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Abstract 

Antimicr obial r esistance (AMR) contamination in the envir onment is one of the most significant worldwide threats of the 21 st century. 
Since sludge is heavily exposed to di v erse contaminants, including pharmaceuticals, the inhabitant bacterial population is expected 

to exhibit resistance to antimicrobial agents. In this study, sewage treatment plant (STP) sludge samples were analyzed to assess 
the antibiotic-resistant bacterial population, abundance of AMR genes (ermF, qnrS , Sul1, blaGES , blaCTX-M, and blaNDM), and mobile 
genetic elements (intl1 and IS26). Out of 16, six bacterial isolates exhibited resistance to 13 antibiotics with a high multiple antibiotic 
resistance index (MARI) (0.93) and high metal toler ance . Quantitati v e pol ymer ase c hain reaction showed the abundance of target genes 
ranging from 6.6 × 10 3 to 6.5 × 10 8 copies g −1 sludge. The overall outcome r ev eals that STP sludge comprised varied multidrug-resistant 
bacterial populations. It will gi v e insights into the functions of heavy metals and biofilm development in the selection and spread of 
AMR genes and the associated bacteria. Ther efor e, the application of sludge needs proper screening for AMR and metal contamination 

prior to its countless applications. This study will contribute immensely to the risk analysis of STP effluents on environmental health, 
including control of AMR transmission. 

Ke yw ords: sew a ge tr eatment plant; sludge; antimicr obial r esistance gene; m ulti-drug r esistance; biofilm; metal r esistance 
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Introduction 

Water is indispensable for the survival of various life forms and 

for sustaining the en vironment. T he expanding population has led 

to large-scale production and use of pharmaceuticals . T he impru- 
dent and overuse of antibiotics in healthcar e, v eterinary, and a gri- 
cultural sectors has increased their quantity in the environment 
by se v er al folds (Ahmad et al. 2021 ). As a r esult, these contam- 
inants are excessively released into the environment, depleting 
natural water resources, leading to massive w astew ater genera- 
tion and, thereby, water scarcity (Van Vliet et al. 2021 ). The misuse 
or abuse of antibiotics has led to unnatural selective pressure on 

the resistance determinants in clinical and natural en vironments ,
expanding the spread of antimicrobial resistance (AMR) and re- 
sulting in the emergence of multidrug-resistant (MDR) bacteria or 
superbug bacteria (Holmes et al. 2006, Xu et al. 2015 , Salam et al.
2023 ). AMR has become one of the principal problems of the 21 st 

century, posing a serious threat to the treatment and pr e v ention 

of diseases (Davies and Davies 2010 , Tang et al. 2023 ). According to 
the GRAM (Global Research on AMR) report of 2019, six of the lead- 
ing resistant pathogens, Staphylococcus aureus, Esc heric hia coli, Strep- 
tococcus pneumoniae, Klebsiella pneumoniae, Pseudomonas aeruginosa , 
and Acinetobacter baumannii were accountable for ∼3 ·6 million ca- 
sualties and ∼1 million deaths associated with AMR. By 2050, 10 
million people per year could face death due to AMR (O’Neill 2016 ,
Murray et al. 2022 ). 

Due to the depletion of water resources by these contaminants,
over 700 million people, or 40% of the world’s population, could be 
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r e pr oduction in any medium, provided the original work is properly cited. For com
ffected by se v er e w ater scar city b y 2030 (Kölbel et al. 2018 , Van
liet et al. 2021 ). Accor ding to a 2018, NITI Aay og report, 600 mil-

ion of the Indian population is experiencing se v er e water stress,
nd it is predicted that b y 2030, w ater demand may double the
v ailable suppl y, r esulting in se v er e w ater scar city and a ∼6% de-
line in the nation’s Gross Domestic Product (GDP). The global pro-
uction of w astew ater is estimated to be roughly 359 billion cu-
ic meters (Jones et al. 2021 ). India alone produces about 38 354
illion liters of w astew ater every day (Kaur et al. 2012 , Maity et

l. 2023 ). One of the leg itimate strateg ies for w astew ater manage-
ent involves the treatment of w astew ater b y STPs. STPs han-

le w astew ater from various sources and produce effluent that is
uitable for release into the environment or reuse after treatment 
Sc hellenber g et al. 2020 ). By 2025, sludge production is expected
o amount to between 150 and 200 million tonnes (Mohajerani et
l. 2017 , Vaithyanathan and Cabana 2021 ). A typical STP forms a
yproduct after the removal of the pathogenic bacteria, dissolve 
olids, organic matter, and n utrients lik e nitrogen and phosphorus
r om waste water. Howe v er, se v er al inv estigations r eported that
he treatment methods installed in STPs are insufficient to com-
letel y r emov e metal, antibiotic r esidues, antibiotic-r esistant bac-
eria (ARB), and antibiotic resistance genes (ARGs) (Turolla et al.
018 , Ding et al. 2020 , Rumky et al. 2022 ). Ther efor e, STP sludge
rovides a conducive niche where the prevailing bacterial popu- 

ation gets acclimatized to r espectiv e envir onmental conditions
nd shows high tolerance and resistance against various antibi- 
tics and metals (Sun et al. 2021 ). 
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India being a de v eloping country is accelerating its w astew ater
reatment facilities, as a result, sludge production is rapidly ris-
ng in recent times (Kesari et al. 2021 ). The proper treatment and
isposal of huge sludge generated is an expensive and environ-
entally difficult task. Though a number of ways ar e av ailable,

ncluding incineration and landfilling due to higher costs, reusing
e wa ge sludge turns out to be a potential solution to the prob-
em of sludge waste management (Pedr er o et al. 2010 , Seleiman
t al. 2020 ). Both de v eloped and de v eloping countries r egularl y
se STP sludge as a source of fertilizer in a gricultur e as it is rich

n nutrients (Seleiman et al. 2020 ). Ho w e v er, concerns hav e been
aised about the negative effects of the use of untreated sewage
ludge in a gricultur e as it carries v arious antibiotic r esidues , ARBs ,
RGs, and mobile genetic elements (MGEs) (Manaia et al. 2018 ,
orinolu et al. 2021 , Zhang et al. 2022 ). When this se wa ge sludge
nriched in ARBs , ARGs , etc. is used as a fertilizer for field applica-
ions, all of these contaminants could infiltrate the soil (da Silva
ouza et al. 2020 ). It poses serious threats to the soil quality and
rops on field applications and thus, a potential risk to human
ealth. Se v er al studies r eported a huge abundance of tetr acycline
esistance genes in sludge and effluent water of STPs (Pei et al.
006 , Al-Jassim et al. 2015 , Zhang et al. 2020 ). Extended-spectrum
ephalosporin or carba penem-r esistant E. coli isolated from STP
ffluent, hospital effluent, and other sources have been studied to
stablish the distribution and connection of AMR determinants
Diwan et al. 2012 , Akiba et al. 2016 , Guruge et al. 2021 , Cho et al.
023 ). A higher concern has been raised with the recent exacer-
ation of the overuse of antibiotics following the COVID-19 pan-
emic (Mokni-Tlili et al. 2022 ). Se v er al independent r esearc h in
ndia identified bacteria with beta-lactamase genes from sewage
ater and hospital effluent samples (Beg and Khan 2018 , Aggar-
al et al. 2020 , Paul et al. 2021 ). A comparison of ARGs diversity
nd abundance in pharmaceutical effluent contaminated envi-
onment was made by Bombaywala et al. ( 2021 ). Another cross-
ectional pan-India study was performed to e v aluate se wa ge mi-
robiomes by Singh et al. ( 2023 ), who reported a high representa-
ion of gut microbiomes in se wa ge . T her efor e, the sludge deriv ed
rom STPs plays a significant role in the environmental transmis-
ion of ARGs and ARBs, accelerating the global threat imposed by
he phenomena of AMR (Boxall 2004 ,Wang et al. 2023 ). 

T he a v ailable liter atur e elucidates that ther e is a paucity of
nformation regarding the presence of resistance determinants
ARGs and ARBs) in STP sludge. Our pr e vious r eports r e v ealed the
ccurrence and dispersion of ARGs and ARBs in water and sedi-
ents of River Ganga (Reddy and Dubey 2019 , Reddy and Dubey

021 ). Since STPs r eceiv e a massive amount of w astew ater for the
r eatment pr ocess, ther e is a pr e v alence of numer ous contami-
ants in sludge, including antibiotics, ARGs and ARBs, as they re-
ain persistent e v en after waste water tr eatment. The a pplication

f this sludge for various purposes further provokes the risk of
ransmission of ARGs and ARBs in the environment. Monitoring
ludge for AMR and ARB benefits public health by detecting early
 esistance, guiding tar geted tr eatment and safeguarding the en-
ir onment fr om r esistant bacteria and genes. It aids compliance
ith regulations, supports research, and aligns with One Health
 ppr oac h for holistic health mana gement. Ther efor e, the pr esent
ork aimed to investigate the occurrence of ARGs and ARBs in

ludge derived from STPs with the objectives (i) screening and
 har acterization of MDR bacterial population and assessment of
MR genes (ermF, qnrS, Sul1, blaGES, blaCTX-M, and blaNDM) and
GEs (intl1 and IS26), (ii) examine the correlation between toler-

nce to heavy metals and the pr e v alence of AMR, (iii) establish-
ent of correlation of ARGs with sludge physico-chemical param-
ters, and (iv) e v aluation of MDR bacteria for biofilm pr oduction
ynamics in response to different antibiotics. 

aterials and methods 

xperimental site and sludge sampling 

hr ee differ ent STPs with differ ent r ange of tr eatment ca paci-
ies from two different regions of Varanasi, India, designated as
TP1 (Bhagwanpur) (25.27274 N and 83.00519 E), STP2 (Dinapur)
25.34762 N and 83.04844 E), and STP3 (Dinapur) (25.34762 N and
3.04844) with treatment capacity of 8, 80, and 140 million liters
er day (MLD), r espectiv el y wer e c hosen for study. Thr ee aliquots
f se wa ge sludge wer e taken fr om eac h STP drying tank, wher e
he sludge was gathered for solidification in September 2021. The
r eshl y accum ulated sludges wer e collected in sterile plastic ba gs
nd brought to the laboratory. Then, it was sieved through a
2 mm sie v e to physicall y r emov e the debris and k e pt at 4 ◦C for
icr obial anal ysis and meta genomic DNA extr action. 

hysico-c hemical c haracteristics of sludge and 

 astew ater 
resh sludge samples were used for physico-chemical analysis.
he pH and electrical conductivity (EC) of the sludge samples were
easured in 1:2.5 (soil:water) suspensions (Jackson 1973 ). EC was
easured using a digital conductivity meter (Systronics, India),

nd the pH by pH meter (CyberScan pH 510, Eutech Instruments
te Ltd). The bulk density and water holding capacity (WHC) of
he sludge were measured by the method suggested by Piper
 1945 ). Walkley and Blac k ( 1934 ), micr o-Kjeldhal tec hniques (Jac k-
on 1958 ), ascorbic acid method (Olsen et al. 1965 ), and 1 N am-
onium acetate method (Nelson and Heidel 1952 ) were used to
easure the organic carbon, the total nitrogen (N), available phos-

horus (P), and available potassium content in sludge samples,
 espectiv el y. Accor ding to Nieuw enhuize et al. ( 1991 ), aqua regia
HCl:HNO 3 ; 3:1) was used for the digestion of sludge samples in or-
er to analyze total micronutrients and heavy metals in all sludge
amples . T he hea vy metals (Cd, Cr, Ni, and Pb) and micronutri-
nts (Cu, Mn, F e , and Zn) were analyzed on an Atomic Absorption
pectrophotometer (AAS) (Agilent FS-240) (Lindsay and Norvell
978 ). Physico-c hemical c har acteristics of the influent waste water
nd treated water were done by the pr e viousl y described standard
ethod (Red d y and Dube y 2021 , Chourasia et al. 2022 ). 

solation of ARBs 

erial dilution method in 0.9% saline solution and spread plate
10 −5 dilution) on Luria Bertani (LB) agar plates supplemented
ith cycloheximide (50 μg ml −1 ) used for total bacterial count

TBC) of se wa ge sludges. For eac h sample, the colon y forming unit
CFU) was counted in triplicate after the plates were incubated at
7 ◦C for 48 h. Pure colonies were obtained by repeated streaking
nd sub-culturing on LB agar plates incubated for 48 h at 37 ◦C.
ingle colonies were then streaked on the r espectiv e LB a gar plates
upplemented with 100 μg ml −1 of ampicillin. The obtained bacte-
ial isolates, which were resistant to ampicillin (100 μg ml −1 ) and
ith different colony characters, were selected for further studies,
nd 50% gl ycer ol stoc ks of isolates wer e maintained at −80 ◦C for
urther experiments. 

ntibiotic susceptibility testing and multiple 

ntibiotic resistance index 

irby Bauer disc diffusion method was used for antibiotic sus-
eptibility testing (AST) for 14 antibiotics of different classes . T he
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ov ernight-gr own cultur e (0.1 ml) br oth was pic ked on a sterile 
cotton swab and swabbed on Muller Hinton Agar (MHA) plates 
(Hi-media, PW1184). Discs of ampicillin (A) 10 μg, erythromycin 

(E) 15 μg, cefoxitin (FOX) 30 μg, c hlor amphenicol (C) 30 μg,
ciprofloxacin (CF) 5 μg, cotrimoxazole (CO) 30 μg, gentamycin (G) 
10 μg, kanamycin (K) 30 μg, penicillin-G (P) 10 U, ofloxacin (OFX) 
5 μg, rifampicin (RD) 5 μg, stre ptom ycin (S) 10 μg, tetracycline (TE) 
30 μg, imipenem (IPM) 10 μg, and azithromycin (AZM) 15 μg, pro- 
cur ed fr om HI Media. The sterile antibiotic discs wer e asepticall y 
embedded on the swabbed plates, and the negative control con- 
sisted of 0.4 mm sterile filter paper immersed in sterile distilled 

water. After 24 h incubation at 37 ◦C, the diameters corresponding 
to the zone of inhibition were measured. The sensitivity testing 
was carried out in accordance with Clinical and Laboratory Stan- 
dards Institute (CLSI) and European Committee on Antimicrobial 
Susceptibility Testing (EUCAST) instructions (Nguyen and Jones 
2020 ), and the isolates were classified as resistant (R), interme- 
diate (I), or susceptible (S). Bacterial isolates that were resistant 
to a minimum of three classes of antibiotics were categorized as 
MDR isolates, and the multiple antibiotic resistance index (MARI) 
was calculated for STPs as well as individual bacterial isolates.
The formula for the calculation of sludge is MARI = a/(bxc); where 
a, b, and c r epr esent the a ggr egate antibiotic resistant score, the 
number of antibiotics, and the number of bacterial strains isolated 

from the sample, respectively; while for each isolate, the MARI = 

a/b, where a and b are the number of antibiotics to which the iso- 
late was resistant, and the number of antibiotics to which the iso- 
late was exposed, r espectiv el y (Krumperman 1983 ). MARI v alue 
< 0.2 indicates a high-risk source of contamination (Christopher 
et al. 2013 ). 

Identification of the MDR isolates, phylogenetic 

analysis and BIOLOG assay 

Genomic DN A w as isolated fr om an ov ernight gr own cul- 
ture of selected isolates using MasterPure complete DNA and 

RNA purification kit using manufacturer’s protocol. The iso- 
lated genomic DN A w as used for the amplification of V1–
V9 region of the 16S rRNA gene with the help of the ear- 
lier reported standard polymerase chain reaction (PCR) proce- 
dur e (Fr ank et al. 2008 ). PCR was performed using the univ er- 
sal primers 27F (5 ′ -A GA GTTTGATCMTGGCTCA G-3 ′ ) and 1492R (5 ′ - 
T ACGGYT ACCTTGTT ACGA TT-3 ′ ) with the steps—initial denatura- 
tion at 94 ◦C (5 min), 30 final denaturation cycles at 94 ◦C (30 s), an- 
nealing at 52 ◦C (1 min), follo w ed b y elongation at 72 ◦C (1 min) and 

the 16S rRNA gene amplification was examined on 1.2% a gar ose 
gel. The amplified PCR product was purified using a MinElute 
PCR purification kit (Qia gen, German y). The purified PCR products 
were subjected to 16S rRNA Sanger sequencing using an Applied 

Biosystems 3500 Genetic Analyzer (Thermo Fisher Scientific, USA).
The Auto-Assembler pr ogr am was used to edit and assemble raw 

sequences . T he complete consensus sequences ( ∼1500 bp) of the 
16S rRN A gene w er e compar ed with existing sequences on the 
National Center for Biotechnology Information (NCBI) GenBank 
database using the Basic Local Alignment Search Tool (BLAST) 
( http:// www.ncbi.nlm.nih.gov/ BLAST ) and all the consensus se- 
quences were submitted to GenBank to obtain the accession num- 
bers. A phylogenetic tree was constructed using the neighbor- 
joining statistical method using MEGA 11.0 software (Tamura et 
al. 2021 ). 

BIOLOG assay was also carried out for six r epr esentativ e iso- 
lates to assess their metabolic potential and diversity test. A vol- 
me of 100 μl of Inoculation Fluid (IF) solution of Gen III Mi-
roplate BIOLOG sugar utilization assay kits containing culture 
as applied to GEN III MicroPlateTM (Biolog Inc., Hayw ar d, CA,
SA) and incubated at 37 ◦C for 24 h (Mallick et al. 2018 ). Using

BM SPSS for Windows Version 25.0, the hier arc hical cluster anal-
sis method considered the Euclidean distances and produced the 
endr ogr am (SPSS Inc. Chicago, IL, USA). 

etal toler ance, auto-aggrega tion, 
o-aggregation, and motility assay of MDR 

solates 

B media (4 ml) with various concentrations of different 
ea vy metal salts , including Pb(NO 3 ) 2 , CuSO 4 .5H 2 O, MnSO 4. H 2 O,
 2 Cr 2 O 7 , CdCl 2 , CoCl 2 .6H 2 O, and ZnSO 4 .7H 2 O were inoculated
ith 40 μl overnight grown pure culture of selected 16 different
acterial isolates . T he concentr ations of eac h heavy metal used
ere 0.5, 0.75, 1.0, 1.25, and 1.5 mg ml −1 . Tolerance to the heavy
etals of each isolate was measured on the basis of their visi-

le growth within 12–36 h, and the absorbance at 600 nm above
.6 after 36 h incubation at 37 ◦C was regarded as positive . T he
uto-a ggr egation assay method suggested by Simões et al. ( 2008 )
as utilized. Stationary phase bacterial cells wer e harv ested and

entrifuged at 5000 x g (15 min), washed with phosphate buffer
aline twice (PBS), pH 7.3 and re-suspended finally in PBS. 2.5 ml
f thor oughl y mixed bacterial suspensions wer e put on 24-well
alcon plate and incubated for 0, 2, and 24 h at 28 ◦C. 0.2 ml of
he suspension’s above portion was transferred to a 96-well plate,
nd OD 600 was measured on an Enzyme-linked immunosorbent 
ssay (ELISA) auto reader (BIORAD 680). The formula for the auto-
 ggr egation used was (1- A t )/A 0 x 100, where A t is the absorbance
t time t = 2 and 24 h and A 0 at time t = 0. Co-a ggr egation assays
ere carried out as previously described for the auto-aggregation 

ssay after ov ernight cultur es had been mixed together (Vlk ov a
t al. 2008 ). Visual auto-a ggr egation assay done as suggested by
andey et al. ( 2022 ). For the motility test, semisolid motility test
edium (1% tryptone, 0.5% sodium chloride, 0.3% agar, and 50 mg
l −1 Triphen yl tetr azolium c hloride dy e) w as used, and motility

alos assessed at 24, 48, and 72 h (Atkinson et al. 2006 ). All the
xperiments were performed in triplicate. 

ongo Red Agar assay and dynamics of biofilm 

ormation 

ongo Red Agar (CRA) method was used as de v eloped by Free-
an et al. ( 1989 ). The biofilm assay was carried out utilizing the

issue culture plate (TCP) method, as previously described by Risal
t al. ( 2018 ). LB media without antibiotics was distributed among
6 well plates. Antibiotics were added in the wells in gr aduall y
ising concentrations ( μg ml −1 ) of ampicillin (10, 25, 50, and 100),
anamycin (30, 100, 150, and 300), ciprofloxacin (5, 10, 25, and 50),
zithromycin (15, 50, 100, and 150), vancomycin (30, 100, 150, and
00), and clarithromycin (15, 50, 100, and 150) in succeeding wells.
 volume of 5 μl of overnight grown culture was added in the mi-
rotiter plates incubated for 96 h at 37 ◦C. Thoroughly washed the
late with double distilled water and filled the wells with 200 μl of
rystal violet solution, incubated at 37 ◦C for an hour. After that,
he plate was again rinsed with 90% ethanol, incubated at room
emper atur e (1 h), and run through a micr o-ELISA auto r eader
BIORAD 680) to determine the OD at 595 nm. Similar experiments
ere done for a 48 h setup. 

http://www.ncbi.nlm.nih.gov/BLAST


4 | FEMS Microbes , 2024, Vol. 5 

G
M
T  

c  

h  

g  

p  

D  

m  

t  

t  

c  

r  

e  

a  

a  

i  

p  

n  

t  

a  

o

T
q
M  

t  

t  

a  

e
 

D  

b  

m  

6  

2  

g  

q  

o  

S  

U  

m  

D  

a  

fi  

9  

n  

p  

t  

p  

o  

1  

a  

i  

b  

t  

c

S
I  

r  

d  

s  

c  

c  

o  

w  

(  

w  

a  

w  

v  

a  

S  

w

R
P
T  

t  

t  

C  

o  

c  

t  

t  

>  

(  

N
1
8  

t  

s  

w

S
S  

p  

(  

S  

o  

1  

S  

3  

u  

T  

s  

s  

r

A
T  

t  

m  

a  

a  

t  

m  

k  

5
 

t  

f  
enomic char acteriza tion of different ARGs and 

GEs in MDR isolates 

he criteria for the selection of specific ARGs were based on a
ompr ehensiv e anal ysis of the percenta ges of the resistance ex-
ibited a gainst v arious antibiotics in differ ent isolates. Isolation of
enomic DNA from MDR isolates was done by Master pure com-
lete DNA and RNA purification kit (Lucigen, USA) and Plasmid
NA isolation using the QIAprep Spin Miniprep kit (Qiagen, Ger-
an y), both wer e then subjected to qualitative PCR for the detec-

ion of genes widely responsible for resistant to corresponding an-
ibiotics blaTEM (ampicillin), blaGES (ampicillin), blaCTX (ampi-
illin), tetQ (tetracycline), tetM (tetracycline), tetW (tetracycline),
 poB516 (Rifampicin), r poB526 (Rifampicin), r poB531 (Rifampicin),
rmF (erythr omycin), qnrS (cipr ofloxacin), blaNDM (imipenem),
nd Sul1 (cotrimoxazole and erythromycin) along with 16S rRNA
nd other MGEs like class 1 integron (intl1) and IS26 gene. PCR us-
ng high fidelity Taq Pol ymer ase (Thermo Fisher Scientific, USA)
erformed as initial denaturation at 94 ◦C (5 min), 35 cycles of de-
aturation (1 min), annealing (1 min) at the appropriate tempera-
ures listed in Supplementary Table S1 , extension (30 sec) at 72 ◦C
nd a final extension step (7 min) at 72 ◦C. Appropriate band sizes
btained for each target gene were checked on 1.2% agarose gel. 

otal sludge metagenomic DNA extraction and 

PCR 

etagenomic DNA of all the sludge samples was extracted using
he FastDNA spin kit for soil (MP Biomedicals , C A, USA) based on
he manufacturer’s protocol. DNA concentration and quality were
ssessed by nanophotometer (Nanodrop 2000, Thermo Fisher Sci-
ntific) and confirmed by a gar ose gel electr ophor esis. 

The pr epar ation of standard curv es involv ed using plasmid
NA that contained target genes was performed. The num-
er of plasmid DNA copies per microliter is given by the for-
ula: Number of copies = [DNA mass concentration(ng) x

.022 × 10 23 ]/[Length of DNA (bp) x 660 × 10 9 ] (Zhang and Fang
006 ). Ten-fold serial dilutions of the plasmid DNA carrying tar-
et ARGs were used to cr eate se v en-point standard curv es for
PCR with copy counts ranging from 102 to 108. A master mix
f 20 μl final volume was pr epar ed consisting of 10 μl Maxima
YBR Green/R O X qPCR master mix (2x) (Thermo Fisher Scientific,
SA), 1 μl of each primer (10 μM), 0.2 μl of Bovine serum albu-
in (BSA) (20 mg ml -1 ), 6.8 μl of nuclease-free water and 1 μl of
NA template . T he PCR pr ocedur e was set up as follows: 10 min
t 95 ◦C, then 40 cycles for 15 s at 95 ◦C and 1 min at 60 ◦C, and
nally, a final stage of the melt curve with a ramp from 60 ◦C to
5 ◦C. Eac h r eaction was carried out thr ee times with an additional
on-template control, all qPCR tests were carried out in 96-well
lates under standard conditions and according to the manufac-
ur er’s r ecommendations (Applied Biosystems). The pr ogr am (Ap-
lied Biosystems 7500 v 2.3) calculated the qPCR efficiencies based
n the standard curves . T he PCR efficiencies varied from 80 to
10%, and all calibration curves had R 

2 values above 0.992. For
bsolute quantitative detection, 6 ARGs with two MGEs (IS26 and
ntl1) and 16S rRNA wer e c hosen. All of the primers wer e cr eated
y Sigma Aldric h, India, whic h is listed in Supplementary Table S1 ,
he 16S rRN A gene w as also measured so that the gene abundance
ould be adjusted to the entire bacterial community. 

ta tistical anal ysis 

n the sludge samples, the 16S rRNA gene (denoting total bacte-
ial population) and the chosen target gene (ARGs and MGEs) were
enoted as “log transformed gene copy number” per gram of dry
ludge weight normalized to the DNA extraction yield. Principal
omponent analysis (PCA) was performed using sludge physico-
 hemical par ameters and metal abundance with the abundance
f all six targeted ARGs , two MGEs , and three STPS. The analyses
ere performed using the OriginPro 2023 software by OriginLab

Massachusetts, USA). All the statistical graphs were generated
ith the help of Gr a phP ad Prism 8 software (Boston, USA). Aver-
 ge, standard de viations (SD), and standard error of all the data
ere calculated with Microsoft Excel 2016. One-way analysis of
 ariation (ANOVA), m ultiv ariate anal ysis of v ariation (MANOVA),
nd Pearson corr elation anal ysis wer e carried out by IBM SPSS
tatistics 25 software (Chicago, USA). 95% confidence intervals
er e al ways used to determine statistical significance ( P < .05). 

esults 

hysico-c hemical c haracteristics of sludge 

he physico-chemical properties of the sludge samples of the
hr ee STPs ar e mentioned in Supplementary Table S2 . Among
hese, STP3 sludge had higher bulk density, WHC, available P, and
/N ratio while lo w er EC and moistur e content compar ed to the
ther two. In terms of metal composition, it exhibited higher con-
entrations of F e , Cu, Zn, Cd, Cr, Ni, and Pb and lo w er Mn. Mn con-
ent was found to be higher in STP1. The heavy metal concen-
ration in the sludge was found to be in the order of STP3 > STP2
 STP1, with the exception of Mn, which was higher in STP1

 Supplementary Table S2 ). Heavy metals Cd, Zn, F e , Cu, Mn, Cr,
i, and Pb, wer e pr esent in a r ange of (23.39–213.36), (147.86–
173.0), (474.33–778.09), (243.12–436.45), (189.42–257.15), (47.52–
3.05), (61.85–90.536), and (42.09–89.006) mg kg −1 sludge, respec-
iv el y. Zn was found to be most abundant, followed by Fe in sludge
amples . T he findings for influent w astew ater and effluent treated
 ater w ere also similar ( Supplementary Table S3 ). 

creening and isolation of ARBs 

TP sludges wer e scr eened for TBC and ampicillin-r esistant
opulation. Samples of STP2 contain a higher number of TBC

20.16 × 10 7 CFU g −1 ) follo w ed b y STP1 (19.98 × 10 7 CFU g −1 ) and
TP3 (43.48 × 10 6 CFU g −1 ) ( Supplementary Table S2 ). In the case
f ampicillin-resistant population, this number was dropped to
2.51 × 10 7 , 82.8 × 10 6 , and 78.3 × 10 7 CFU g −1 for STP1, STP2 and
TP3, r espectiv el y. Considering colon y c har acteristics, a total of
0 cultivable ampicillin-resistant bacterial colonies were picked
p from each STP sludge sample for antibiotic susceptibility test.
he culture plate images and colony characteristics for 30 repre-
entative isolates from three STPs (10 from each STP) have been
hown in Supplementary Fig. S10 and Supplementary Table S7 ,
 espectiv el y. 

ST and MARI 
he antimicrobial susceptibility profiling of the selected 90 bac-
erial isolates from sludge samples was performed with 14 com-

onl y pr escribed antibiotics (including ampicillin); the r esults
re shown in (Fig. 1A , B, C). All the isolates tested positive for
mpicillin resistance, and the number of isolates showing resis-
ance to cotrimo xazole, ciproflo xacin, chloramphenicol, stre pto-

ycin, rifampicin, gentamycin, ofloxacin, tetracycline, cefoxitin,
anam ycin, azithrom ycin, penicillin G, and imipenem were 67, 74,
6, 56, 64, 44, 70, 60, 85, 55, 59, 81, and 76, r espectiv el y. 

Based on these findings, a bar dia gr am (Fig. 1 D) was made
o illustrate the changes in the MDR level in sludges derived
rom STPs . T he MARI was highest for STP1 (0.79), follo w ed b y

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
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F igure 1. P er centage of resistance for selected ampicillin-resistant bacterial isolates for STP sludge samples with 14 different tested antibiotics. (A) 
percentage of resistant isolates for STP1 sludge, (B) a percentage of resistant isolates for STP2, (C) a percentage of resistant isolates for STP 3, and (D) 
based on the resistance multiple antibiotic resistance index (MARI) is represented for three STPs. 
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STP3 (0.76) and STP2 (0.67) (Fig. 1 D). MARI for all 90 isolates 
r anged fr om 0.5 to 0.93). The percenta ge r esistance to r espec- 
tive antibiotics for bacterial isolates from STP1 sludge were CO- 
86.67%, CF-100%, C-60%, S-60%, RD-73.33%, G-60%, OFX-93.33%, 
TE-70%, FOX-100%, K-60%, AZM-63.33%, P-90%, and IPM-90%; 
STP2 sludge were CO-86.67%, CF-76.67%, C-56.67%, S-96.67%, RD- 
60%, G-16.67%, OFX-73.33%, TE-50%, FOX-100%, K-56.67%, AZM- 
56.67%, P-80%, and IPM-86.67%, and STP3 sludge were CO-50%,
CF-70%, C-70%, S-80%, RD-80%, G-70%, OFX-83.33%, K-66.66%, 
AZM-76.66%, P-100%, and IPM-76.66%. The MDR isolates having 
differ ent colon y c har acteristics, r esistant to mor e than six classes 
of antibiotics and high MARI (0.64–0.93) were selected for further 
study. MARI values of 16 selected MDR isolates are given in Table 1 .

Char acteriza tion of the MDR isolates and 

phylogenetic analysis 

Based on 16S rRNA sequencing, the isolates were identified as 
Bacillus sp. strain BI3, Chryseobacterium sp. strain BI5, Priestia sp.
strain BI6, Microbacterium sp . strain BI8, Staphylococcus sp. strain 

BI10, P antoea sp . strain BI11, Microbacterium sp . strain BI13, Rhodococ- 
cus sp . strain D1I2, Pseudomonas sp. strain D1I7, Glutamicibacter 
sp . strain D1I9, Pseudomonas sp . strain D2I1, Enterobacter sp .strain 

D2I5, Stenotrophomonas sp . strain D2I6, Sphingobacterium sp. strain 

D2I7, Bacillus sp. strain D2I8, and Exiguobacterium sp. strain D2I9.
Ther e wer e 12 distinct gener a altogether and dispersed among 
nine differ ent orders, whic h included the actinobacteria and four 
other phyla of bacteria. The phylum Fermicutes and Proteobac- 
teria shared a dominant number, with 10 isolates accounting for 
62.5% of the detected bacteria. Four isolates (25%) were identified 

as Actinobacteria, while two (12.5%) isolates of the Bacteroidetes 
er e detected. Furthermor e , a Biolog assa y was applied to as-
ess the metabolic diversity of six re presentati ve bacterial isolates
 Supplementary Table S4 and Supplementary Fig. S1 ). 

The accession numbers of deposited 16S rRNA gene sequences 
o GenBank were obtained as OP295365–OP295380, and a phylo- 
enetic tree was constructed and presented in Fig. 2 . 

etal tolerance assay 

o test the co-occurrence of heavy metals and resistance to antibi-
tics, the metal tolerance ability of the bacterial isolates was in-
estigated. The majority of the bacterial isolates were found to be
olerant to heavy metals than the negative control ( E. coli ). The re-
ults of tolerance assays to seven metals sho w ed that 18.75, 12.5,
8.75, 12.5, 12.5, 12.5, 18.75, 12.5, and 12.5 % of the MDR isolates
er e toler ant to 500 mg l −1 of Cu 

2 + , 750 mg l −1 of Cu 

2 + , 1500 mg
 

−1 of Cr 3 + , 1500 mg l −1 of Pb 2 + , 750 mg l −1 of Mn 

2 + , 1500 mg l −1 

f Mn 

2 + ,1500 mg l −1 of Cd 

2 + , 1500 mg l −1 of Co 2 + , and 1500 mg l −1 

f Zn 

2 + , r espectiv el y. It was not possible to determine the biocidal
oncentrations of zinc, cadmium, cobalt, and lead in the present
tudy for > 80% of the strains , same wa y 68.25% of isolates for Cu
nd Mn, and 56.25% for Cr. The order of toxicity of the metals to
he MDR isolates was found to be Cd > Pb = Co = Zn > Mn > Cu = Cr. 

uto-a ggregation, co-a ggregation, and motility 

ssay of MDR isolates 

he auto-a ggr egation percenta ges of the MDR isolates were found
o increase with the incubation time (0, 2, and 24 h) (Table 1 ). The
ighest auto-a ggr egation percenta ge was observ ed for Pantoea sp.
train BI11 (96.89%) and Exiguobacterium sp. strain D2I9 (88.02%) 
ollo w ed b y Sphingobacterium sp . strain D2I7 (77.45%), Priestia sp.

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
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Table 1. Multiple antibiotic resistance index (MARI), motility (72 h), auto-aggregation % (24 h), and biofilm-forming ability of selected 

m ulti-drug r esistance isolates. 

Isolates MARI 
Motility (72 h) 

(mm) 
Auto-aggregation 

(24 h) (%) 
Biofilm-forming ability 

(24 h) 

Bacillus sp . BI3 0.71 90 36.67 Strong 
Chryseobacterium sp. BI5 0.93 90 24.51 Moderate 
Priestia sp. BI6 0.93 90 76.67 Moderate 
Microbacterium sp. BI8 0.92 8 23.47 Strong 
Staphylococcus sp. BI10 0.78 90 70.41 Moderate 
Pantoea sp. BI11 0.78 90 96.89 Moderate 
Microbacterium sp. BI13 0.64 9 53.33 Strong 
Rhodococcus sp. D1I2 0.85 3 11.76 Weak 
Pseudomonas sp. D1I7 0.78 90 10.89 Strong 
Glutamicibacter sp. D1I9 0.93 7 14.38 Moderate 
Pseudomonas sp. D2I1 0.78 90 71.13 Strong 
Enterobacter sp. D2I5 0.78 90 55.18 Strong 
Stenotrophomonas sp. D2I6 0.86 76 27.78 Moderate 
Sphingobacterium sp. D2I7 0.78 4 77.45 Weak 
Bacillus sp. D2I8 0.93 90 66 Strong 
Exiguobacterium sp. D2I9 0.93 90 88.02 Weak 
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train BI6 (76.67%), Pseudomonas sp. strain D2I1 (71.13%), Staphylo-
occus sp . strain BI10 (70.41%), Bacillus sp . strain D2I8 (66%), En-
erobacter sp. strain D2I5 (55.18%), and Microbacterium sp. strain
I13 (53.33%). The remaining MDR isolates were characterized
 y lo w auto-a ggr egativ e pr operties, suc h as Bacillus sp. str ain BI3

36.67%), Stenotrophomonas sp. strain D2I6 (27.78%), Chryseobac-
erium sp. strain BI5 (24.51%), Microbacterium sp . strain BI8 (23.47%),
lutamicibacter sp . strain D1I9 (14.38%), Rhodococcus sp . strain D1I2

11.76%), and Pseudomonas sp . strain D1I7 (10.89%). 
The co-a ggr egation inv estigation betw een lo w a ggr egativ e

tr ains r e v ealed that a ggr egation was mor e pr onounced when
icrobacterium sp. strain BI13 was combined with Rhodococcus sp.

train D1I2 and Pantoea sp. strain BI11 with Pseudomonas sp. strain
1I7, with 85.03 and 75.56% of co-a ggr egation, r espectiv el y. In
ddition, the visual auto-a ggr egation assay also sho w ed visible
ocs for all high auto-a ggr egativ e MDR str ains and minimal visi-
le flocs for other strains after a given time of incubation. Visible
ocs were also observed for the co-aggregation set of low aggrega-
iv e str ains. A consider able number (68.75%) of the MDR isolates
ere found to be motile and sho w ed a sw arming motility pattern
n 0.3% agar media plates. (Table 1 ). In contrast, the non-motile
trains included Microbacterium sp . strain BI8, Microbacterium sp.
train BI13, Rhodococcus sp. strain D1I2, Glutamicibacter sp. strain
1I9, and Sphingobacterium sp. strain D2I7. 

iofilm formation dynamics and the produced 

henotype 

TCC 35984, a slime-pr oducing/ica-positiv e str ain, and ATCC
2228, a slime-negati ve/ica-negati ve strain, were used as the pos-
ti ve and negati ve controls, respecti vely. The cut-off value (ODc)
or each plate was determined as three SD above the mean optical
ensity (OD) of the negative control: ODc = average OD of the neg-
tiv e contr ol + (3 × SD of the negative control) (Plota et al. 2021 ).
r om this inv estigation, it was found that after 24 h of incubation,
8.75% of the isolates produced a lesser amount of biofilm (0.743
 ODs < 1.486), 37.5% of the isolates formed a moderate amount
f biofilm (1.486 < ODs < 2.972), and rest 37.5% of the isolates
ormed strong biofilm (2.972 < ODs). The ability to form a biofilm
f 16 MDR isolates is r epr esented in Table 1 . The results of the CRA
ssay r e v ealed that in contr ast to the r efer ence negativ e bacteria
ATCC 12228), all identified MDR isolates tested positive for the
RA test. Most of the isolates sho w ed black colonies with typical
rystalline mor phology. The TCP tec hnique also r ecognized all of
he isolates positive for biofilm formation ( Supplementary Fig. S6 ).

Dynamics of biofilm formation by sludge isolates sho w ed that
hen the antibiotic concentrations of the system were increased,

he majority of MDR bacteria follo w ed a Gaussian distribution
attern. The production of biofilm by the isolates was gener all y
nhanced by lowering the concentration of antibiotics (ampicillin,
anam ycin, azithrom ycin, ciproflo xacin, vancom ycin, and clar-
thromycin) ( Supplementary Figs. S2 , S3 , S4 , S5 , S6 , S7 ). In Set B,
hen the selected antibiotics were added to the biofilm of the iso-

ates after 48 h of incubation (when the biofilm had already de-
eloped), it was found that the bacteria in the biofilm displayed
ignificant resistance to the antibiotics (ampicillin, kanamycin,
zithr omycin, cipr ofloxacin, and v ancomycin) ( Supplementary
igs. S2 , S3 , S4 , S5 , S6 , S7 ). In Set A, when the antibiotic was intro-
uced prior to the bacterial inoculation, a decrease in the biofilm
ormation was observed at higher antibiotic concentrations by the

ajority of the isolates. BI8, D2I7, D1I9, D1I2, BI13, and D2I8 did
ot exhibit any discernible change in the production dynamics
f biofilm for most of the antibiotic sets, although in case of iso-
ates D2I1, BI5, and BI8 in the presence of ciprofloxacin, and D2I7
nd D2I9 in the presence of ampicillin in Set A revealed that the
iofilm was not impacted whereas in case of Set B, the forma-
ion of biofilm was gr aduall y and significantl y r educed with the
ncrease in antibiotic concentration ( Supplementary Figs. S2 , S4 ).
he majority of the bacterial isolates from set A, ho w ever, dis-
layed gr eater r esistance to clarithr omycin ( Supplementary Fig.
7 ). Most inter estingl y, it was also found that four isolates (BI10,
I11, D2I1, and D2I6) could surviv e clarithr omycin concentr ations
p to 150 g ml −1 in Set A. 

ualitati v e assessment of different ARGs in MDR 

acteria 

n addition to the AST, the molecular genotype of these MDR
solates wer e r e v ealed b y PCR amplification emplo ying primers
argeting specific ARGs (blaNDM–100%, qnrS–100%, Sul1–87.5%,
laCTX–12.5%, blaGES–12.5%, Intl1–68.75%, IS26–75%; tetW–
1.25%, bla TEM–100%, and rpoB516–75% of the MDR isolates).
he amplification of blaTEM genes found in e v ery isolate except
2I5, supported the finding that they had a high le v el of ampi-

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
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Figure 2. Neighbor-joining tree based on distance analysis representing the relationship between the 16S rRNA sequences of 16 bacterial isolates from 

thr ee differ ent STPs sludge samples and 48 r efer ence sequences (16S rRNA gene) of the r elated species fr om NCBI GenBank. Bootstr a p v alues 
gener ated fr om 500 r eplicates ar e shown at the nodes. 
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Table 2. Identification and c har acterization of 16 multi-drug resistance (MDR) isolates. Showing colors for the presence/absence of tested 

antibiotic resistance genes (ARGs) and mobile genetic elements (MGEs) (derived from PCR experiments) for genotype, also showing colors 
for r esistant/intermediate/sensitiv e for antibiotic susceptibility test (AST). [Antibiotics denoted as Ampicillin (A), cotrimoxazole (CO), 
cipr ofloxacin (CF), erythr omycin (E), c hlor amphenicol (C), str e ptom ycin (S), rifampicin (RD), gentamycin (G), ofloxacin (OFX), tetracycline 
(TE), cefoxitin (FOX), kanamycin (K), azithromycin (AZM), penicillin-G (P), and imipenem (IPM)]. 

Genotype Antibiotic Susceptibility Test (AST)Isolates

Identity  O
rigin 

(Sludge)

 B
laN

D
M

       

 qnrs

erm
F

 Sul1

 blaC
TX

blaG
ES

 Intl1

 IS26

  tetW

 blaTEM

rpoB
516

rpoB
526

 rpoB
531

 tetQ

 tetM

A C
O

C
F

C S R
D

G O
FX

TE FO
X

K A
ZM

P I

BI3 Bacillus sp. STP 1
BI5 Chryseobacterium sp. STP 1
BI6 Priestia sp. STP 1
BI8 Microbacterium sp. STP 1
BI10 Staphylococcus sp. STP 1
BI11 Pantoea sp. STP 1
BI13 Microbacterium sp. STP 1
D1I2 Rhodococcus sp. STP 2
D1I7 Pseudomonas sp. STP 2
D1I9 Glutamicibacter sp. STP 2
D2I1 Pseudomonas sp. STP 3
D2I5 Enterobacter sp. STP 3
D2I6 Stenotrophomonas sp. STP 3
D2I7 Sphingobacterium sp. STP 3
D2I8 Bacillus sp. STP 3
D2I9 Exiguobacterium sp. STP 3

Present Absent Resistant Intermediate Sensitive

Figure 3. Quantitativ e r eal-time pol ymer ase c hain r eaction (qRT-PCR) 
for the enumeration of six antibiotic resistance genes (ARGs) (ermF, 
qnrS, Sul1, blaNDM, blaGES, and blaCTX) and two mobile genetic 
elements (MGEs) (intl1 and IS26) along with 16S rRNA gene in the three 
STPs sludge samples. Values (log-transformed) are expressed for the 
gene copy number per gram of the dry weight of sludge, normalized to 
the DNA extraction yield. 
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illin r esistance. Se v er al MDR isolates de picted positi v e r esults for
ther genes like blaGES, tetQ, tetW, rpoB516, qnrS, blaNDM, and
ul1, along with 16S rRNA and other MGEs like intl1 and IS26 gene.
o PCR amplification was found against tetM, rpoB526, rpoB531,
rmF, and blaCTX genes. Among all the 16 MDR isolates, BI5 and
I6 were found to harbor the maximum number of ARGs (nine) in
heir genomic DNA, whereas D2I5 and D1I7 were found to harbor
hree and four ARGs, respectively (Table 2 ). Of 16 isolates 11 have
lasmid, but no ARGs were amplified in the plasmid DNA. 

uantitati v e assessment of the ARGs and MGEs 

n STP samples and correlation with sludge 

hysico-chemical parameters 

he amplification efficiencies of qPCR for all target genes
aried between 80.115% and 114.32% with good linearity
 Supplementary Fig. S8 ). The qPCR results sho w ed a higher copy
umber of all the target resistance genes than the detection limit.
he number of gene target copies per gram of sludge varied
r eatl y on a dry weight basis, from ∼6.6 × 10 3 (qnrS in STP1) to
6.5 × 10 8 (Sul1 in STP2) (Figs. 3 , 4 and Supplementary Table
5 ). The bacterial population harboring ARG blaCTX gene were
0.44%, ∼0.009%, and ∼0.056%; ermF gene were ∼1.26%, ∼1.58%,
nd ∼2.27%; blaGES were ∼0.95%, ∼0.87%, and ∼0.49%; intl1
ere ∼3.83%, ∼11.59%, and ∼7.72%; IS26 were ∼0.52%, ∼11.63%,
nd ∼24.42%; qnrS were ∼0.0009%, ∼0.0011%, ∼0.0060%, and
ul1 were ∼12.72%, ∼29.42%, and ∼21.94%, in STP1, STP2, and
TP3 sludge, r espectiv el y. The absolute copies number for all
he target genes was normalized to the basal le v el of 16S rRNA
enes in order to minimize the variance caused by differences in
he abundance bac kgr ound bacterial population (Figs. 3 , 4 and
upplementary Table S5 ). The absolute abundance of the tar-
et ARGs sho w ed significant v ariation, r anging fr om 2.0 × 10 5 to
.1 × 10 6 copies g −1 sludge . STP2 sludge had a lo w er concentra-
ion of blaCTX gene (2.0 × 10 5 ), one-fold lo w er than STP1 and STP3
ludge samples. In the case of the ermF gene, the copies number
 aried fr om (3.5 × 10 7 to 8.7 × 10 6 ) g −1 sludge and was lower in
bundance in STP2 sludge. blaGES gene abundance was higher
n STP2 sludge and the copies number ranged from (6.6 × 10 6 to
.9 × 10 7 ) g −1 sludge. Class 1 integron copies number ranged from
.6 × 10 7 to 2.5 × 10 8 g −1 sludge, higher abundance was seen
n STP2 sludge and least abundance in STP1. IS26 copies num-
er varied in 100-folds (3.6 × 10 6 to 4.6 × 10 8 ) g −1 sludge Most
bundance of IS26 gene copies number was observed in STP3 and
east in STP2. blaNDM copies number ranged from 4.6 × 10 5 to
.4 × 10 6 g −1 sludge and STP1 had sho wn lo w er abundance. qnrS
 as in lo w er concentration among the other 7 ARGs whic h r anged

rom 6.6 × 10 3 to 1.1 × 10 5 g −1 sludge . T he abundance of qnrS was
o w er in STP1 sludge and higher in STP3. sul1 gene copies number
 anged fr om 8.9 × 10 7 to 6.5 × 10 8 g −1 sludge, STP1 and STP2 had
o w er and higher abundance of sul1 gene, r espectiv el y (Figs. 3 , 4
nd Supplementary Fig. S9 ). 

PCA was used considering metal concentration, AMR gene
opies number, and different STP sites to e v aluate the impact of
ludge physico-c hemical par ameters on the AMR gene abundance

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
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Figur e 4. T he box plot r epr esents the first and third quartile of the six antibiotic resistance genes (ARGs) (A) ermF, (B) qnrS, (C) Sul1, (D) blaGES, (E) 
blaCTX, (F) blaNDM, and two mobile genetic elements (MGEs) (G) and intl1 (H) IS26 tar get genes for thr ee STP sludge samples. 
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and distribution. The abundance of qnrS, ermF, and IS26 genes and 

the STP3 wer e positiv el y corr elated with the amounts of bulk den- 
sity, WHC, and electrical conductivity and negativ el y corr elated 

with moisture and pH (Fig. 5 A). On the other hand, blaGES, intl1,
sul1, and blaNDM genes have shown positive association with to- 
tal N, available N, and available P with the STP2 (Fig. 5 A). Again,
moistur e, pH, and or ganic carbon form a positive link with the 
blaCTX gene copy numbers with STP1. Similarly, a positive asso- 
ciation of metals (F e , Cu, Zn, Cd, Cr, Ni, and Pb) and qnrS, ermF,
IS26, intl1, Sul1, and blaGES genes with STP2 and STP3 (Fig. 5 B) 
and a negative correlation with Mn were found. On the other hand,
blaCTX, blaNDM, and Mn form a positive correlation with STP1 
(Fig. 5 B). 

Discussion 

Physical parameters such as bulk density, WHC , EC , and mois- 
ture and chemical parameters such as heavy metals constituents,
organic matter content, nutrients, pH, persistent organic pollu- 
tants (POPs), etc. are important determinants of sludge quality.
The main sources of heavy metals in se wa ge sludge ar e domes- 
tic and industrial w astew aters, sew er system corrosion, surface 
runoff, pharmaceuticals and personal car e pr oducts, etc. (Rizzar- 
dini and Goi 2014 , Cantinho et al. 2016 ). In the present study, the 
metal concentrations in the sludge were found to be often higher 
than those in the influent from the STP and the reclaimed wastew- 
ater ( Supplementary Tables S2 , S3 ). Most of the analyzed metals 
had concentrations that were within the acceptable range, as per 
the international regulatory agency, USA Regulation 40 CFR Part 
503 503.13. Pb, Zn, and Cd were found to vary greatly, while Ni 
amounts varied less. Cu and Zn content in STP2 and STP3 were 
 elativ el y higher. This may be due to the fact that they primar-
l y tr eat urban waste water fr om the main city; the concentr ation
as higher than that of STP1, which primarily treats w astew a-

er from domestic and agricultural sources. Singh and Agrawal 
 2010a , b , c ) also observed similar findings regarding STP2, but con-
r asting r esults for STP1 wer e obtained, a m uc h higher concentr a-
ion of heavy metals than pr e vious studies (Jatav et al. 2021 ). The
igh metal concentration in sludge samples needs careful man- 
gement and monitoring to guard against potential dangers to 
uman health and the environment (Tytła et al. 2023 ). A lesser
ariation in organic C and other parameters was found among 
he three samples, except P. High le v els of or ganic matter, av ail-
ble P, and N found in sludge may indicate to w ar d higher bac-
erial counts (Zhang et al. 2017 , Turek et al. 2019 ). The TBC re-
eals the bacterial population in sludge, and the screening for
 ulti-antibiotic r esistance depicts the r esistant bacterial popu-

ation. Primary screening with Ampicillin is used as it is one of
he most widely used antibiotics to which resistance has devel-
ped over the course of time (Timraz et al. 2017 ). This study re-
ealed a large population of ampicillin-resistant bacteria in all 
hree sludge samples. Further, screening sho w ed a number of iso-
ates resistant to the 14 most prescribed antibiotics via AST. Based
n these findings, the MARI r e v ealed that 16 bacterial isolates
er e r esistant to m ultiple antibiotics . Almost all the isolates ha ve

hown resistance against the β-lactam deri vati ves lik e penicillin,
ephalosporin, and ampicillin. T his ma y be indicative that the
 astew ater coming from numerous sources in STPs has antibiotic

esidues that could not be removed completely even after treat- 
ent, and the presence of these antibiotics in sludge in higher

mounts exhibits selection pr essur e on r esistant bacterial com-
unities to survive in these environment by developing resistance 

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data


10 | FEMS Microbes , 2024, Vol. 5 

Figure 5. Principal component analysis (PCA) showing the correlations of ARGs and MGEs gene abundance and different STPs with (A) the 
physico-c hemical par ameters denoted as BD = bulk density, WHC = water holding ca pacity, M = moistur e, pH, OC = organic carbon, TN = total 
nitrogen, AN = available nitrogen, AP = available phosphorus, and EC = electrical conductivity, with antibiotic resistance genes (ARGs) and mobile 
genetic elements (MGEs) gene abundance, and different STPs (STP1–Bhagwanpur 8 MLD, STP2–Dinapur 80 MLD, and STP3–Dinapur 140 MLD), and (B) 
Metals denoted as 1 = F e , 2 = Cu, 3 = Zn, 4 = Mn, 5 = Cd, 6 = Cr, 7 = Ni, and 8 = Pb. 
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ov er time thr ough v arious mec hanisms, including β-lactamase 
production, efflux pumps, altered penicillin-binding protein, etc. 
in order to survive in these environment (Worthington and Me- 
lander 2013 , Giani et al. 2017 ). Also, STP1 sludge has higher MARI,
hence the highest rate of MDR. The MARI for sites and isolates 
were all greater than 0.2, suggesting that these three STP sites are 
at high risk of ARGs and ARBs contamination. 

The cultivable bacterial population harboring the sludge sam- 
ples r epr esents a taxonomic div ersity. The phylogenetic anal y- 
sis r e v ealed 12 distinct gener a altogether and dispersed among 
nine differ ent orders, whic h included the actinobacteria and four 
other phyla of bacteria. Among these , F ermicutes and Proteobac- 
teria were predominant, collectively representing 62.5% of the de- 
tected bacteria, demonstrating a significant microbial diversity. 
This diversity sets this study a part fr om man y cultur e-based stud- 
ies, which often focus on a limited number of genera by explor- 
ing a broader range of bacterial strains across various orders and 

phyla. Nascimento et al. ( 2018 ), found Clostridium to be the abun- 
dant genus, follo w ed b y Treponema , Propionibacterium , Syntrophus ,
and Desulfobulbus . Acinetobacter baumannii , K. pneumonia , S. aureus,
P. aeruginosa, etc. are common examples of bacteria posing resis- 
tance to a large class of antibiotics (Akpaka et al. 2017 , Vázquez- 
López et al. 2020 , Ahmed 2022 , Li et al. 2022 ). 

The present study also investigated the influence of metal tol- 
er ance, auto-a ggr egation as well as co-a ggr egation, motility and 

biofilm production ability of the bacterial isolates in resistance 
de v elopment. By employing both the CRA method and the TCP 
method, we aimed to ensure a comprehensive and multi-faceted 

examination of biofilm formation. The tissue culture approach, 
with its categorization of biofilm str ength, pr ovided a detailed and 

quantitative assessment that complemented the qualitative in- 
sights gained from the CRA method. Results elucidated that most 
MDR isolates have a high tolerance profile to various heavy met- 
als (highest for Cd), good auto-a ggr egation (highest for Pantoea 
sp.), as well as co-a ggr egation ( Microbacterium sp. with Rhodococ- 
cus sp. and Pantoea sp. with Pseudomonas sp.) properties, and con- 
siderable mobility (except four isolates). All five non-motile bac- 
terial strains do not form a strong biofilm. It is well known that 
non-motile bacterial mutants lack the ability to form biofilms 
(Basson et al. 2008 ). T hus , bacterial motility is one of the k e y el- 
ements for the creation of biofilms as it impacts bacterial ad- 
hesion to various surfaces (J ało wiecki et al. 2018 ). Ampicillin,
kanam ycin, azithrom ycin, ciproflo xacin, clarithrom ycin, and van- 
comycin were among the antibiotics at lower concentrations 
that helped the MDR sludge isolates build biofilms . T his signifies 
that bacteria sense antibiotics in the sub-MIC concentration and 

start producing auto-inducer molecules ultimately leading to cell 
density-dependent signaling pathways such as biofilm induction 

(Padder et al. 2018 ). Also, the CRA assay classified all MDR strains 
to be biofilm-positive. Chryseobacterium sp., P. aeruginosa, S. aureus ,
and K. pneumonia, Glutamicibacter sp., Exiguobacterium sp., and Bacil- 
lus sp. are some of the w ell-kno wn biofilm producers (Bagge et al.
2004 , Chang et al. 2015 , Nirwati et al. 2019 , Futo et al. 2021 , Hoque 
et al. 2022 ). Biofilms enhance the emergence resistance phenom- 
ena by shielding bacteria against exposure to different antibiotics,
pr omoting genetic exc hange (horizontal gene tr ansfer), spr eading 
virulence genes, and boosting stress tolerance (Fisher et al. 2017 ).

A number of variables, including the physico-chemical charac- 
teristics of the sludge, can affect the pr e v alence of ARGs in se wa ge 
sludge . PC A was used to e v aluate the impact of sludge physico- 
c hemical par ameters on the AMR gene abundance (Fig. 5 A) and 

distribution. This study r e v ealed a str ong corr elation between the 
abundance and distribution of the ARGs and MGEs gene and the 
mounts of metals, and it also indicates the necessity of physico-
 hemical par ameters to r egulate AMR gene abundance (Fig. 5 A
nd Supplementary Table S6A ). A strong correlation of STP2 and
TP3 was obtained with the abundance and distribution of the
RGs and MGEs gene. It may be because of the high amount
f contaminated w astew ater coming into these two STPs. It rep-
 esents a r elationship between anthr opogenic factors and ARG
bundance. Also, there is a favorable correlation between the 
bundance of ARGs in sludge and its bulk density, water retention
apacity , and electrical conductivity . The differ ent pH optim ums,
mount of total organic matter and the availability of nutrients in
he sludge may also have an impact on ARG abundance, as these
lements can potentially affect bacterial growth and activity. 

Qualitative assessment revealed that most of the target genes 
er e pr esent in c hr omosomal DNA as the plasmid lac ked the am-
lification of these genes . T he possible reasons could be genomic
NA mutations taking part in acquir ed r esistance (Van Hoek et al.
011 ), loss of a part of the plasmid, etc. (Carroll and Wong 2018 ).
he mechanisms through which resistance genes are acquired, as 
ell as their existence and distribution, can differ amongst bacte-

ial str ains. Quantitativ e assessment thr ough qPCR demonstr ated
he variance in the number of target gene copies between the var-
ous sludge samples, which ranged up to a 100-fold. It may be due
o the consideration that STPs with high MLD can process large
mounts of w astew ater and hence have a high concentration of
rganic matter and nutrients , pro viding a selection pressure on
he micr obial comm unities to de v elop r esistance to w ar d various
ntibiotics . T his ma y also create a situation where bacteria can
asil y exc hange mobile genetic components (plasmids , integrons ,
nd transposons) containing ARGs (Tao et al. 2022 ). Here, intl1
nd IS26 sho w ed a substantial positive correlation with most of
he targeted ARG families ( P ≤ .05) ( Supplementary Table S6b ),
ike sulfonamides , β-lactamases , and quinolones; concluding that 
RGs linked to MGEs for migration between species in the sludge
nd also to the r espectiv e sink envir onment. The exact STP design,
perational circumstances, and location can all have an impact on
he causes for the higher abundance of ARGs in STPs . T her efor e,
 esearc h is r equir ed to better understand the link between STPs’
LD capacity and ARG abundance. 
The qualitative and quantitative assessment of resistant deter- 

inants in sludge derived from STPs decipher that sludge serves
s a prominent factor for the dissemination of ARGs and ARBs. It
s the need of the hour to have a critical risk assessment and the

anagement of the sewage sludge and treated water to reduce the
pread of MDRs and ARGs to the environmental matrices such as
ffluent receiving water bodies and sludge-amended a gricultur al 
elds. 

onclusions 

 he present in vestigation concludes that sludge derived from
TPs contained a diverse group of bacterial communities that 
er e r esistant to v arious antibiotics. Chryseobacterium sp. str ain
I5, Stenotrophomonas sp . D2I6, P antoea sp . BI11 strain, Pseudomonas
p . strain D2I7, Enterobacter sp . strain D2I5, and Sphingobacterium
p. str ain D2I7 wer e found to be r esistant to m ultiple drugs. Nearl y
ll the isolates exhibited r esistance a gainst the β-lactam deriva-
i ves lik e penicillin, ce phalosporin, and ampicillin. AMR genes
blaTEM, blaGES, tetQ, tetW, rpoB516, qnrS, blaNDM, and Sul1),
nd MGEs (intl1 and IS26) were detected in bacterial genomic
NA significantly. Also, the abundance of various target genes 
as found to be varied in accordance with sludge from different
TPs. A po w erful correlation betw een the abundance and distri-

https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data
https://academic.oup.com/femsmicrobes/article-lookup/doi/10.1093/femsmc/xtae004#supplementary-data


12 | FEMS Microbes , 2024, Vol. 5 

b  

h  

r  

c  

t  

o  

o  

a  

s  

s  

o  

s  

t  

k  

A  

t  

t  

t  

b  

i  

c

A
M  

B  

m  

W

E
T  

a

A
T  

b  

B  

e

S
S

C  

c  

a

F
S  

I  

(  

t  

t  

2

D
T  

s  

O

R
A  

 

 

 

A  

 

 

A  

 

A  

 

 

 

 

A  

 

 

A  

 

 

A  

 

 

B  

 

 

 

B  

 

 

B  

 

 

B  

 

 

B  

 

 

C  

 

 

C  

 

C  

 

ution of the ARGs and MGEs gene, the amounts of metals and
igh biofilm production ability deduce that they aid in antibiotic
esistance. Most of the studied isolates could survive in high van-
omycin (last resort of antibiotics) and clarithromycin concentra-
ions, indicating the se v erity of the AMR spreading. The outcomes
ffer a new window into the complexities of microbial physiol-
gy and may offer some guidance in pr e v enting the emer gence
nd subsequent spread of antibiotic r esistance. Ov er all, the r e-
earch contributes valuable insights into the intricate relation-
hips between sludge c har acteristics, metal exposur e, and antibi-
tic resistance in bacterial populations, offering a holistic per-
pective on the environmental implications of antibiotic resis-
ance , by pro viding peculiar indications of how sludge can act as a
 e y dri v er of AMR gene/bacteria tr ansmission in the envir onment.
lso, the usage of STP sludge could contaminate the agroecosys-

ems with resistance genes . T herefore , the ingression of ARGs in
he envir onment thr ough STP sludge should be inv estigated fur-
her, and there is a need to formulate potential strategies to com-
at the spread of AMR in the environment and upgrade the ex-

sting STP technologies to remove the contaminants of emerging
oncern. 
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