyping, and whole genome sequencing were done for



these isolates. One isolate was determined to be Hg18, contained an intact ETT2 locus
(putative virulence factor), and belonged to sequence type 1380 carrying the same

genetic characteristics as the Toyama outbreak strain.

Furthermore, screening of the virulence genes associated with various E. coli
pathotypes was conducted in all isolates (n=84) by colony hybridization assay using
probes for detection of adhesion and toxin-encoding genes. Results revealed that 61%
(51/84) of the E. coli strains carried at least one of the tested virulence genes. The
genes encoding toxins for intestinal pathogenicity such as ast4 and cdt were detected
in 6.0 and 4.8% of the strains, respectively, and others encoding toxins for
extraintestinal infections such as cnf'and hly4 were detected in 4.8% each of the strains.
The cdt and/or cnf gene(s) carrying isolates caused cytotoxicity to CHO cells and hlyA4

gene-positive strains also caused hemolytic activity on sheep blood agar.

These findings indicate that raw milk and dairy products in the Egyptian market

have a high risk to cause food poisoning or its outbreaks in Egypt.

Chapter 2. Impact of subinhibitory concentration of antimicrobials used for dairy

animals on human antimicrobials MICs in susceptible E. coli strains

In Chapter 1, resistance to common antimicrobials used for dairy was detected
as well as antimicrobials used for humans. Other studies from Egypt reported the
uncontrolled use of antimicrobials as a routine practice for mastitis control in dairy
farms. This Chapter aims to evaluate the influence of antimicrobials on minimum
inhibitory concentration (MIC) shifts for human-use antimicrobials in susceptible E.
coli. An in vitro experiment was designed to treat two susceptible E. coli strains
AS109b and AS174a obtained from milk with 0.5 x MIC of antimicrobials commonly
used for dairy, specifically AMX, CEX, GEN, and CHL. Treatment with the
antimicrobials was done in tryptic soy broth with the continuous passage of culture
every 24 h for 21 days. Changes in MIC for various antimicrobial classes
were evaluated on days 7, 14, and 21. The treatment with AMX, CEX, and GEN
increased MIC within the same class in both strains, including increased MIC to
third-generation cephalosporins, which are critical for treating human infections. The
most pronounced effect in both strains was for CHL treatment, which induced
resistance to not only CHL and but also other classes such as quinolones and B-lactams.
This finding is particularly concerning, as CHL is cost-effective and commonly used in
small farms lacking adequate veterinary supervision. To exclude the bacteriostatic
effect of CHL, CHL-treated strains were cultured without antimicrobials for 5 days,
and MIC was measured every other day. MICs of these strains remained elevated
towards quinolones and B-lactams. These results suggest that the emerging resistance
is not only the transient effects of CHL but might be due to genetic changes. Therefore,



whole genome sequencing was performed to check the presence of silent AMR genes
and genetic mutation in common genes related to B-lactam and quinolone resistance or
associated efflux systems. No antimicrobial resistance genes were detected in both
strains after sequence analysis. Further, no mutations were detected in genes related to
B-lactam and quinolone resistance or efflux systems. However, a deletion in the
galactose metabolism and colanic acid synthesis genes (ga/ and wca operons) was
detected in both strains after CHL treatment. The relationship between the deletion of

these operons and the cross-resistance to other classes remains unclear.

This data shed light on the CHL-SIC critical effect compared to the other tested
antimicrobials and the significant risks associated with using SICs of antimicrobials in

dairy.

Chapter 3. The effect of subinhibitory concentration of antimicrobials used for
dairy animals on MICs of human antimicrobials in multidrug-resistant E. coli
strains

In Chapter 2, the resistance modulation after antimicrobials SIC treatment was
observed. In the context of infections, MDR strains may also colonize udder tissues.
Therefore, this Chapter aims to investigate the effects of antimicrobial SICs on MDR
strains. E. coli D72 (MDR), was treated with 0.5 x MIC of selected antimicrobials for
21 days as described above. Results indicated that treatment with AMX and GEN led to
increased MIC values within the same class as susceptible strains. Notably, CHL
treatment also demonstrated a pronounced effect on MDR strain, the MIC of
aminoglycosides was increased by fourfold. This finding contrasts with the results
observed in susceptible strains. To further investigate this effect, another E. coli strain
KC90 with a similar AMR profile was treated with 0.5 x MIC of CHL. This strain also
exhibited an increase in aminoglycoside MIC, corroborating the initial findings. The
CHL resistance gene (cmlA) was flanked by aminoglycoside resistance genes (aadAl,
aadA2, aac(3)-1I) and downstream to integron 1 in both strains. Therefore, it was
hypothesized that the induction of cm/4 gene by CHL might induce the expression of
the flanking aminoglycoside resistance genes. So, the expression of these genes was
measured in both MDR-treated strains using qRT-PCR. The results indicated
significant upregulation of the tested genes which might explain the increase in the
aminoglycoside MIC. Previous studies have reported that the cm/4 gene product
affects the inner membrane structure, which is crucial for the proton motive force
(PMF) that aminoglycosides rely on for cellular entry. Therefore, an additional
mechanism was hypothesized to contribute to the increased aminoglycoside MIC in
cmlA-carrying strains. The PMF activity in CHL-treated strains was measured using
DiOC2 dye. A significant reduction in PMF activity was detected in both strains after



CHL treatment. Furthermore, qRT-PCR was performed to analyze the expression of
PMF-related genes, which showed significant downregulation in both strains,
confirming the reduction of the PMF activity at the transcriptional level. Since MDR
strains possess multiple factors that might influence PMF activity, cm/4 gene was
cloned into pUC18 and transformed into a E. coli strain IM109. After treatment of the
E. coli JM109+pUC18::cmlA transformant by CHL, a fourfold increase in
aminoglycoside MIC and CHL resistance was observed. Additionally, this
transformant exhibited reduced PMF activity and downregulation of PMF genes. To
further explore the relationship between increased aminoglycoside MIC and its
internalization, gentamicin was conjugated with Texas Red dye (GTTR) and used to
treat both cmlA transformant and an empty vector control strain at a concentration of
0.5 x MIC of GEN for 1 h. The fluorescence intensity was measured by flow cytometry.
Results revealed a significant reduction of GTTR internalization in the cmlA
transformant. Furthermore, to ensure the assembly of CmlA protein in the membrane,
membrane fractionation was done for the transformant strains and CmlA protein was
detected in the membrane fraction by western blotting. This finding suggests that the
elevated aminoglycoside MIC in MDR strains after CHL treatment may be linked to
increased expression of AMR genes, including cml/A4 and its flanking aminoglycoside
resistance genes. In addition, the effect of cm/4 gene product on the inner membrane
and PMF dynamics appeared to synchronize with the observed reduction in

aminoglycoside internalization.

Conclusions

1. Milk and dairy product samples from Egyptian retail markets might be a source
of gastrointestinal infection or its outbreaks due to their contamination by
antimicrobial-resistant and potentially pathogenic E. coli.-

2. SICs of antimicrobials used in dairy animals might lead to the emergence of
resistance against human-related antimicrobials.

3. The CHL effect was pronounced against other antimicrobial classes in both
susceptible and MDR strains.

4. cmlA gene product might be involved in increasing the MIC of aminoglycoside

by decreasing the PMF activity and internalization of aminoglycoside.



BEERROES

KIBGEIIARLEY O KBICART 2 EFMEREZHBRT2MEOC - Th 5,
F o RIBHEITIEARMHEE S 0 R E S F OKARRE IS & 0 FEH i RE < i
Pz EERTLZ bbb TnD, & CREE) FITWEMEREE O A~DIHE
Kb ZEBMBENT WD, FE, KAy, EHEH, 77 ACBOTELNR
FROFIKE D Z ENHRESNTWD, MBEIZEBW TS 2021 45 1L THEKREE
A LT NRIN & 72 % OgGp9:HI8 &) IEEE 72 FHIFME RGE I X 54
BT HEHNH-T-, =7 FTIIEA BB LN ELTIELN TV A RN
DAEFEITL S K B/INRABEBSIIKFE L TS, TO), FEFANZRREE g S
MDD, KNG BT G RoHT 3 O R E UM I FE S < EAIMHERE & M & 72 - T
Wh, ARFETIER, =7 P THEREN TV AL L OVEL, S-S
B EORERGE CTHERISNTWD D, EOREERAMMELL TWE, &
DL RIRFBETZ2HRALTVENICOVWTHRANDS Z & &6, Hml e E
OHLE KD K HE OEFNIMIEIZ ED L D R BERIETT IR L2 EN L
L7z,

BT T oA EARAN L ORERGE THER SN TWDE %R
NLOIZT VT FONRERY;, A==~ =y b, BIETHREINLTWD
AEOKFARCIERL, F—AOFREAR EOVFY RN E A Lz, ZO/RR, &
DKRAF (68%) DIHYRF GNP bE <, RWTIIFEDAEF (30%) . EFLTHE-
T RIT7TF—X(14%), a—27 vk (13%) . BIMAD O FIT7 75 —X (8%) .
TA7 (1.5%) Tholz, mHEED 5> b, 7 v —TF )V LR S 17z 84 BR D K5
[Z2WT 12 FREOHA %2 BV TR M2 TR, 23 BRSNS SRBImHE & [FE &
. 209 H0 10 RBPBHIMETH -7z, Eiz, 84 kh, s1HkAD2a e b1
DDFFIELF 2 RA LTV e, R E O B+, &7 ) MR 217 -
A 2R TEILOEMEFFEICEHDoHKEF U RMIEID R, O BIET
A% OgGp9:Hgl8, KIGH » 3 By WEERE 2 2 L Tz, UEXD, =¥ 7k
DAEFRLAERLN B G SN IR IIA~DIRFEMEDR H 5 KW GRS Twn
HZEDBH LML T,

FH_ETIE, =V P TCRABROTFHICHEES A ENICEN ST H
BN D, MHIREOPUEENS NHEH STV D@k 2 /N8 BRI
W (MIC) 125 2 5 BT DWW TH AT, AKAEDAETLD B Sy BE S L7 FEARZ 1E
D KIFEE 2 BRIZDW T 1/2MIC O AMX, CEX, GEN, CHLfF/E FCT1 HEX|Z 3
WA L, SFEERICKT 25 MIC 021t % i</, AMX, CEX, GEN
THLER L 7= 54 R O s I X ek L7228, CHL CTAEE L7234 CHL (20
% NAL, CEX, CAZ, CRO » %\ T AMX 72 ERFEOHEKRIC b WEL L, =
o 2 RO RIS O . FERIMHE BB D 5 Bis I3 S v,
AN BAFR D 720 gal B A1 8 DWW wea Bin T4~ 1 N2 RED



WO BT, DL EORER L0 dNHIRE O IESKMEN, FFIC CHLIZIZY A7 B3 d
HTEDPHLMNE ST,

B E T T, AR B o B SR AR A S A B o AL 2 — iz E D
KXOBREELEZ D0 %, 2 BEOR D ZHIMMHERBEIC OV T AMX, CEX,
GEN. CHL Z#HW T/, ikt b CHL OAT I/ 7 U ayv R7p EREDIK
Aozt LChMmtEgeZ 5 Uiz, WS E2R2Es A, AEBETDHT
J 70 a v R E G DG ORI 2 . NIEIC/ELE L CHL O 38A1HEH R >
ZTELTH CmlA 23, UK ARIZEELT I/ 7Y 22 RO AR S B
A7 a N ERERE S X OREZIHEI L TWAZ R b E Lz, Bk
DOFERIT, HPNHIRE O PUE SIL LA MHEE O tEbic w5452 &, CHL &7
0k UBKENBE X X 2N LT R ) a v R b2 2 E 2L E L
7=,

LEDORERIL, HZHIEH SN 2R E N AR MITIEG L T 5 RIGE O L
MPEICEF G LT b 2 & BPNHIREE O HT R A H 23 RO & 72 & 9" B o 3
FIMPEACIC T ET 2RO Z I S0 Uiz, ARBFZEAR B IZER E S 0 45 5 0 7
HT. EFEOSHICBWTEREEMETDHEELLND, o5 T, KXo
FALDNCHRERBROF R LT THEL (BREY) OFMNERET D2 & 4
W LMD,



