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ABSTRACT

Antimicrobial resistance (AMR) is a global health threat, driven by multidrug-
resistant (MDR) bacteria, including strains resistant to key drugs like carbapenems and
colistin. Antibiotics have improved life expectancy and food security while their overuse in
medicine, agriculture, and aquaculture practices has accelerated bacterial resistance in
various environmental spheres across the globe. The emergences of B-lactam resistant
bacteria (BLRB) especially carbapenem-resistant Enterobacteriaceae (CRE) designated as
an urgent priority pathogen posing significant threats by infiltrating into water systems and
food chains. Therefore, understanding and constantly monitoring BLRB and their genomic
evolution in response to antibiotics and inhibitors, particularly to detect the emergence of
novel mutants that may pose serious threats to both human and animal health. This study is
crucial as India (largest antibiotic consumer) faces significant AMR risks, particularly in
region with higher population density like Delhi. This research is the first comprehensive
analysis of the environmental risks posed by BLRB along with their resistant genes in Delhi-
National Capital Region (Delhi-NCR).

Among the various classes of B-lactamase enzymes, TEM-type -lactamases are the
most widely distributed and exhibit a high mutability rate, making them key contributors to
the development of extended-spectrum and inhibitor-resistant f-lactamase variants that
mediate bacterial resistance to [(-lactam antibiotics. There are almost 474 variants of
Temoneria (TEM) B-lactamase (BLs) identified in Lactamase Engineering Database
(LacED). The first aim was to understand dynamics and distribution of TEM type [-
Lactamase through Computational and Data Mining approach. The computational study
results demonstrated that most TEM mutants recorded the least binding energy to penicillin
and cephalosporin class of antibiotics and higher binding energy to carbapenem and
monobactam class of antibiotics. Among the BLs inhibitors, tazobactam recorded the least
binding energy against most of the TEM mutants, indicating that it can lower the catalytic
activity of TEM BLs, thereby potentiating antibiotic action. Through the data mining
approach TEM mutant database was generated, highlighting TEM mutations, bacterial
diversity, Michaelis-Menten Constant's (Km), Minimum inhibitory concentration (MIC),
and Inhibitor resistant TEM (IRT) types. It has been noted that earlier released antibiotics
like amoxicillin and ampicillin had lower Km and higher MIC values, which indicates the
prevalence of bacterial resistance. By analysing the differential binding energy (ABE) of the
selected TEM mutants against f-lactam and BLs inhibitors, the most effective combination

of p-lactam (carbapenem and monobactam class of antibiotics) and BLs inhibitors
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(tazobactam) was identified, to cure bacterial diseases/infections and to prevent similar
antibiotic resistance outbreaks in near future.

After understanding the dynamics and distributions of already reported TEM
mutants, the second aim was to assess the prevalence and resistance characteristics of BLRB
and P-lactamase resistant bacterial genes (BLRBG) under various environmental conditions
within Delhi NCR, India. Using a culture-dependent method, isolated 130 BLRB from 75
different environmental samples, including lakes, ponds, the Yamuna River, agricultural soil,
aquatic weeds, drains, dumping yards, sewage treatment plants (STPs) and gaushalas.
Antibiotic susceptibility, phenotypic, and genotypic tests for B-lactamases and integron
genes were conducted. Water and sediment samples of waterbodies was found to be
substantial reservoir of BLRB and BLRBGs. The majority of the BLRB discovered are
opportunistic pathogens from the Bacillus, Aeromonas, Pseudomonas, Enterobacter,
Escherichia and Klebsiella genera, with Multiple Antibiotic Resistance (MAR) index > 0.2
against a wide variety of pf-lactams and B-lactamase inhibitor combinations. Interestingly,
we discovered that 10 isolates of various origins produce both Extended Spectrum BLs and
Metallo BLs, as well as found harbouring blaTEM, blaCTX, blaOXA, blaSHYV; int-1 and int-
3 genes.

Further, the third objective aimed to identify novel TEM mutant from isolated
environmental BLRBs. For this 6 BLRBs were selected from the 10 BLRBs which has
shown the presence of blaTEM gene in our second objective work. The minimum inhibitory
concentration against the shortlisted 6 BLRBs showed that Escherichia ruysiae,
Pseudomonas aeruginosa and Bacillus sp., have high MIC to the most of antibiotics and
inhibitors combinations, indicating their highly resistance phenotype. To explore TEM
mutant diversity, blunt end cloning, plasmid isolation and sequencing of the blaTEM gene
was performed and found to harbour different TEM BLs mutants such TEM-142, 10, 22,
205 and novel TEM mutant, TEM(N) with multiple amino acid mutations at Met 55 Leu,
Trp 151 Gly, Asn 255 Thr and Arg 256 Leu. Identified the TEM(N) mutant from Escherichia
ruysiae isolated from the Sewage treatment plant of Okhla, New Delhi. The 3D structure of
the novel TEM mutant was generated by Swiss protein modeller. Further, Molecular
Dynamics (MD) Simulations were performed on the wildtype TEM-1 and TEM(N) to
analysis the effect and interaction of mutating residues with the B-lactams and BLs
inhibitors. In- vitro and MD analysis suggests that TEM(N) mutant resist to penicillin,
cephalosporin and carbapenem classes, as well as to f-lactamase inhibitors like avibactam,

tazobactam and relebactam, posing a significant public and environmental health threat. Our
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study emphasizes the importance of surveillance which will monitor the emergence of novel
BLRB and BLRG and will aid in predicting epidemics and devising appropriate preventive

measures.
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aRrR

AR TR (TUHIR) T A e T &, S sgaiufy ufadish (Trdiem)
JaIaT gRT Taferd giar 7, For sraii iR SiferiesT Siit Ui gansf & ufarieh
Iue it &1 CAmaifedy ¥ Siae T SR @re JRam § gur fhar 3, Sife
fafren, oY iR ieita FHY wrsli & 3% srafde IuanT 7 g ok o fafid
yafroitg &sf o Sham) ufeRly & a9 #R far Bl dieldaen uferieh Saifvar
(SR fIRY U T HaftH ufeRied TerldaciRar (H3RE) &1 3wd U debld
TG aTel TS o =0 B AT b1 71 § Sif o Jonferdl 3R @rey gaanait o
UG B HgdyUl Tak Ual 1 36T & | 3T, TSR SR SfaRiea! & Siare |
TSRS 3R I7P SHITHD B BT THIAT 3R TMAR AR =1, foviw =g 3
IQ TT & IGd BT Udl ST ST HFd 3R U] W gl & fag iR TaR Ue1 9
T §1 T8 ST Heayul § i HRA (FoR 991 Tarifes Junitad) Heeguf
TUHSR SIRGHT T AT Bl 7, WRIHR feed! okl 3o SR U+7cd ardl & § | I8
MY feel-Igia Ieyrt & (feeeil-TRiTeR) # SiuasiRel & FY-311Y S UfaRid
ST R Ieet TafaRuia SHfw! BT g saTud fazawo B

B -claey UAarfe s qaratt & Raamw et 1 ufekle g & u d Tamfvar (@dum)
B-QeTiST (SUE) & IAG & Wead I BT 7, o ddemist Sonf-afT ey
(TAURIIZ S T TIHT 474 INTE H1 UG B 75 & | TS I¥9 BT 3R Sl
T = fPwiur & Hreny @ A3TH UBR p-adaead! ot Tfaitaar 3R fadvur 1 IHgE
T | HICRAS LT & UROTHI = Y& Rid fa fos sifteis dgum mgde A uffdifem
3R AR ot & Trarifes garsil & o Tek 1 oM SHoll 3R H1EU-H iR
AHIdaed a7 & Ui garsit & forg 3 dud Soll gof &I Scl A e &
Weaw ¥ TEM Tec Seed daRr faar war, s TEM RIew, sadifad fafdedr,
TP ICN-Hred B (Km), AdH SERIUH Jigdl (MIC), 3R R4 UfeRidt TEM
(IRT) UHRI TR YHT ST 71| TE <41 711 g b Ugdl oIR} faht U Uetamafeay o
TR 3R TR & Km &9 3R MIC A 31fd& &, S Saiiar uforiy &
TS BT SR &1 p-AdeH 3R BLs SaRIeD! & I Taf-id TEM e BT 3R
Fe ol (ABE) BT facivr 65vas, daciRad /A HUN &1 31 B 3R fRdse ufgsy
# 3 W & aniies ufeRiy Ubdl &l A & Y p-ddeH @EoH iR
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TAFigdey Tearifedd &1 aif) 3R BLs SaRIUD! (EoliaaeH) o I THIE! JaieH
Jga1 77| Ugd ¥ RUic fhu 78 TEM ®ee &t Tiaiiaar 3R faarur &1 awgH & 91e,
QIR I YRA & facet! TSR ¥ faftrs qafarofta aRkfufadt & BLRB SR p-
AT feRieht SaT] Sfi9 (BLRBG) &t SUdhdT SR Uik fa=isarsii &1 sndad
AT AT | pfa-FR fafd o1 Suant vd gu, e, arenet, aqqn =4, oY g, e
JRUAIR, A1, ST a8, i dedie wie (STP) 3R Tierarstt afed 75 e
TIfeRUT AT ¥ 130 BLRB &1 3@ a1 1| B-cide™™ 3R $¢UH SiF & g
araifess Tag-=iterar, Brlesfis sk siHesiis wiem fe mui sra Fert &
U SR de@e & A § BLRB 3R BLRBGs &1 UgTe HER U1 747 | 9To! ¢ BLRB
T PR SRIen, WA, Y, Teidaey, TRIRRAT R FaRgar oFRT I
AR AT &, o0 B UBR & p-aideH MR p-daeTiST RIS JareH] &
fyaTs Aediua Tarife®d URRIY (MAR) Ja&i® > 0.2 7| fia=Ry a1d 8 § & g
o o fafa J@ & 10 SMEAcICy faxdd WaeH BLs 3R HeTdl BLs GIFI &1 SdTad
HRd B, AT B blaTEM, blaCTX, blaOXA, blaSHYV, int-1 3R int-3 S &1 3T <A & |

P ST, TR I BT I Y& TR BLRBs ¥ 9T TEM IRl &1
UgaT &A1 4Tl §9b W 10 BLRBs T ¥ 6 BLRBs &1 99 a1 a1, for 8AR g
I BT H blaTEM SiH Bt U o1 g2ifar 8 | 2ifefere fu 71U 6 BLRBs & faams
Aaq RIS digar A foamn 6 v ssia, e iR $iR
IRy Tadt. & sifmier Tamaifea iR faRied T4l & folt 3= MIC g, Sl 31
AT UfeRIed BTy &I G-I & | TEM AR fafqedT &1 Il T & forg, s
TS AT, WIS ST 3R blaTEM ST &1 S{IehHUT faa 7T SR Ora 71T b g
fafiid TEM BLs SARadf S/ TEM-142, 10, 22, 205 3{R 7T TEM IAREdf, TEM(N) &
o5 A TS IaRad § S Met 55 Leu, Trp 151 Gly, Asn 255 Thr 3fR Arg 256 Leu
WR gl T8 A & 3R & Taol SUIR YT I AT fHU T Escherichia ruysiae I
TEM(N) IARadf &t uga &1 T8 | g UIdH AigeR gRT A8 TEM SdRad! &1 3D
T AR P T3 | Zb (AT, p-aeH 3R BLs 3fARID! P 1Y IARAfd TN
P UG 3R 3ia:fhar &1 fAzdwur 3 & fom a1sesesy TEM-1 3R TEM(N) TR
3{Turfaes Tfa=fterdT (MD) Rgee ft e 37-fagh oik TrSl faweiwor § uar sardan & f
K (@) e MARIRH, ImaRdia 3R Seitd aif & -y Tfiaden,
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reported to cause major outbreaks {(a) TEM-10, (b) TEM-24, (c) TEM-26 and
(d) TEM-52} against f-lactam antibiotics and BLs inhibitors combinations.
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Fig.

3.14.

Heat maps representing differential binding affinity of selected recently reported
TEM mutants {(a) TEM-1, (b) TEM-116, (c) TEM-135 and (d) TEM-184}

against f-lactam antibiotics and BLs inhibitors combinations.
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Fig.

4.1.

Collection of samples across Delhi and surrounding area
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Fig.

4.2.

Isolation of [-lactam resistant bacteria on Nutrient Agar plate from

environmental samples.
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Fig.

4.3.

Pure cultures of B-Lactam resistant bacterial isolates.
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Fig.

4.4.

Gel electrophoresis of 16S rRNA gene amplified product on 1% agarose gel.
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Fig.

4.5.

Gel electrophoresis of multiplex PCR product on 1% gel electrophoresis: (a)

Integrons genes (b) B-lactamase genes.
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Fig.

4.6.

Schematics representation of different sampling sites and sample types collected
across Delhi-NCR. The colour intensity ranges from 0% to 93% is calculated

based on the percent of resistant bacteria isolated from the samples.
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Fig.

4.7.

Bar graph representing total bacterial count and ampicillin resistant bacterial
count in different sampling sites. YR: Yamuna River, STPs: Sewage treatment
plants, D: Drains, G: Gaushala, WB: Water Bodies (Lakes, Ponds and Swamps
samples), DY: Dumping yard, S: Soil, AW: Aquatic weeds. Values in brackets
on x axis represents the number of samples collected. *CFU/g in solid samples

and CFU/mL in liquid samples.
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Fig.

4.8.

(A) PB-lactamase assay conducted in the microtitre plate (Yellow color of
nitrocefin converted to Red color indicates the presence of enzyme).
(B) Distribution histograms representing the p-lactamase activity in antibiotic-

resistant bacterial isolates through Nitrocefin assay.
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Fig.

4.9.

Circular representation of Phylogenetics Tree based on the maximum likelihood
generated using 16S rRNA gene sequence of 130 bacteria. Colour dots represent

the type of sample from which bacteria has been isolated.
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Fig. 4.10.

(A) Representation of Disc diffusion plates. 1 and 2. plates embedded with -
lactam antibiotics discs of different generations and classes on NA plates, 3. -
lactam antibiotics and B-lactamase inhibitors combination discs embedded on NA
plate.

(B) Detection of ESBL

(c) MBL enzyme-producing antibiotic-resistant bacteria.

C* denotes empty sterile disc.
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Fig. 4.11.

Clustered heat map representing the resistance/ susceptibility profile of B-lactam
and BLs inhibitors combinations in bacterial isolates. The red shade in clustered
heat map represents resistance phenotype while the green shade represents
susceptible phenotype and the white shade as intermediate phenotype. P:
Penicillin-G, CZ: Cefazolin, AMP: Ampicillin, IMP: Imipenem, CEP:
Cephalothin, AT: Aztreonam, CZX: Ceftizoxime, CX: Cefoxitin, PI: Piperacillin,
PIT: Piperacillin-Tazobactam, CXM: Cefuroxime, TCC: Ticarcillin- Clavulanic
acid, CAZ: Ceftazidime, CPM: Cefepime, A/S: Ampicillin-Sulbactam, TI:

Ticarcillin and CAC: Ceftazidime- Clavulanic acid.
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Fig. 4.12.

(A). Heat map representing the resistance patterns observed in different
environmental sample type across Delhi-NCR, India.

(B). Box Plot representing the breakdown of MAR index across the different
sample types to elucidate spatial variations in antibiotic resistance patterns. Here,
n: Number of bacteria isolated, P: Penicillin-G, CZ: Cefazolin, AMP: Ampicillin,
IMP: Imipenem, CEP: Cephalothin, AT: Aztreonam, CZX: Ceftizoxime, CX:
Cefoxitin, PI: Piperacillin, PIT: Piperacillin-Tazobactam, CXM: Cefuroxime,
TCC: Ticarcillin- Clavulanic acid, CAZ: Ceftazidime, CPM: Cefepime, A/S:

Ampicillin-Sulbactam, TI: Ticarcillin and CAC: Ceftazidime- Clavulanic acid.
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Fig. 4.13.

(A) The principal component of analysis indicates the distribution of antibiotic
resistance/ susceptible bacteria according to sampling sites.

(B) The principal component of analysis indicates antibiotic
resistance/susceptibility profile of bacteria according to their genera. Here Cl,

C2, C3 and C4 represents the different clusters.
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Fig. 4.14.

Venn diagram representing the types of p-Lactamase (BLs) produced by

environmental isolates.
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Fig. 4.15.

Clustered Heat map representing the diversity of different BLs and Integrons
genes harbored by the environmental isolates. The red shades indicate the

presence of gene and cyan shade shows the absence of gene in the isolates.
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Fig. 4.16.

Network analysis of sampling source, types of BLs enzymes produced,
expression of BLs genes and Integrons genes among environmental bacteria. The
different abbreviations used are W.B- Water bodies, G-Gaushala, S-Soil, Y.R —
Yamuna River, STP- Sewage Treatment Plant, A.W-Aquatic weed, D- Drainage,
D.Y- Dumping yard, N-ESBL-Non-Extended spectrum BLs, ESBL-Extended
spectrum BLs, MBL-Metallo-BLs, SBL-Serine BLs.
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Fig. 5.1.

Schematic representation of sampling sites and types for the selected 6 TEM

positive BLRBs on Delhi-NCR map.
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Fig. 5.2.

(A)Determination of minimum inhibitory concentration of different f-
Lactam antibiotics and B-Lactamase Inhibitors (BLIs) through standard
E-strip assay against Bacillus paramycoides. Note: (a) Ampicillin, (b)
Amoxicillin (¢) Cephalothin, (d) Ceftazidime, (e) Cefepime, (f)
Imipenem, (g) Amoxyclav, (h) Ampicillin/Sulbactam, (i)
Ceftazidime/Avibactam, Q)] Ceftizoxime/Sulbactam, k)
Cefepime/Tazobactam and (1) Cefpirome/Sulbactam MIC strips.

(B) Determination of minimum inhibitory concentration of different [-
Lactam antibiotics and B-Lactamase Inhibitors (BLIs) through standard
E-strip assay against Pseudomonas aeruginosa. Note: (a) Penicillin-G, (b)
Ampicillin, (¢) Cephalothin, (d) Imipenem, (e) Meropenem, (f)
Ceftazidime, (g) Cefpirome/sulbactam, (h) Cefepime, (i) Piperacillin, (j)
Cefepime/tazobactam, (k) Aztreonam and (I) Ceftazidime/Avibactam
MIC strips.

(C) Determination of minimum inhibitory concentration of different [-
Lactam antibiotics and p-Lactamase Inhibitors (BLIs) through standard
E-strip assay against Bacillus cereus. Note: (a) Amoxicillin, (b)
Ampicillin, (c) Cephalothin, (d) Cefpirome, (e) Cefoxitin, (f) Cefazolin,
(g) Cefotaxime, (h) Aztreonam, (i) Imipenem, (j) Ceftizoxime/Sulbactam,
(k) Ceftazidime/Avibactam and (1) Cefixime/Clavulanic acid MIC strips.

(D) Determination of minimum inhibitory concentration of different [-

Lactam antibiotics and B-Lactamase Inhibitors (BLIs) through standard

120-
125

Xix




E-strip assay against Escherichia coli. Note: (a) Amoxicillin, (b)
Penicillin-G, (c¢) Ampicillin, (d) Cefuroxime, (e) Ceftazidime, (f)
Cefpirome, (g) Cefepime, (h) Aztreonam, (i) Imipenem, (j)
Ticarcillin/Clavulanic Acid, (k) Cefixime/Clavulanic acid and (1)
Ceftizoxime/Sulbactam MIC strips.

(E) Determination of minimum inhibitory concentration of different [-
Lactam antibiotics and B-Lactamase Inhibitors (BLIs) through standard
E-strip assay against Escherichia ruysiae. Note: (a) Ampicillin, (b)
Cefuroxime, (c¢) Cephalothin, (d) Ceftazidime, (e) Imipenem, (f)
Meropenem, (g) Cefepime, (h) Cefpirome, (i) Ticarcillin/Clavulanic
Acid, (j) Cefixime/Clavulanic acid, (k) Amoxyclav and (I)
Ceftizoxime/Sulbactam MIC strips.

(F) Determination of minimum inhibitory concentration of different [-
Lactam antibiotics and B-Lactamase Inhibitors (BLIs) through standard
E-strip assay against Bacillus sp. (a) Ampicillin, (b) Amoxicillin (c)
Cephalothin, (d) Ceftazidime, (e) Cefepime, (f) Imipenem, (g)
Amoxyclav, (h) Ampicillin/Sulbactam, (i) Ceftazidime/Avibactam, (j)
Ceftizoxime/Sulbactam, (k)  Cefepime/Tazobactam  and ()

Cefpirome/Sulbactam MIC strips.

Fig. 5.3.

Heat map representing MIC (pg/mL) of selective BLRBs against the various -
lactam antibiotics and BLs inhibitors combination. Here P: Penicillin class, C-I:
First generation cephalosporin, C-II: Second generation cephalosporin, C-III:
Third generation cephalosporin, C-IV: Fourth generation cephalosporin, C:
Carbapenem class, M: Monobactam and BL+BLI: B-lactam + BLs Inhibitor

Combination.
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Fig. 5.4.

Multiple alignment of novel TEM (N) mutant protein sequence with wildtype
TEM-1 protein (PDB: 40QG).
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Fig. 5.5.

(A) 3D and (B) zoom-out structure of wildtype TEM-1 BLs enzyme (PDB ID:
40QG) with the highlighted AARs in sticks form.

(C) 3D and (D) zoom-out structure of novel TEM (N) mutant protein with the
highlighted AARs in stick form along with mutated residues (Met69Leu,
Trp165Gly, Asn276Thr and Arg277Leu) in cyan stick form.
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Fig.

5.6.

The Ramachandran plot for TEM (N) BLs modelled structure (12G4) using the
PSVS server.
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Fig.

5.7.

The variation in binding energies (kJ/mol) of wildtype and mutant TEM proteins

against the antibiotics and BLs inhibitors.

133

Fig.

5.8.

(1) The variation in root means square deviation (RMSD) recorded for various
wildtype TEM protein complexes with B-lactam antibiotics (A, B, C, D) and BLs
inhibitors (E).
(2) The variation in root means square deviation (RMSD) recorded for various
novel TEM (N) mutant complexes with f-lactam antibiotics (A, B, C, D) and BLs
inhibitors (E).
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Fig.

5.9.

(1) The variation in root means square fluctuations (RMSF) recorded for various
wildtype TEM protein complexes with B-lactam antibiotics (A, B, C, D) and BLs
inhibitors (E).
(2) The variation in root means square fluctuations (RMSF) recorded for various
novel TEM (N) mutant complexes with B-lactam antibiotics (A, B, C, D) and BLs
inhibitors (E).

137-
138

Fig.

5.10.

(1) The variation in radius of gyration (Rg) recorded for various (1) wildtype
TEM protein complexes with B-lactam antibiotics (A, B, C, D) and BLs inhibitors
(E).

(2) The variation in radius of gyration (Rg) recorded for various novel TEM (N)
mutant complexes with B-lactam antibiotics (A, B, C, D) and BLs inhibitors (E).
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Fig.

5.11.

(1) The variation in solvent accessible surface area (SASA) recorded for various
wildtype TEM protein complexes with p-lactam antibiotics (A, B, C, D) and BLs
inhibitors (E).

(2) The variation in solvent accessible surface area (SASA) recorded for various
novel TEM (N) mutant complexes with ~ B-lactam antibiotics (A, B, C, D) and
BLs inhibitors (E).
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Fig.

5.12.

The variation in binding energies (kJ/mol) of wildtype and mutant TEM proteins
against the antibiotics and BLs inhibitors were calculated using MMPBSA during

the last 10 ns of simulation.
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Fig.

5.13.

Snapshots of Protein-ligand interactions captured at 0, 60, 100 ns and visualised
in PyMol software. Colour code: Protein (Green cartoon), Ligand (Stick

magenta), active sites residues: S70 (Stick red), K73 (Stick orange), S130 (Stick
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Blue), E166 (Stick yellow), K234 (Sticks Cyan) and Hydrogen bonds in Black

dash lines

Fig. 5.14. | Clustered heat map of H-bond occupancy (HBO) recorded during the last 10 ns | 158
of 100 ns simulation for (A) Wildtype TEM-1 complexes (B) Novel TEM (N)
mutant complexes with B-lactam antibiotics and BL inhibitors.

Fig. 5.15. | (1) The variation in the number of Hydrogen bonds (HBN) formed throughout | 160-
the 100 ns MD simulation run for wildtype TEM protein with B-lactam antibiotics | 161

(A, B, C, D) and BLs inhibitors (E).

(2) The variation in the number of Hydrogen bonds (HBN) formed throughout
the 100 ns MD simulation run for novel TEM (N) mutant with B-lactam
antibiotics (A, B, C, D) and BLs inhibitors (E).
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