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Abstract

Antimicrobial resistance (AMR) spreading has been a public core®inincreases the
mortality of infection and some biowastesuch as pig manure, food waste and
municipal waste sludges) have been reported as hotspots of antibiotic resiStasce.
PhD research aindeat comprehengely studyingthe profile of antibiotic resistomes in
the biowastes of Ireland, anassessinghe removal of antibiotic resistomes during

anaerobic caligestion of food waste and pig manure.

First, metagenomic analysis and hitgiroughputqgPCR (HFgPCR) were employed to
investigate the profile of antibiotic resistance genes (ARGs), mobile genetic elements
(MGEs) and microbial community ifood waste EW), pig manure PM), aerobic
activated sludge (AS) and anaerobic sludge (ANS)otal of 19 ARGs types (317
subtypes) were detected in these samples by metagenomic sequencing, and the

abundances of total ARGs the samples ranged from90 x10* to 4.03! 10? copy of

ARG/copy of 16S rRNA gene. HGPCR analysis showed that the total absolute
abundances of ARGs in the FW, PM and ANSre apprximatdy 2.2x107 to 1.6x10'°
copies of gene/g wet samplespectively. Both analysis methods revealed the presence

of carbapenem resistance genes in the FW.

Following that anaerobic digestiorwas operated to study the inactivation of
carbapenemasgeroducing EnterobacteraleCPE) as well as the removal of ARGs,
during mesophilic anaerobic -@bgestion (AcoD) of FW and PM. The results showed that
the elimination of CPE stins was more efficient at hightrtal solids TS) contentsThe
survival time of CPE decreased from 9 days to 2 eagsincreasing TS contesifrom 5%
to 20%.In addition, mesophilic dry AcoD with a TS content of 20ffeeively reduced
total ARGs by 1.240gs copies/g wet samplddowever the fates of different types of
ARGs varied during mesophilic AcoD.

Finally, the removal of ARGs and MGEs during thermdiphiAcoD of FW andPM was
assessed. Metagenomic sequencing resultseshihat the relative abundances of GR
were reduced under all TS contenkowever, the digestersperated athigher TS
contents (TS=10%, 15% and 20%) did not show a noticeable impentein ARG
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redudion, andthere was little change ithe final number of ARGs subtypes in all
digestersBecausemethane production and system stabiitgre adversely impacteby
high TS contentsthe thermophilic dry AcoD with the current experimentttisg may

not be feasible for the treatment of FW and PM.

The results indicate that anaerobicdigestionis an effective way to treat FW and PM
and reduce ARGSut the optimainitial TS contentsveredifferent at37 and55

A high initial TS content is recommended for mesophilic AcoD for a higher removal of
ARGs and MGEs. TS content higher than 15% is not recamdied for thermophilic

AcoD, since it may resulnifailure.
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Chapter 1
1.1 Background

Aiming at infection prevention and treatment, antibiotics have been widely used to
improve human, animal and plant health since 1940m et al., 201%. The consumption

of antibiotic drugs has been reported to leased by 35% 71 countries during 2000
2010, and the consumption of veterinary antimicrobial drudjsimcrease from 63,151
(#1,560) tonnes in 2010 to 105,596 (23,605) tonnes by 2030 glolfstiyn Boeckel et al.,
2015 Van Boeckel et al., 20}4 Although many strategiesatie been implemented to
reduce inappropriate and unnecessary antibiotic use, the consumption of antibiotic drugs
is increasing due to the growth of the global population theddiemand for livestock
products (Van Boeckel et al.,, 20)5It has been reported that around-&®o of
antibiotics and their metabolites are excreted via urimefagcessince they can not be
completely absorbed and metabolized by humans and ar(@taistou et al., 201 71.ee

et al.,, 201Y. Concentratios of antibiotic residues found in human and animal wastes
range from ng/L to mg/L(Alvarez et al., 201 The antibiotics andheir corresponding
metabolic products casubsequentlype introduced into the environment through human
and animal wastescontributing to the build of antimicrobial resistanegnong
microorganismgEMA/CVMP/AWP, 2017%.

Antimicrobial resistance (AMR) spreadimga publichealthconcern, and iincreases the
mortality of infectiors. For examplewastewater treatment plants (WW§Pfarms and
their surrounding environmentare reported as hotspotsof antimicrobial resistance
(Fitzpatrick and Walsh, 201&ui et al., 2016 Antibiotic resistomesre alsofound in
raw foods and food wastéghung et al., 202IPormohammad et al., 201 %or instance,
carbapenemseproducing Enterobacterale CPE) has becoma major public health
concern across the world due to the higbrtality (Cahill et al., 2019Elshafiee et al.,
2019 Mahon et al., 201)7 Ben-David et al. (2012yeported that the mortality rate of
carbapenemagaroducing Klebsiella pneumoniae (K. pneumoniag bloodstream
infections was 48%Clancy et al. (2013vestigated 17 trasplant patients being infected
by carbapenemagmoducingK. pneumoniaeand found the 30and 90day mortality
rates were 18% and 47%, respectiveGPE have beenfound in the hospital and
municipal WWTPs, food products, fogmoducing animals and their rsaunding
environmentgGuerra et al., 2014Kock et al., 2018Randall et b, 2017. Thesefindings
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Chapter 1
suggest that municipal and animal wastes, such as sewage sludge, food wastes and
livestock wastes, anenportant sourcesef AMR which pog potential risks to human and

animal health.

Conventionally raw animal manures are spread on agucal land as soil amendments

or fertilizers andthe compost or anaerobic digestate of food wastes (FW) is also applied
on land as bidertilizer (Dennehy et al., 201 diang et al., 2018&.iao et al., 2019p The
application of biofertilizers on landcausethe dispersal of antibiotic resistance bacteria
(ARB) and antibiotic resistance genes (AR@Shristou et al., 201 7iao et al., 2019p

To eliminate the potential dangef AMR to the animal and human healtheffective
methods are required t@duceARB and ARGs from livestock wastes and municipal

biowastes.

Anaerobic digestion (ADhasbeen widely applied for recovering renewable energy from
biowastes. Compared with mo@amaerobic digestion, edigestion of animal manusegith
organic wastese(g. FW, crop straw and grass silagm) considered as an alternative
process for biawaste treanent due to the advantages over mdigestion, such as
optimized carbon/nitrogen @/N) ratio, increased biomethane yield, improved system
stability and high economic viability for digestion plafBennehy et al., 2018iang et

al., 2018¢ Xie et al., 201Y. The operation conditions of FW and pig manure (PM) co
digestion have been assessedD@nnehyet al. (2018)and Jiang et al. (2018cat low
total solids (TS) content (TS §%, namely wet digestion) and high TS content @S
15%, namely dry digestion). Although the eliminations of enteric bacteria A&
during anaerobic cdigestion have been report@eneragama et al., 201,3bennehy et
al., 2018 Jiang et al., 2018hJiang et al., 2018Zhang et al., 2006 these studies are
mainly focused on the influences of various operation factors (e.g. types of substrates,
antibioticsresidues and metals) on the inactivation of ARBs known thatheinitial TS
content of the substratess significant impact on ammonia nitrogerfAN) and volatile
fatty acids(VFAs) concentrationsn digesters high AN or VFAs can contributeto the
inactivation of bacteria since thayetoxic to microorganismsin that casgit is suspead
that theinitial TS contenimpacts the removal of ARB and ARG4owever,the effect of

TS conterd on the inactivation of ARB and reduction of ARGs Imad been assessed.

Apart from the initial TS content, the operation temperature can also significantly impact
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the microbial succession and the fate of ARGs and M@GEs et al., 2020Zou et al.,
20201. Although many researchelsveinvestigated the fate of ARGs in thermophilic
AD, most of them only targeted several specific gehtmwvever, the fate obeveral
ARGs sometimescould not r@resentthe overall picture of ARGs in the system.
Therefore, metagenomic analysis artigh-throughput quantitative polymerase chain
reaction (HFgPCR) which can target hundreds of ARGs at a tiawe employed in the

following studes to assess the efficiency of AD at different conditiameducing ARGs

1.2 Objectives

The overall aim of this Ph.D. researhto investigate the capacity of anaerobic co
digestion (AcoD) on the removal of ARB and AR@sthis studyAcoD of FW and PM
was conductedat different initial TS contents and different temperatures, and

metagenomi@nalysisandHT-gPCR techniguewereemployed to investigate:

(1) the dversity and abundance of antibiotic resistance gexm&bs mobile genetic

elementsn typical biowastes

(2) the effect of initial TS content on thenactivation of carbapenemapgeoducing
Enterobacteralesluring anaerobic edigestion of food waste and pig manure

(3) the effect of initial TS content on reduciagtibiotic resistance genes and mobile

genetic elements from biowastsringanaerobic caligestion
(4) the effect of initial TS content on the redoat of pathogenicbacteria and

antibiotic resistome in thermophilic anaerobicdigestion of food waste and pig

manure
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1.3 Procedures

This Ph.Dresearcltonsisted ofour lab-scale experimas (Figurel-1).

‘ Biosafety assessment of biowastes management |

!

Removal of AMR? ‘

Profile of AMR in Effect of TS content?
typical biowaste? ‘

Effect of temperature?

v

Raw bi " Mesophilic AcoD Thermophilic AcoD
W blowastes (TS=5%, 10%, 15%, 20) (TS=5%, 10%, 15%, 20)
=
P ; 5 & 2
—Z«‘ = g ] =) =
g5 53 = <
= S 2 8
s g e e g
5= < 2% 5
55 T 5 o E
S = Inactivation of CPE = o SO
— o — i
Diversity and abundance Microbial community Removal of ARGs Microbial community
of ARGs and MGEs composition and MGEs composition

Figurel-1. Flow chart of the research

First, four typical biowastes (food waste, pig manure, aerealotivatedsludge,and
anaerobic sludge) were collected from the canteen, pig farm and lawlaseewater
treatment plant. Metagenomic sequencing andgATR techniques were employed to
examinethe profile of antibiotic resistance genes and microbial community structures in
the samples. Through this, the four biowastes were confirmed as the sources of ARGs. In
particular, the diversity and abundance of carbapenepras®ling genes were

determing.

Then, alab-scale batch experiment was conducted ratsophilic temperatur 7 ) to
investigate the performance of AcoD on the inactivation of CPE, in addition with the
effect of initial TS content on the inactivation efficiendyhe fate of ARGs and MGEs
under different conditions wadsorevealed byHT-gPCR.A lab-scale batch experimen
was conducted to investigate therformanceof thermophilic AcoD in the reduction of

ARGs and MGEs at different initiaTS conterd. The details ofexperiment design,
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operationand resultsre described itheindividual chapters.

1.4 Structure of thesis

This dissertation compris@schapters

Chapter 1 is the introductiofMhe researchbackground, objectiveand procedures are

presented.

Chapter 2 reviews theurrent state of antimicrobial resistance and thesfaft@ntibiotic
resistomesn anarobic digestion systems.

Chapter 3reveals the igtersity and abundance of antibiotic resistance genes in typical

biowastes bympbying metagenomic analysis and higiroughput gPCR

Chapter 4 studstheinactivation ofCPEduring anaerobic cdigestionat different initial

TS content

Chapter &compares the performance of wet and dry mesophilic anaercbligestion on
the reduction oARGsandMGEs

Chapter 6 studies thsystem performance of thermophilic anaerobiedigestion at

different initial TS conterston the fate of enteric bacteaadantibiotic resistoms

Chapter7 presents the conclusions drawn from all the studéstibedin Chaptes 3-6,

and recommendations are provided for further research.

1.5Publications

Chapter 4Shun WangShun, Louise O'Connor, Zhongzhong Wang, Yan Jiang,
Dearbhaile Morris, Niamh Cabhill, Zhenhu Hu, and Xinmin ZHaactivation of
carbapenemagaroducing Enterobacterales during anaerobidigestion of food waste

andpig manureBioresource Technology Repqrid (2020): 100455.
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Chapter 5Shun Wang, Yuansheng Hu, Zhenhu Hu, Weixiang Wu, Zhongzhong Wang,
Yan Jiang, and Xinmin Zhan. Improved reduction of antibiotic resistance genes and
mobile genetic elements from biastes in dry anaerobic-chigestion Waste
Managementl26 (2021): 15262.
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2.1 Introduction

Antibiotics have beenwidely used for many decades, and antibiotic residues and
antibiotic resistomehave been detected in varioaavironments For instance, a high
abundance of ARB and ARGsre detected in WWTP and their surrounding
environmentsespecially ithe WWTPs receivingospital wastewatgCahill et al., 2019
CaleroCaceres et al.,, 201Mahon et al., 20L17Su et al., 2017a Many studieshave
reported tht livestock waste (especialgnimal manure) and manure amended soil are
important hotspots of AMRQian et al., 201,7Wang et al., 2017azhu et al., 2018
Recent research also repor®@BB and ARGs found in raw fruits, vegetables and meat
producs (Randall et al., 201 7Sapkota et al., 2019Xiong et al., 2019 Antibiotic
resistance could shift among different tesq@ecies viahorizontal gene transfer (HGT)
(Liao et al., 2019 Hence, it is possible that some pathogens could obtain ARGs from
environmental organisms, resultingan increased risk foublic health.

This chapter briefly introduces the applicatiohamtibiotics and antibiotic residues in
municipal and livestock wastest presents the profile of AMR in several typical
environments and the problems caused by AMR. Finally, a review on the reduction of

AMR during anaerobic digestion progresses is edraut.

2.2 Antibiotics consumptionand antibiotic resistance

2.2.1Global antibiotics consumption

Antibiotics have been widely used since the 1940s wiemcillin was first introduced
for treating infections; some antibiotics are also usedanimal farming for disese
prevention and growth promotioAccording to reportshie global economic value of the
antibiotic market is estimatito be40-45 billion dollars,accounting for about 4.5% of the
total value of the pharmaceutical markélliott et al., 201Y. The total global
consumption of antibioticencreased from21.1 billion defined daily doses (DDDs) in
2000 to 34.8 billion DDDs in 201%nd it isestimated to increase to 128 billion DDDs in
2030 if no policy changes to reduce the use of antibiffilesn et al., 2018
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Due tothe growth of demand for animal food production, regular usantibioticsis
inevitable.In some countries, such as the United States (US) and Qleady half ofthe

total antibiotics are sed in agriculture, especially for livestock anim@gBouch et al.,
2019. They are dded into the feeds at a high concentration for a short tiri® (ays)

to prevent the outbreak of infectious disead@arton, 2014 It was reported that the
consumption of antibiotic drugs 71 countriesncreased by 35% between 2000 and 2010,
and the global consumption ofveteinary antibiotics in food animal production could
increaseby 67% from 63,151 (#1,560) tonnes in 2010 to 105,596 (£3,605) tonnes in 2030
(Van Boeckel et al., 201¥an Boeckel et al., 20J4Among all countries, China, the US,
Brazil, Germany, and India are the top consuméngeterinary antibiotics, contributing

to about 51% of global veterinary antibiotics consumption in 2010. Furthermore, the
usage of veterinary antimicrobial drugs is projected to be doubled in Brazil, Russia, India,
China, and South Africa from 2010 to ZDB/an Boeckel et al., 20}5In the US, the
consumption of antibiotics used in fopdoducing animals from 2014 to 2016 ranged
from 14,026 to 15,578 tonne@-DA, 202); and the antibiotics consumed bydstock
counted for abou?0-80 % of all antibiotics sold (based on volume) across the nation
(Elliott et al.,, 2017%. Although sales and distribution of antibiotics for food animals
decreased by 10% from 2015 through 2016, they increased by 9% from 2009 through
2016(FDA, 2017%. In China, the annual production of antibiotics is 210,000 tons, and 90%
are consumed by agriculture (48%) and medicine (4Z%u et al., 201)1 The average

dose of antimicrobialsised in livestock increased dramatically between 2001 and 2007,
from 50 to 703 mg/kg biomagklu and Cheng, 2016

As for antibiotics used in the European Union (EU)/European Economic Area (EEA), the
annual sales of antibiotics in the ESVAEufopean Surveillance of Veterinary
Antimicrobial Consumption participating countries from 2010 to 2020 are shown in
Figure 2-1. In addition, the sales trends of veterinary antibiotics in the couritaes

2010 to 2020 were presented by milligrams active ingredient sold per population
correction unit (mg/PCUiTable2-1 (EMA/ESVAC, 202). It needs to be emphasized
that the participating countries included in Bf8VAC reports are different in some years,
and some data of the countries were not reported in some specificGeansared with

the US, antibiotics for growth promotion arerghibited in ESVAC's participating
countries According to ESVAC reports, antititics sales for foogroducing animals in

the EU/EEA countries had the highest amount in 2015, about 8,941 t@umpared to
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other ESVAC participating countries, Spain, Italy, Germany, France, and Poland had
higher annual sales of veterinary antibioiitshe past 10 years. In particular, Spain used
the most antibiotics and increased rapidly, from 2,203 tonnes in 2013 to 3,030 tonnes in
2015. In addition, the data shows that Cyprus, Italy and Spain ranked at the top of
veterinary antibiotic dosage (mg/BE (Table 2-1). As for Ireland, the consumption of
antibiotics fluctuated in a small range, which was about-8839 tonnes between 2013

and 202qQHPRA, 2020.

Tonnes
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Figure2-1 Sales of veterinary antimicrobial agents inBuropean countries from 2010 to
2020(in tonnesEMA/ESVAC, 202).

The consumption of veterinary antibiotics cannot be acelyratalculated as data are
limited. Van Boeckel et al. (20153uggesté that the primary users of antibiotics in
livestock would be the US and European countries; meanwthige consumption of

veterinary antibiotics in developing countries is growing rapidlgnong all livestock
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animals, pigs arereported to have the highest antibiotic usage (based on per unit of

animal mass), followed by chicken and catldiott et al., 2017.

Table2-1 Annual sales of veterinary antibiotics for feptbducing animals iEuropean

Surveillance of Veterinary Antimicrobial Consumptiparticipating countries from@L0

to 2020(in mg per population correction unit, mg/PCU)

Country 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Austria 629 544 548 572 563 507 461 467 50.2 426 46.3
Belgium 179.9 1751 1629 156.4 1581 1499 139.9 1311 113 1019 103.4
Bulgaria 926 989 1161 829 121.8 1552 129.8 119.6 1127 166
Croatia 1035 905 836 68 708 628 686
Czechia 943 8 798 822 798 68 612 635 57 538 56.3
Denmark 471 421 437 445 438 418 404 389 37.8 371 37.2
Estonia 708 705 627 701 768 649 637 563 529 535 49.2
France 1336 1143 1011 939 1058 694 712 68 642 583 56.6
Germany 2115 2048 1797 1493 982 892 891 884 786 83.8
Greece 574 636 942 912 832 89.1
Hungary 260.9 1925 2457 230.6 193 2114 187 190.9 1805 189.7 169.9
Ireland 514 464 548 557 475 508 52 465 459 408 47
Italy (4211 371 3409 3015 3323 3219 2047 2737 244 1911 1818
Latvia 39.4 367 415 376 366 37.6 299 332 359 411 30.8
Lithuania 482 411 391 29 355 35 374 342 327 208 205
Luxembourg 432 521 406 345 354 351 336 29 29
Malta 12903 1534 1103 116.1
Netherlands 146 1137 748 699 684 644 527 562 574 482 50.2
Poland 1263 1341 1503 1395 137.9 1284 1639 168.3 1852 187.9
Portugal 178 1618 157.2 187.2 201.7 1703 208 1342 1866 146.6 175.8
Romania 109 1005 852 90.1 827 539 57.8
Slovakia 436 433 592 656 50.8 50.3 618 492 423 519
Slovenia 468 46 36.9 333 263 303 366 432 449 333
Spain 230.3 219 126.7 154.3
Sweden

Switzerland 56.8 50.6 466 401 40.2 357 343

United Kingdom 67.8 51 66.2 625 623 565 39 321 29 30.5 30.1
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Although antibiotics are usually divided into human and veterinary medicine according to
their purposessome antibiotics usddly livestock animals are closely related to the drugs
usedby humans.So, veterinary drugs can letassified asnedically important (MI) and

not medically important (NMlIpased on their effects on bacteria related to human health
concerngFDA, 2021 FDA, 2003; the information about drugs is show Table2-2. In

2016, about 60% of veterinary antibioticeuds i n t he US were fimedi cal
are also used for treating human diseg$¢3A, 2015 FDA, 2016 FDA, 2017, and
some fAcritically i mportant o re@ intludibgtlhirdi cs wer

generation cephalosporins, fluoroquinolones, and macrolides. These three classes of
antibiotics occupied about 5% of the total antibiotic sales of that(i#&s%, 2017. Most

antibiotics commonly marketed in the EU/EEA region for use by livestock are penicillins,
amphenicols, tetracjines, fluoroquinolones, aminoglycosides, macrolides, lincosamides,
sulfonamides, cephalosporins, and other classes, and these classes are much the same as
those used in other countries worldw({@MA/ESVAC, 2@®1). Tetracyclines, penicillins,
sulfonamides, and macrolides are the dominant classes of antibiotics used in EU/EEA

region(Figure2-2).

Tetracyclires (including chlortetracycline, oxytetracycline, doxycycline, and tetracycline)
areoften used for the treatment of human diseases, as well as in farm gi@imgkcka
Wierzchowska eal., 201§. In Nigeria, tetracycline is frequently used since its capsules
are easyd obtainfrom storegVitali et al., 2014. In the US, chlortetracycline and tylosin
were the dommant ones, and their annual usages were 533,973 kg and 165,803 kg,
respectively(Apley et al., 2012 More recently, it has been reported that tetracyclines
(including chlortetracycline, oxytetracycline, and tetracycline), ionophores (including
laidlomycin, lasalocid, monensin, narasin, and salinomycin) and penicillins (including
amuicillin, ampicillin, cloxacillin and penicillin) were the main consumed antibiotics in
the US in 2016, accounting for 42%, 33% and 6% of the total consumption, respectively
(FDA, 2017%. In Canada, the most frequently applied veterinary antibiotics are penicillin,
tetracyclines, and ceftiof(GlassKaastra et al., 20)3andoxytetracycline, florfenicol,
sulfadimethoxine/ormetoprim, and sulfadiazine/trimethopara permitted for treating

fish infections(Trudel et al., 2016 In Ireland, tetracyclines (3942.3%), penicillins
(22.226.6%), sulphonamides and trimethoprim (31700%), macrolides and

lincosamides (64.4%) arethe most commonly used in the past several years, and the
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proportion of antibiotics used in Ireland was essentially the same as that in the European

countrieHPRA, 2020.
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Figure2-2 Changes of veterinary antibiotic sales inBBO/EEA countriesrom 2015 to
2020 in mg/PCU (the results excluded Malsait joined the ESVAC in 2017)
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Table2-2 Classification of veterinary drudgmsed on the medical importance

Drugs

Classification

Antimicrobial drug sub -classes

1st Gen Cephalosporins
2nd Gen Cephalosporins
3rd Gen Cephalosporins

4th GenCephalosporins
Aminocoumarins
Aminoglycosides

Aminopenicillins
Amphenicols
Antipseudomonal Pens
Carbapenems
Cephamycins
Chloramphenicol
Clindamycin
Diaminopyrimidines
Flouroquinolones

Glycolipids
Glycopeptides
lonophores
Isoniazid
Lincosamides
Macrolides

Metronidazole
Monobactams

MI®
M
CMmI®

HMI®
NMmI¢
HMI

Ml
Ml
Mi
Ml
Ml
HMI
HMI
Ml
Ml

NMI
HMI
NMI
HMI
Mi

CMI

HMI
Ml

Cefazolin, Cafadroxil, Cephalexin, Cephradi@ephapirin

Cefaclor,CefaclorCD, Cefamandole, Cefonacid, Cefprozil, Cefuroxime, Lorcacarbe
Cefdinir, Cefixime, Cefoperazone, Cefotaxime, Cefpodoxime, Ceftazidime, Ceftibut
Ceftizoxme, CeftriaxoneCeftiofur

Cefepime

Novobiocin

Amikacin, Gentamicin, Tobramycin, Kanamycin, Streptomycin, Neomycin, Netilmic
Spectinomycin, Dihydrostreptomycin

Amoxicillin, Ampicillin, Ampicillin/Sulbacta

Florfenicol

Mezlocillin, Pipercillin, Pipercillin/tazo, Ticarcillin, Ticarcillin/Clav, Carbenicillin
Imipenem, Meropenem, Ertapenem

CefotetanCefoxitin

Chloramphenicol

Clindamycin

Ormetoprim

Norfloxacin, Ciprofloxacin, Ofloxacin, Enoxacin, Levofloxacin, Lomefloxacin,
Sparfloxacin, Grepafloxaciatifloxacin, Moxifloxacin, Danofloxacin, Enrofloxacin
Bambermycins

Vancomycin

Laidlomycin, Lasalocid, Monensin, Narasin, Salinomycin

Isoniazid

Lincomycin, Pirlimycin

Erythromycin, Azithromycin, Clarithromycin, Gamithromycin, Tildipirosin, Tilmicosir
Tulathromycin, Tylosin, Tylvalosin

Metronidazole

Aztreonam
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Drugs Classification Antimicrobial drug sub -classes

Orthosomycins NMI Avilamycin

Otherqguinolones NMI Otherquinolones

Oxazolidones HMI Linezolid

Penase Resistant Pens Ml Cloxacillin, Dicloxacillin, Nafcillin, Oxacillin

Penicillins Ml Benzathinepen G, Penicillin G, Penicillin V, Amoxicillin, Ampicillin, Cloxacillin,
Penicillin

Pleuromutilins NMI Tiamulin

Polymyxin B HMI Polymyxin B

Polypeptides NMI Bacitracin

Pyrazinamide HMI Pyrazinamide

Quinolones Mi Nalidixic Acid, Cinoxacin, Oxolinic Acid, Pipemidic Acid

Quinoxalines NMI Carbadox

Rifamycins HMI Rifampin, Rifabutin

Streptogramins HMI Dalfopristin/quinupristin, Virginiamycin

Sulfonamides Ml Sulfadimethoxine, Sulfamethazine, Sulfaquinoxaline

Tetracyclines HMI Tetracycline, Chlorteracycline, Demeclocycline, Doxycycline, Minocycline,
Oxytetracycline

Trimeth/Sulfameth CMI Trimeth/Sulfameth

aMI: Medically important
b CMI: Critically medically important
¢ HMI: Highly medically important

4 NMI: not medically important
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As shown inTable2-2, some antibiotics applied in fogutoducing animals hawdinical
importanceto human health. For example, cephalexin can inhibit grasitive and
gramnegative bacterial pathogens, and it is the-fing antibiotic for treating human
diseaseqYang et al.,, 2014 Gentamicin and streptomycin are used to treat serious
enterococcal infections, while erythromycin (which belongs to the macrolide class) is
usually used to treat infected patients who are datleto penicillins (Chajecka
Wierzchowska et al., 20)6Fluoroquinolones(FQs) could be one of the alternative
options for treating specific human diseases, and they were also reported to be used in
some poultry farms in France to control avian colibacillosis or mycoplasma infection
(Pourcher et al., 20}4Colistin is the last line antibiotic for some humiarfections,
though it has severe side effects on the patients, and it was widely added to livestock
feeds in many countries, including Chi(tlliott et al., 201}. Carbapenems belong to
betalactam antibiotics, and they have broad antimicrobial effects on-gositive and
gramnegative bacteria by inhibiting their cell wall synthgsisenovic et al., 2017 Thus,

they are usually used for treating severe infecticassed by multidrugesistant

organisms.

It was reported thaa high percentage (190%) of antibioticsis excreted via urine and
faecesas they cannot be absorbed by human and animal bodies com(Beteéragama

et al., 2013aChristou et al., 2017 ee et al., 2017 As high amounts of antibiotics are
used worldwide, antibiotics and relevant metabolidas remain in human and animal
wastes and theenterdifferent environment$EMA/ESVAC, 2017. Chen et al. (2017b)
reported thain about 180,000 tons of raw antibiotic materials consumed each year, as
much as 70% are released to the environment directly or indirébiing et al. (2015a)
estimated that the total amount of antibiotics released to the water bodies in China during
2013 was about 53,800 tons.

The concentrations of antibiotics were around-#19ug/L, 3.3636 ng/L and 0.045
ug/kg in wastewater, river water, and dry soil, respectijd@lgi et al., 201} Besidesijt
was reported that the concentrations of tetracycline in municipal sewagdbw#s89.4
652.6 ng/L, and it was much higher in livestock wastewateto4.1-32.67 /L (Huang
et al., 201%. Cephalexin can persist in thguatic environment for a long time; thusisit
frequenly detected in sewage influents with high concentratidfr@. example,the

concentratios of cephalexinin the range 0f2.0-4.6 ug/L were found in Australia
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(Costanzo et al., 2003Vatkinson et al., 2007 The detection of tetracyclines in the
freshwater environment has been reported globally, while the detection of pemscillin
infrequently reported(Kim et al., 201%. The antibiotics introduced into the ecological

environment by human activities are likely to increase the prevalence Bf AM

2.2.2Brief introduction of antibiotic resistance

Antibiotic resistancehas been considered a growing threat to health, and the-micro
organisms (especially pathogens) that hawtbiotic resistanceeanreduce the treatment
effect causing severe consequences (such as death). There are thvags
microorganismsan obtain antibiotic resistance: intrinsic, acquired through spontaneous
mutations, and HGT from donors (bacteria, phages, and free Do&)d 2012 Sharma

et al., 201% HGT is considered the primary mechanism for bacteria acquiring resistance.
Through HGT, mobile genetic elements (MGEs, including plasmids, transposons,
integrons, bacteriophages, etarjd free DNA with ARG<an transfer among microbes

and contribute to the dissemination of antibiotic resistance.

Generally, most antibiotic resistance can be divided into several mechanisicishave

been reviewed previous[Blair et al., 2014Munita and Arias, 2006 The first common
mechanism is antibiotic efflux pumps. Resistant bacteria produce specific transport
proteins that can pump antibiotics, heavy metals, or other small molecules out of the cells
before they reach their intracellular targets or disrupt celmbraneqSteinbuch and
Fridman, 2015 Steinbuch and Fridman (201@ported that bothdenosine triphosphate
(ATP) binding cassette transporter (ABC transporter) and resistavthdationcell
division (RND) transporters are efflux pumps, and ABC transpoatereegarded as the
main efflux pump adhey can transfer avide range of substrates across membranes
especiallyantimicrobial drugsRND transporters are common in Gragygative bacteria

and play roles in bacterial virulence, quorum sensing, interactions betwees gridnt
bacterial, detoxification of toxic compads, andhe development of multidrug resistance
(Perrinet al., 2017 Puzari and Chetia, 20L7About 60% of tetracyclireeet) resistance
geneqsuch agetA, tetB, tetC, tetG, tetH, tet], tetK, tetl, etg belong tothe efflux pumps
mechanismas well as many multidrug resistance gefié®re are 34 efflux pump genes

identified inEnterococcus faecalspp(Molale and Bezuidenhout, 2016
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The second resistance mechanism is ribosomal protection protein (RERBYing
antibiotic target protectiontarget alteration, and target replacemdRésistance genes
such agetQ, tetM, tetO, tetwW, andermB can encode resistance by target modification of
RPP(Gao et al., 2017 Protection proteins reduce the affinity of ribosort@eantibiotics

or promoteribosomes to release bound antibiotics, increaaitpotic resistancéThung

et al., 201% Most reports suggest that the number of efflux pump gene®re than
RPP genegZhang et al., 2003 while it was found to be the dominant in some other
studies(Aydin et al., 2015Cheng et al., 201&.ee et al., 201;AVang et al., 2016a

Enzymatic modification(or antibiotic inactivation)is the third resistase mechanism
genes belonging to this mechanisaninactivate antibiotics by producing hydrolytic or
modified enzymesHowever, few genebave beenand they are usually in low relative

abundance as they may be limited in a few ge(@nang et al., 2013

Nowadays, lte improper application of antibiotics and their residues in the environment
canaccelerate the spreading aftibiotic resistance, which has become a concern due to
the increased mortality of infectior{8Vorld Health Organization, 2014In particular
some ARGs can be carried by MGEs and then traesfento pathogens via HGT,
resulting in limited antibiotic therapy aphs and efficiency(Zhang et al., 2017dFor
example, ancomycinresistant enterococci (VRE$ an emergencyssue and causs
worldwide concera In addition, nany microorganisms have been reported to be the
host of ARGs and show resistare tomore than one class ahtibiotics. For example,
some tetracyclingesistant bacteria also show resistance to gentamicin or vancomycin,
and many aminoglycosides resistant isolates are also resistant to strept@hgpatka
Wierzchowska et al., 201€hoi and Woo, 2015

2.2.3Global issuescaused by antibiotic resistance

Nowadays, MR is reported to increase the mortality of infectidmtibiotic resistance
causes fewer therapeutic options due to the slow development of new antibioties
al., 2017. Antibiotic-resistant zoonotic pathogens can be transferred into hiigids
via various pathways, including natural environments and animal proddatsng

antibioticresistant pathogens contaminate food materiafsreault in the outbreak of
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food-borne diseasegspecially for patients in hospitals who areakand more likely to

be infected by antibioticesistant strains.

In recent years, the health threat of antibiotic resistance has been a broad public concern.
For instance, mthicillin-resistantStaphylococcus aure8RSA) is widely isolated from

the hospital environment in the US, and the number of annual infectiosedcdy
MRSA strains is about 100,000, among which 20% of the infections were lethal
(Dehkordi et al.,, 2017 Carbapenemasgroducing Enterobacterals resistant to
carbapenems as well as many other antibiocticsdetectedglobally and become major
public health concern&lshafiee et al., 203Hrenovic et al., 201, ™Mahon et al., 2017
Carbapenems are among the last resort antibiotics available for treating infections
associated with extendegbectrum betdactamasegroducing organisms in humans
(Guerra et al., 20tRoschanski et al., 20 . CarbapenemasaroducingEnterobacterals

(CPE) infections are highly associated with increased morbidity and mortili¢y to
limited therapeutic option§lean et al., 20)5BenDavid et al. (2012)yeported that the
mortality rate of carbapenemagmducing Klebsiella pneumoniagK. pneumoniag
bloodstream infections was 48%lancy etal. (2013)investigated 17 transplant patients
infected by carbapenemapeoducing K. pneumoniaeand found the 30and 90day
mortality rates were 18% and 47%, respectivébenerally, CPE are mainly found in
hospital effluent(Haller et al., 2018Hrenovic et al., 201)7 However, carbapenemase
encoding genes and other resistance genes are often mediated by MGEs, and they can be
transferred into other bacteria and contribute to the spreading of antibiotic nesista
(Gomi et al., 2018Hu et al., 201 In that case, the detection of carbapemesistant
bacteria such asKlebsiella pneumonigeCitrobacter freundijf Pseudomonas sppand
Acinetobactespp, hasincreased dramatically in recent ye@€ahill et al., 2019Guerra

et al., 201% CPE lave been detected in WWTRsater, food-producing animals (pg)
poultry, andcattle) and their surrounding&uerra et al., 2034Roschanski et al., 2017

The recent World Health Organization (WHO) survey repaitiatl alkcause mortality is
significantly increased because of the infecsi@aused byKlebsiella pneumoniagK.
pneumoniag Escherichia coli(E. coli), and other antibioticresistant organisms (ARO)
resistant tothird-generation cephalosporin, carbapen or fluoroquinobne (World
Health Organization, 20)4According to the report, the number of deaths caused by

antimicrobial resistance is estimated at 700,000 each year, and it will increase to 10
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million in 2050 if no actions are takgdim, 2016. In addition, the treatment cost of
antibioticresistant infections is about5tbillion dollars each year, and the cumulative
loss of the global economy is up to 100 trillion dolléEdiott et al., 2017 McGowan Jr,

2007). Therefore, strategieseaurgently needed to mitigate the dissemination of AMR.

2.2.4Strategies and policies focontrolling antibiotic resistance

To mitigate the development and spread of AMR, several antibiotics that were mainly
used as growth promoters have been banned in somdries.The positive effects of
reducing antibiotic application have been confirmedanousstudiesDutil et al. (2010)
investigated the effects of stopping the usecephalosporinon the prevalence of
cephalosporifresistantSalmonellain chicken products purchased from the superntarke
and they found its proportion declined from 60% to 10% within one yéw®air results

also indicated that antibioti@sistant bacteria isolated from human subjects dramatically
decreased, from 40% to rarely detected over two y@atecrease in resetce level has

also been found in the EU due to the ban of agricultural antibifAiaeestrup et al.,
2001).

To meetthe challenge of antimicrobial resistance, the World Health Assembly allocated
an action plan in 2018WVorld Health Organization, 20)15In fact, many countries are
taking actions tareduce the consumption of antibiotics and slow down the spread of
AMR before that action plan.g&ording to the survey published Byshton et al. (2034
among 152 surveyed countries, the application of antimicrobial drugs for growth
promotion has been banned in 51% of those countigite 19% of those countries have
partially banned itFor example, thdJS has prohibited the application of medigall
important antibiotics for animal growth promotigRCAST, 2015 The EU banned the

use of antimicrobials for growth promotion in 2006 and banned the use of antimicrobials
for preventive purposes in livestock animals in 2QB8ropean Commission, 2008n

June 2017the European Commission built the EU One Health Action Plan to tackle the
AMR, based on the EU Action plan released in 2QQ4&hill et al., 2019 In the same
year, Ireland finished its first National Action Plan on AMR 22020 (iNAP), and the
next iteration of INAP on AMR (2022025) was launched later in 20@8kovernment of
Ireland, 2021 More, 202). In this national action plan, policies and actions are taken to

prevent, monitor, and combat the spread of AMR among different séaiclsas health
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and agriculturg As a result, the consumption of veterinary drugs in EU/EEA countries
and the US dropped rapidly, and their tendencies are shokigure2-1 andTable2-3.

In some highncome countries, due to the development of farming techgplthe
benefit of antimicrobial drug application for growth promotion is fall{igdjiott et al.,
2017. However, he ban of antimicrobials for such sdeas ahigherimpact on animal
farming in low-income and middlkencome countriesvhen compared to that in high
income countriesSo, the misuse and overuse of antibiotics continusamecountries
(Van Boeckel et al., 20}5In addition to controlling the use of antimicrobial drutise
WHO recommended that the hospitals have individuattatment facilities to treat
hospital wastewater before releasing it into the downstream wastewater treatment systems
(World Health Organization, 20)4Thus, pathogens and harmful materials (including

antibiotics) can be eliminated to prevent thdegsemination.
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Table2-3 Antimicrobial drugs approved for use in fepdoducing anumals in the US from 202020

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 % %
Drug Class Annual Annual Annual Annual Annual Annual Annual Annual Annual Annual Change | Change
9 Totals Totals Totals Totals Totals Totals Totals Totals Totals Totals 2011+ 2019
(kg)? (kg)? (kg)? (kg)? (kg)? (kg)? (kg)? (kg)? (kg)? (kg)? 2020 2020
Aminoglycoside$ | 214,895 277,854 267,734 304,160 344,120 319,009 259,184 289,455 307,988 322,734 50% 5%
Cephalosporins 26,611 27,654 28,337 31,722 32,254 31,010 29,369 31,448 29,830 26,262 -1% -12%
Fluoroquinolones * * 15,099 17,220 20,063 18,502 22,904 23,350 24,556 24,176 o 2%
Lincosamides 190,101 218,140 236,450 233,681 182,543 142,458 152,497 125,514 134,962 147,026 -23% 9%
Medically Macrolideg 582,836 616,274 563,251 621,769 627,757 554,714 468,794 473,038 488,082 433,394 -26% -11%
Important Penicillinst 885,304 965,196 828,721 885,975 936,669 842,863 690,889 731,863 716,525 762,888 -14% 6%
Sulfonamides 383,105 493,514 383,469 452,224 380,186 369,826 274,112 278,562 304,327 282,572 -26% 7%
Tetracycline$ 5,652,855 | 5,954,361 | 6,514,779 | 6,604,199 | 6,881,530 | 5,861,188 | 3,535,701 | 3,974,179 | 4,117,031 | 3,948,745 -30% -4%
NIR3 319,991 344,428 355,452 328,389 297,822 216,771 125,761 104,888 65,958 54,258 -83% -18%
Subtotal 8,255,697 | 8,897,420 | 9,193,293 | 9,479,339 | 9,702,943 | 8,356,340 | 5,559,212 | 6,032,298 | 6,189,260 | 6,002,056 -27% -3%
lonophores 4,122,397 | 4,573,795 | 4,434,657 | 4,718,650 | 4,740,615 | 4,651,491 | 4,394,850 | 4,562,260 | 4,270,122 | 3,619,265 -12% -15%
Not Pleuromutilins * * * * * * * * * 161,723 ok ok
Medically
Important NIR 1,190,943 | 1,151,532 | 1,157,095 | 1,163,571 | 1,134,382 | 1,018,305 979,306 968,524 1,008,976 666,432 -44% -34%
Subtotal 5,313,340 | 5,725,327 | 5,591,752 | 5,882,221 | 5,874,997 | 5,669,796 | 5,374,156 | 5,530,784 | 5,279,098 | 4,447,420 -16% -16%
Grand total 13,569,037 | 14,622,747 | 14,785,045| 15,361,560 | 15,577,940| 14,026,136 10,933,367 | 11,563,081 | 11,468,357 | 10,449,476| -23% -9%

Reference2020 Summary Report on Antimicrobials Sold or Distributed for Use in4Rsoducing Aimals(FDA, 202))

" Not reported because there were fewer than three distinct sponsors actively marketing products domestically in 2(2L1 and 20

" There were fewer than three distinct sponsors actively marketinggisodomestically in 2011 and 2012. Therefore, percentage change

cannot be calculated.
! Including antimicrobial drug used in both fepdoducing animals and nonfoguioducing animals.

2kg: kilogram of active ingredient

3 NIR: Noteindependently reported.
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2.3 Antibiotic resistomesin biowastes

It is known that some natural organisms can produce antibiotics to compete with other
microbes, so antibiotic resistance is present in the natural microbial community; some
bacteria that do not possess antibiotic resistance genes can also show regstance t
antibiotics by forming a biofilnfGuo et al., 2017 However, theanthropogeniinfluence

(such as antibiotics application) significantly accelerates AMR evolution and
disseminatior{Kim et al., 201%.

As antibiotics are used in families, hospitaad farms, atibiotic resistomegthe term
resistome usually means the total antibiotic resistance genes and their precursors in the
environment)have been found in raw food and food wag@shill et al., 2019Randall

et al., 201Y, municipal sewagéSu et al., 2017a water environmentsand livestock
wastes(Xiong et al., 2019 among which, livestock wastes (especially pig manure) and
the manure amended soils have been claimed as important hot$patstibdotic
resistomegQian et al., 201;7Zhu et al., 2018

Apart from the culture methb for antibioticresistant organism detection, molecular
methods have been developed to detect ARGs diversity and abundance, including
gualitative polymerase chain reaction (PCR), quantitative PCR (gPCRyPER,and
metagenomic sequencinlyla et al. (2014)constructed a subatabase to explore the
diversity and abundance of ARGs, and a tahIi33 subdatabase folders were built
according to the ARGs type#bout 588 subtyps of ARGs werecontainedin the
database (includg 28 sultypes of aminocoumarins, ZRiltypes of aminoglycosides, 75
sultypes of betdactams, 46sultypes of macrolides, 38ultypes of tetracyclines, 10
sultypes of sulfonamides, and &tiltypes of multidrug, etc.) By employing different
detection methodsa large number of ARGand ARB typeshave beerdiscovered in
various environmest revealing the application history of antibiotigsbdelRahim et al.,

2015. However,most studies targeted several ARGs in one study instead of all subtypes
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2.3.1Profile of antibiotic resistomesin farming environments

As tetracyclines, betlctams, sulfonamides and macrolidgge most commonly used in
livestockfarming, there is a huge possibility that the corresponding resistant bacteria and
resistance genesugbe found in livestock wasteAmongall typesof ARGs, tetracycline
resistance genesef gene$ and sulfonamideesisance geness(l gene$ are the most
frequently detected in livestock wastend thé& adjacent environmesitElshafiee et al.
(2019)tested a total of 100 faecal samples from buffalo and cattle farms and 30 livestock
drinking water samples to investigate the occurrence afbapenennesistant
Pseudomonas aerugino§8@RPA)in the farm environment, and they found that 22 faecal
samples antlvo drinking water samples contained CRR#&bas et al.Z016)isolated 94
Enterococcusspp.from 600 mastitic milk samples, and they found that 77 (81.9%) and
27 (28.7%) isolates showed resistance to tetracycline and erythromycin, respectively.
Isolates resistant to chloramphenicol and vancomycin were also found. Furthermore,
according to the PR resultstetM, tetk, ermB, catandvanA genes were detectedhu et

al. (2013)investigated thevariation of ARGs diversity and abundance duringnure
treatmentn three largescale swine farmgheyfound 149 unique ARGsubtypes where

the top 63 ARGsultypeswere enriched about 192 to 286fadd compared with no
antibiotic manure or soil sampleSheng et al. (2013yvestigated eight different farms
(including three pig farms, two duck fasntwo chicken farra, and one sheep farm), and
fifteen ARGssubtypeqtetA, tetB, tetC, tetG, tetl, tetM, tetO, tetQ, tetW, tetX, sull, and

sul?) were detected in all samplebtainedfrom livestock manure lagoenTetQ had the
highest average abundance in the manure and wastewater samhiies, much higher
relative abundance sl genes was found imé manure of chicken and duck farmge
common detected multidrugsistant bacteria in poultry and chicken manure \Eereoli,
Enterococcus, Staphylococcus, Clostridiuemd Providencia Zhao et al. (2018)
employed HFgPCR to investigate the profile of ARGs and MGEs in the manure
collected from three largscale pig farms in China. A total of 146 ARGs and 10 MGEs
were detected aomg all samples in their study, and the dominant types were multidrug
(22%), aminoglycoside (20%)etalactam (14%), tetracycline (14%) andaanolide
lincosamidestreptogramin B (MLSB) (14%). Besides, the proportions of resistance
mechanisms of antibiotideactivation, efflux pumps and cellular protection were 44.5%,
34.3% and 19.2%, respectivelyhe above studies indicated that livestock wastes are

reservoirs of ARGs and MGEs.
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2.3.2Antibiotic resistomesin the food chain

Many studies suggest that the ARBdaARGs can enter the food chain via farming
activities and the finding of ARB and ARGs in food products (in particular in raw or
undercooked food materials) have been widely reported. For instéaog,et al. (204)
studied the distribution of ARB in chicken manure and manure fertilized vegetables, and
they deteted a high numberx(0” colony-forming unit (CFU)/g) of antibiotieresistant
endophytic bacteria in celery, cucumber, and pakchoi. The counts of bacteria resistant to
one or more antibiotics in the chicken manaoas range from1.44x10'° to 4.01x10%
CFU/g. Nawaz et al. (2011jound somelactic acid bacteridLAB) strains resistant to
antibiotics. Someresistant LAB strains may transfer ARGs to other LAB strains or
pathogens via HGT, either in the natural environmenmtestinalenvironment, and risk
human healthThe U.S.Food and Drug AdministratioFDA) monitored the occurrence

of ARB in meat products in 2015, and it was found that about 20% of chicken and 36% of
turkey meat were contaminated by multicinegistant SalmonelléElliott et al., 2017.

The FDA also found the first case of ciprofloxacgsistantSalmonellain pork meat
products ChajeckaWierzchowska et al. (2016)Jetected the prevalence of antibietic
resistant Enterococcusin readyto-eat meat products and found that 74.1% of 390
samples containeBnterococcustrains Moreover, among all 302 isolated, abou®®5
were resistant to streptomycin and 42.7% were resistant to erythronguwm.et al.
(2017) investigated the antibiotic resistance profile in 33 roiliginated LAB strains.
They found 28 strains resistant to vancomy@#8 strains resistant to ciprofloxacin, 14
strains resistant to kanamycin, 5 strains resistant to quinupristin/dalfopaist 3 strains
resistant to streptomycin, in addition with a few strains resistant to tetracycline, ampicillin,
and rifampicin. By using the PCR technique, some ARGs sudbki&s gyrA, vanX,
aph@")- , dfrD were detected in the LAB strainStudies abot the detection of ARB

and ARGs in food products are increasiAghough it is suspected that ARB and ARGs
contained in the raw food materials may remairiood waste(FW), rare studies have

been conducted to investigate the profile of ARB and ARGsad waste

2.3.3Antibiotic resistomesin WWTPs

WWTPs are reported to be a primary source of environmental ARB.known that

households and hospital wastewater are impontaservoirs of antibiotic residues and
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antibiotic resistomes. In particular, untreated hospital wastewater is the primary source of
clinical emergency ARB, such as CPE. For exam@lhill et al. (2019)examed the
occurrence of CPE in municipal wastewater, hospital wastewater anchqgspstal
wastewater in Ireland. Aotal of 64 Enterobacteralegesistant to carbapenems were
isolated from 14 samples, including 23 carbapenemas#upers (such aSnterobacter
cloacae complexCitrobacter freundij Klebsiella pneumonigeKlebsiella oxytocaand
Escherichia col. For the CPE isolated from the hospital effluesgven isolates
harbouredblaoxa-as, followed byblaxkrc (two isolates) blamve (two isolates) blavim (one
isolate),blaime and blaoxa-as (two isolate3, whereas only onblanom-producingE. coli
wasdetected in municipal wastewatdihe samples collected from the entry point where
hospital wastewater joined the mavastewater stream were also found to contain 8 CPE:
four blaoxa-as, two blakpc, oneblamp andoneblavim. Their results suggest that hospital
effluent is the mainsource of CPE for the WWTPS&omi et al. (2018)yaralyzed 40
wastewater samples to characterize the prevalence of CPE, and 45 isolates were obtained
by using selective media. Most of the isolates belonged tkldiesiella species (22
isolates), followed b¥. coli (10 isolates) ané&nterobacter cloacaeomplex (10 isolates)

The wholegenome analysis revealed that 38 isolates harboured more than one
carbapenemasencoding genelThe most detected genes wétaces(29 isolates), while

other carbapenemasencoding genegblavim-1, blanom-s, blame, and blakrc2) were
detected in one to three isolatda another study, the count numbers of intestinal
enterococci and carbapenessistant bacteria detected in the influent of one secondary
wastewater treatment plant weteb £0.6 logs CFU/mL and 3.5 0.6 logs CFU/mL,
respectively (Hrenovic et al.,, 2017 The number of intestinal enterococci and
carbapenennesistant bacteria decreased to 2.0 £0.3 and 1.3 4@n8 CFU/mL after
treatment; the reduction ratios were about 57% and 54%, respectively. Since the
carbapenennesistant bacteria can grow 42 /48 h which is quite different from
environmental bacteridhe authors suggested those carbaperssistant bacteria came
from the hospitawastewaterGaller et al. (2014)letected the presem®f CPE in the
activated sewage sludge (SS) collected from the WWTP in Austria using selective agar
plates. In that study, twblaoxa-4s harbouringKlebsiella pneumoniaand oneblakpc2
harbouring Escherichia coli were detected. More recenthyGaller et al. (2018)
investigated the prevalence ektendeespectrumbetalactamase(ESBL), MRSA and

VRE in the activated sludge of the WWTP. The number of samples detected as positive
for ESBL, MRSA and VRE were 10 (82%), 3 (27%) and 4 (3G#&gpectively. A total of
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117 multidrugresistantEnterobacteriaceagere observed via the screen method, and the
resistance genes detected in the isolates llatgex-m-1, blactx-m-3, blactx-m-14, blactx-wm-

15, blacTx-m-38, blatem-1, blashv-2, blashv-11, blaper1.

Many studies have also reported the detection of ARGs in WWTPs. For indtahtet

al. (2014)investigated the prevalee of ARGs conferring resistance to tetracycline,
sulphonamide and betactam in three WWTPs with different capacities in Denmark.
Their study found thatetM, sull andsul2 were detected in all samples, whitdC,
blaoxa-ss, blasHv-34 andblactx-m-32 were detected in most of the samples. Although some
targeted ARGs significantly decreased or increased after treatment, the overall results
indicated that the main changes of ARGs abundance might not occur in WINVEPal.

(2015) explored a more comprehensive profile of ARGs and metal resistance genes
(MRGS) in the plasmid metagenomes collected from two WWTPs via metagenomic
analysis. A total of 18 types of ARGs were detected in all samples, and the total
abundance of ARGs in tleamples ranged from 44 ppong read in one million read®

708 ppm. Among all types of ARGs, ARGs conferring resistance to tetracycline (29%)
were dominant, followed by quinolone (17%gtalactam (12%), aminoglycoside (10%)

and MLSB (10%) types of AR§& Karkman et al. (20163nalysed the variation of ARGs

and MGEs in the WWTPs over four seasons using-thgbughput gPCR, and found that

the diversity and abundance of ARGs in the influent were much higher thain that

final effluent and sludgeThe total detected genes in the raw influent was aétihng

which 77 and 111 genedecreased after treatment and were undetectable in the final
effluent and dried sludge, respectively. In the final effluent, sulfonamidetme most
abundant one, whereas the most abundant class of ARGs in the sludge was MLSB.
Although theerntF, tetPA andtetPB were enriched in the dried sludge, the overall results
indicated that WWTPs with tertiary treatment benefited the reduction of AR@Ese

wastewater.

2.4 Removalof ARB and ARGsduring anaerobic digestian

Municipal solid waste, food waste, livestock waste and sewage sludge are important
reservoirs of ARGs and ARBIhe soil and aquatic environment near farms are also
considered hotspots of antibiotic resista(féézpatrick and Walsh, 201&ui et al., 2016
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It is reported that the global annual prodmictof municipal solid waste is about 2 billion

tons, including 3463% of organic biodegradable waste (such as food waste and paper
waste)(Braguglia et al., 207 Meanwhile, in some countries with agriculture and animal
husbandry, a large amount of livestock waste is generated every day. Since human
pathogensan acquire ARGs via HGT, it is very important to treat biowaatesreduce
antibiotic resistomesbundancebefore dischargindiowastesinto the environment or
applying them on the land as biofertiliz§¥8ang et al., 2017b

Anaerobic digestion (AD) is considerada costeffective process for treating biowastes
because it has many advantages, such as reduction of greenhouse g@srsemi
production of renewable energy, and production of biofertiligPennehy et al., 2017
Jiang et al.,, 2021Zhang et al., 2021 Generally, ADfacilities arecategorized into
differenttypesaccording to their configuratienFor examplecommory usedAD can be
classified intomoderateAD, mesophilicAD (MAD) and thermophilicAD (TAD) based

on theoperating temperatui@andey and Soupir, 20l Besides, AD can be categorized
into wet AD (TS < 15%) and dry AD (T® 15%) according to the TS contents of the
substrateMoreover, some anaerobic digestion processes are designed into different levels
of complexity, such as twstage digestion andD enhanced by additives éeedstock
pre-treatment. Apart from energy recoverpietremoval of ARB in AD hmalso been
reportal in many studied-or instanceYang et al. (2020binvestigated the occurrence of
enterococci containing oxazolidinone and phenicol eresstance genetrA) in full-
scale and laiscale mesophilic wet AD of pig marau(PM). They found that AD can
significantly reduce the number of enterococci and the prevalencpt@ gene in the
enterococci cellsHowever,optrA harbouring enterococci were still detectable in the
digestates of fulscale and lalscale AD with rate of about 38.9% and 43.8%,
respectivelyResende et al. (2014b)sofound that multidrugresistantbacteria remained
in the digestateof a labscale continuous wet AD operated at ambient temperature
Whereadwasaki et al. (2019jpound that 99.07% of cefazohmesistant (CEZR) bacteria
98.60% of ampicilliaresistant (AMPR) and99.91%of extendees p e c t -laatamasé®
(ESBL)-producing bacteriavere removedluring TAD of cattle manuréCM). A similar
result was also found bynjum et al. (2017) in which about 92% of ARB were

eliminatedin a pilotscale twestageTAD treating chicken manure.
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In addition to the inactivation of ARB, the fate of ARGs in AD has also been reported in
the past yearsi-or exampleResende et al. (2014sfudied the dynamics efrmB, aphA2
andblarem-1 genes in piloscale wet AD treatin@M at ambient temperatu(é4-25 i n
winter, 243 4 i n). Bhe comecentrationsf ermB, aphA2 andblatem-1 genesn

the influents were about 9,0L0%, and10’ copies/gram sample, respectively. After AD for
60 days,ermB was reduced bwpproximatelyl log in both summer and winter. The
concentratios of aphA? andblarem-1 gene were decreasd by 2.2logs and 2.2logsin
summer, while they were reduced by 1 log and b§4in winter, respectivelyAnjum et

al. (2017)investigated the prevalence of ARGs in a pfoale twestageTAD treating
chicken manureTheir results suggestdtat TAD can eliminateblaampc, ermB, ernC,
med\, tetk, andtetM genes.n another studySui et al. (2016)nvestigated the changes
of ARGsin two full-scaleup-flow solid reactos (USR) treatingswine wastewatemith
different operation temperatures and solid retention times (SRT).fobeg thatAD can
effectively reduce thabsoluteabundancegAAs) of tetx, ernF, ermB, mefA andsul2 by
0.721.34 logs while the AAs oftetG, tetM, sull and ereA were reduced by 0.20.59
logs. More comprehensivelyJu et al. (2016)employed metagenomic analysis to
investigate the variation of a broad spectrum of 323 ARGs dukingof thickened
primary sludgeand thickened secondaryt@ated sludgeat mesophilic temperature. In
their study, about 926% of quinolone resistance genes were significantly reduced by
AD. Besides,Kanger et al. (2020found that the number of ARGs subtypes was
significartly reduced after AD(lab-scale mesogilic dry anaerobicdigestion) offood
waste, paper and cardboard, from -Z3® to 115.The abundance of most ARGs was
decreased during the treatment, and some ARG even completely removed.
However, these studies also reportieat sme ARGs remained angereeven enriched
after AD. For instance]u et al. (2016jound that most ARGs remained after MAD, with

a great enrichment (¥B45%) observed in ARGs conferring resistance to vancomycin.
And about 23 sbtypes of ARGs (two aminoglycoside, six befactam, one
chloramphenicol, four MLS, one sulfonamide, two tetracycline, one trimethoprim and six
vancomycin resistance genesgre reported to be enriched durimgesophilic dry AD
(Kanger et al., 2020 In addition, the erichment of ereA and tetA was also found in
TAD treating chicken manur@iaz et al., 2020

The abovestudiesindicate thaimany factorsaffectthe emoval of ARB and ARG in AD,

such as temperatyreesidence timesubstrate compositioand TS contest Many other
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factors could also affect the fate of ARB and ARGSs, such as volatile fatty acids (VFAS),
andammonia nitrogen (AN). Besides, AD enhancenstrategies, such as feedstock-pre
treatment and additive supplementary, could also impact the fate of ARGs. Some of these
factorshave been reported to affect ARB and ARGs variations dirdatlyinstance, it is
reported that high temperature and high ¢F#an inactivate or eliminate ARB, while
deoxyribonuclease (DNase) dosage can reduce ARGs abundance via degrading ARGs in
extracellulalDNA (eDNA) (Zhang et al., 201§bNevertheless, most studies suggest that
operational factors indirectly change the abundamzkdiversity of ARB and ARGs via
altering microbial succession and HGT among bacteFiae following sections discuss

the influence of different factors on reducing ARB and ARGs, and a summary of different
factors on the fate of antibiotic resistome is provi(lesble2-4).

2.5 Effects of process conditions on the fate of ARB and ARGs

2.5.10peration temperature and temperature transition strategies

Temperature is one of the most important factors that can significantly influence the fate
of ARB, and a higher removal rate of ARB in TAD than that in MA&ve beemeported

in previous studies. For instandeneragama et al. (2013@und that the concentration

of multidrugresistant bacteria was reduced by 9198®5% in MAD of cattle manure,
while it was completely destructed in TAODhomas et al. (2019)nvestigated the
inactivation of ESBE/AmpC-producing Escherichiacoli (E. col) during anaerobic
digestion of chicken manure at 37, 42, and 55 €. They found that it toe352daysat 37

€ to decreaseE. colito the detection limit (100 CFU/mL), while it took only38days at

42 €. Moreover, theE. coliwas nondetectable within 2 hours at 552bu et al. (2020b)
studied the removal of dohamideresistant bacteria (S#iRB) and tetracyclingesistant
bacteria (tetARB) during MAD and TAD of PM. They found that the number of ARB
cells dramatically decreased from®10FU/g dry weight of manure to 4CFU/g dry
weight of manure in TAD withinlO days, while itonly slightly changed in MAD. A
similar result was also found biller et al. (2016) in whose researctine concentration

of tetARB was dropped to ~2QCFU/ml within 15 min in TAD but remained at10*
CFU/ml in MAD. Studies suggested that many bacteria (including aerobic and anaerobic
bacteria)could proliferate amesophilic temperature baannot survive at thermophilic
temperatures, because the components (such as proteins, lipids, and carbohydrates) in
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bacteria cell membranes usually @ary withstand narrow changes in temperature; so an
increase in temperature can cause changes in meenstraicture and abnormal transport
phenomenanto or out of the cells, resulting in the breakdown of bacteria (8#tsali et

al., 2006. Therefore, TAD usually shows better performance than MAD on the reduction
of ARB.

Many studes also suggested that high temperature benefits the reduction of BRGst

al. (2016)investigated the variation of ARGs during AD of cattle manure aB20and

55 . They found that the AAs anélative abundance&As) of tetM, tetQ, tetW, tetX,

sull, sul2 andgyrA declined in TAD, while only a few targeted genes were decreased in
moderateAD and MAD. Instead, they found that the AAstelC, tetM, tetQ andtetX

were enriched aftemoderateAD and MAD, while onlytetC was enriched after TAD.
Similarly, Ma et al. (2011)investigated the fate of ARGs during wet AD of SS at
different temperatures (35, 47,52, and 59 . T hnd that TA® wperated at 47 9
showeda better reduction oérmB, ernF, tetO, andtetW than MAD. BesidesBurch et al.
(2015) observed that the total abundance of the targeted gmtéstetw, gnrA, intll)

was reduced by 896% at 40 whil e it wasinthkaligestersaa®d by
63 . hel found that TAD need a shorter time for ARGs reduction as it usually
offered greater and more rapid destruction of ARGs than MAD. However, their results
suggested that AD operated at a higher temperature than WUl not beeconomical

since it does not improvthe removal of ARGs andntll (Burch et al.,, 2016 Some
studies also investigated the influence of temperature transition during AD on the fate of
ARGs. For instanceTian et al. (2016employed metagenomic analysis and gPCR to
investigate the effect of temperature transition (from 35 € to 55 €, -st&pincrease

mode) on the distribution and diversity of ARGs and MGEs during wet AD of SS. After
increasing the temperature from 35 @ 65 € and operating for 57 days, the total
abundance of ARGs in the sludge decreased from 125.97 ppm to 50.65 ppm. ARGs that
confer resistance to chloramphenicol, multidrug, quinolone, fosmidomycin, and
trimethoprim were significantly decreased duringDiAvhile betalactam and bacitracin
resistance genes were slightly reduced during the treatramtthe contrary the
abundance of aminoglycoside, polymyxin and vancomycin resistance genes increased
after TAD. Xu et al. (2020)studied the variation of ARGs during wet AD of SS at
temperature increased froBb € to 55 € with a stepwise strategy. By employing

metagenomic analysis, they revealed that TAD &bdtterreductionof ARGs, with 407
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ARG subtypes (30%) reduced and 46 ARG subtypes (3.4%) enriched in TAD. The
abundance of six predominant ARGs clas@acluding tetracycline, macrolide, penam,
fluoroquinolone, acridine dye, and peptide) decreased by-32.26% aftelAD, which

was higher than that iMAD. Besides, TAD enhanced the reduction of ARGs of
antibiotic efflux pumg and antibiotic target tdration mechanisms. In additioku et al.
(2018) and Shin et al. (2020rompared the effects of different temperature transition
strategies (onstep vs stepwise) on the fate of ARGs dgrwet AD of SS. Both studies
suggested that the removal efficiency of most targeted ARGs improved when the
temperature transited frov7 to 55 , and Adnestep tenmperature increase
model reduced the abundance of ARGs more rapidly. Howeveg tiete no obvious
differences between these two temperature transition strategies. The higher reduction of
ARGs in TAD than that in MAD ws also reported in many other studigang et al.,

2017 Miller et al., 2016 Sun et al., 2019arang et al., 202QaZhao et al., 2020Zou et

al., 2020aZou et al., 20200

Most studies suggested that TADslzebetter performance thanoderateAD and MAD,
because ihas markedly lower bacterial diversity, as well ABGs host{Ma et al., 2011

Sun et al., 2019&un et al., 2006 Besides, higher temperatures accelerate biological and
chemical reaction rates whialesult in a higher reduction of extracellular polymeric
substances (EPS) and total suspended solids ((IZ88)et al., 2020a Furthermore, &
high temperatures, eDNA (including eARGs and MGEs) are more likely to be released
into the environment due to the breakdown of bacteria cells, andrtiggy be easier to

be cleaved by the extracellular DNases without protection from EPS an(liBE®<t al,
2016 Zou et al., 2020a On the other handit has been reported that thermophilic
temperature benefits the removal aftibiotic residues in AD, raving selective
pressure on microorganismgGurmessa et al., 20R0Thus, TADis more effective in
controlling the possibility of HGT than MAD and shows higher removal efficiency of
ARGs(Ma et al., 2011Sun et al., 2019dian et al., 2016Yang et al., 2020a
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Table2-4 Summary ofeffects ofinfluencingfactorson antibiotic resistome reductiaiuring anaerobic digestion

Focus factor ~ Feedstock Scale Process TS Analytical Key findings Reference
method
Temperature  Chicken Lab -Batch/ 37 Culture -Both MAD and TAD effectively reduced ESBaroducingE. coliin chicken manure.  (Thomas et al.,
manure -Batch/ 42 dependent TAD significantly shorteathe elimination time from over 35 days to 2 hours. 2019
-Batch/ 55
Temperature  Pig manure Lab -Batch/ 35 4% -qPCR -TAD significantly decreased the numbersof ARB and tetARB in 10 days, while (Zou et al.,
-Batch/ 55 -Culture MAD had little effect on their reductioAD reduced the AAs ddull, sul2, tetA, 20208
dependent tetO, tetX, andintl1 by 0.73 logs. MAD reduced the AAs afitl1, sull, andtetO by
0.9-1.5 logs but increased the AAs@fi2, tetA, andtetX by 0.81.4 logs.
Temperature  Pig manure Lab -Batch/ 25 7.8% HT-gPCR -TAD had lower removal of both RAs and AAs of total ARGs than MAD emedierate  (Huang et al.,
-Batch/ 37 AD. TAD had the lowest removal efficiencies on sulfonamide, FCA, multidrug, ~ 2019h
-Batch/ 55 MLSB, tetracycline, aminoglycoside, and other resistance g&rassposase genes
decreased in all treatments, whereadritiencreased in TAD.
Temperature  Cattle manure Lab -Batch/ 20 gqPCR -The AAs oftetC, tetM, tetQ andtetX were enriched after moderate AD and MAD, (Sunetal.,
-Batch/ 35 while onlytetC was enriched after TATAD significantly declined the RAs @¢étM, 2016
-Batch/ 55 tetQ, tetw, tetX, sull, sul2, andgyrA by 1-2 orders of magnitudd.AD performed
better than moderate AD and MAf2cause of the reduction of mesophilic bacteria
carrying ARGs.
Temperature  Pig manure+ Lab -Batch/ 35 gqPCR -MAD decreasedinrA, parC,a a c {b&mput enriched)nrS, sull, drfA7, sul2 and (Yang et al.,
corn straw -Batch/ 55 intl1. TAD reduced all tested ARGs amtl1, and it wasmoreeffective in controlling 20203
the possibility of HGT than MAD
Temperature  Sewage sludge Lab -Semicontinuous/ 35 3.83% gqPCR -TAD reduced the AAs of all extracellular ARGs (eARGSs) antll, but increased the  (Zou et &,
/ 20 days RA of extracellulattetA. MAD increased the AAs ddull, sul2, andtetA. TAD 20203
-Semicontinuous/ 55 performed better than MAD1 reducing eARGs.
/| 20 days
Temperature  Sewage sludge Lab -Semicontinuous/ 35 Metagenomic  -TAD and MAD did not reduce total ARG abundance diwrsity. TAD performed (Zhang et al.,
/15 days analysis better than MADN the reduction of MLSB, acriflavine and sulfonamide AREBAD  2015H
-Semicontinuous/ 55 performed better than TAD thereduction of bacitracin, aminoglycoside, quinolon
/15 days and betdactam resistance gen@&oth MAD and TAD eliminated fosrdbmycin
resistance genes but greatly enriched chloramphenicol resistance genes.
Temperature  Sewage sludge Lab -Semicontinuous/53 2.5% -gPCR - TetARB dropped within 15min but remained at 20FU/ml after TAD while it (Miller et al.,
/| 20 days -Culture remained aD10* CFU/ml after MAD.TAD is more efficient than MADn the 2016
-Semicontinuous/37 dependent removal oftetG andtetw.
/' 12 days
Temperature  Wastewater Lab Semicontinuous/ 40, 5% gqPCR -ARGswereremoved by 886 % at 40 €, and by 99% at 563C (except forgnrA at (Burch et al.,
solids 56, 60, 63 56 €). TAD offers greater and more rapid destruction of ARGs MaD. However, 2015

AD at temperatures much higher than 55 € does not imptbeeemoval of ARGs
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Focus factor  Feedstock Scale  Process TS Analytical Key findings Reference

method

Temperature  Swine Full -Semicontinuous/35 gqPCR -Stable operational temperature benefits the reduction of AREGX, ermB, mefA, (Sui et al.,
wastewater /16 days ernF, andsul2 were efficiently reduced by 0.7234 logsafter AD, while tetG, tetM, 2016

-Semicontinuous/ sull, ereA andintl1 were reduced by 0.21.59 logs.
ambient/11 days

Temperature  TH pretreated  Pilot -Semicontinuous/40, HT-gPCR -Thediversity and abundance of ARGs and MGEs were significantly reduced after (Sun et al.,
sewage sludge 55 -2b6dhys pretreatment but rebounded during the subsequent AD prd@shad lower AAs of 20193

ARGs and MGEs than MADIAD had lower microbial diversitywhich may lead to a
lower HGT frequeng.

Temperature -Sewage sludge Lab -Semicontinuous/35 3% qPCR -MAD significantly reducedsull, sul2, tetC, tetG, andtetX, but increased the abundanc (Ma et al.,
-TH pretreated 37,47,52,59 /10, of tetW, ermB andern¥ genesTAD operating at 47 €, 52 €, and 59 € had similar 2011)
sewage sludge 15, 20days results, and all showeabetter reduction oérmB, ern¥, tetO, andtetW than MAD.

TAD showed similar or poorer removal siill, sul2, tetC, tetG, tetX andintl1 than
MAD. TAD had markedly lower bacterial diversity than MAfRis situation
diminishes the overall probability of HGT.
Temperature  Cattle manure  Lab -Batch/ 35 1) 22% gqPCR -Dry MAD significantly reduced the abundancetef> andtetW, while they were (Sunetal.,
-Batch/ 55 2) 22% enriched in dry TADDry TAD has higher removal efficiency tétX than dry MAD. 2019
-Batch/ 35 3) 8% Dry MAD is better than dry TAD for reducing ARGs from livestock manure.

Temperature - Cattle manure Lab -Batch/ 37 Culture -MAD inactivated 91.388.95% of MDRB while TAD completely destiyed all (Beneragama et
- Cattle manure -Batch/ 55 dependent MDRB. al., 2013a
+ waste milk

Temperature  -Non-CEPT Lab -Batch/ 35 <5% gPCR -MAD and TAD reduced most of ARGs and intl1, excegid andblaren. TAD showed  (Jang et al.,
sewage sludge -Batch/ 55 higher removal of total ARGs than MAD. 2017
-CEPTsewage
sludge

Temperature -Sewage sludge Lab Semicontinuous/ 55 9-10% gqPCR -TAD significantly decreasednrA andqnrS by 12 orders of magnitudevhile the (Zhao et al.,
-UP/Gy for 62 abundance ofnrA andgnrS kept almost stable or even slightly increasedAD. 2020
pretreated for 62
sewage sludge

Temperature -Sewage sludge Lab -Semicontinuous/ 53 2.5% gqPCR -Ag NPs addition in TAD and MAD showed no obvious improvenierthe reduction (Miller et al.,

+ Additive -Sewagesludge / 12 days of ARGs.TeO andtetW were enriched in MADvithout Ag NPs but reduced in TAD. 2013
+ Ag NPs -Semicontinuous/ 37 Both TAD and MAD had similar removals siill, sul2, andintl1 genes, reduced by 1
(0.01,0.1,1.0 / 20 days 2 logs.
mg/L) (only for
TAD)
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Focus factor  Feedstock Scale  Process TS Analytical Key findings Reference

method

Temperature  Sewage sludge Lab -Batch + Semi 2.5% gPCR -The RAs of all ARGs effectively decreased at the beginning of TAD, but the divers (Shin et al.,

transition continuous changed little. RAs of ARGs mainly sharp decreased during the first 5Atagyst 2020

55 -Step/2b & 5.4i 88.2% of ARGs were reduced when the temperature transited from mesophili

20 days thermophilic conditions, indicating high temperature can enhaheeemoval of
-Batch + Semi ARGs.

continuous

55 , step

20 days

Temperature  Sewage sludge Lab -Semicontinuous/ 37 <5% gPCR -Increasen temperature significantly enhanced the reductiosudif, sul2, tetA, tetO, (Xu et al., 2018

transition to 565- , tetX, andintl1. Temperature transition showed olovious effects otet. andtetw.

step/15 days TAD removed intl1 and most potential h®t80%) and showed better control of
-Semicontinuous/ 37 horizontal gene transfer.
to 55 ,
stepwise/15 days
Temperature  Sewage sludge Lab -Semicontinuous/35 <5% Metagenomic  -TAD had better removal of ARGhan MAD, and 407 ARGs (30%) were reduced in  (Xu et al., 202D
transition /| 15 days analysis TAD, but 46 ARGs (3.4%) ereenriched in TAD.TAD had high efficiency irthe
-Semicontinuous/ 35 reduction of tetracycline, macrolide, penam, fluoroquinolone, acridine dye, and pe
to 55 , resigance geneARGs encoding antibiotic efflux pump and antibiotic target alterat
stepwise/15 days greatly reduced in TAD, but showed no obvious variation in MAD.

Temperature  Sewage sludge Lab Semicontinuous/ 35 5.3% Metagenomic  -The RAs of total ARGlecreased from 125.97 ppm to 50.65 ppm when MAD trehsit (Tian et al.,

transition to 565 , analysis + to TAD. TAD decreased chloramphenicol, multidrug, quinolone, fosmidomycin an 2016

step/20 days gqPCR trimethoprim ARGs by close to or above 5084d itslightly decreased betactam
and bacitracin resistance genes by30®2%, but increased aminoglycoside,
polymyxin and vancomycin ARG hirty-oneout of 37 ARGs were reduced afte
temperature increas&hile some other gen@gere enriched after the temperature
increaseTAD had better reduction @fcrB, tetA, tetl, tetO, tetM, tetX, sull, ermB,
ermF andereA than MAD, while MAD had better reduction aac(3}Il, aacA4,
aadA, aadB, aadE, aphAl, strA, strB, mefA, mpIB andgnrS than TAD.

SRT -Sewage sludge Lab -Semicontinuous/35 3% gqPCR -A longer SRT showed better removalsoill, sul2, tetC, tetG, andtetX genesMAD (Maetal.,
-TH pretreated 37,47,52,59 / 10 with longer SRT improved the reduction of tetd@AD with 10- and 20day SRT 2011
sewage sludge 15, 20days showed similar performance, both conditions reduced the A&slbfsul2, tetC, tetG,

andtetX but enrichedermB, ermf, andtetw.

SRT Swine Full -Semicontinuous/ 35 gqPCR -A longer SRT benefits the reduction of ARGs. (Suietal.,

wastewater /| 16 days 2019

-Semicontinuous/
ambient/11 days
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Focus factor  Feedstock Scale  Process TS Analytical Key findings Reference
method
SRT +Two- -Sewage sludge Lab -Semicontinuous/ 37 8% gqPCR -Raw sludge needs shorter SRT for the ARGs reduction in MAD, whilepvitveated  (Zhang et al.,
stage -MW /20 days sludge needs longer SRT for the ARGs reductgirorter SRT facilitated the removal 20199
pretreated -Semicontinuous, twe of RAs ofernB andtetM but enriched the RAs dflapxa.1. Theblargy could be
sewage sludge stage/ 37 reduced in the twastage AD, whilgetG andereA increased in twestage AD and AD
for stage | and 18 feeding with MW pretreated sludggRT has effects on the HGT of ARG=mIt he
days for stage Il response of ARG types to SRT was not correlated to resistance mechanisms.
HRT TH pretreated  Pilot -Semicontinuous/40, HT-gPCR -Longer HRT benefited the reduction of AAs of ARGs and MGEs in MAD. (Sunetal.,
sewage sludge 55 -2b6dhys 20193
TS Pigmanure Lab -Batch/ 37 1) 4% gPCR -The variation of AA of total ARGs assimilar at different TS contesitluring the initial (Sui et al.,
-Batch/ 37 2) 8% period (first 2 days) but varied thereaftdD with different TS contents showed 2018
-Batch/ 37 3)11% different removal rateof ARGs abundances, which were 14.26%, 21.29%, 20.67%
-Batch/ 37 4) 14% and 9.43% for the 4%, 8%, 11% and 14% TEatments, respectiveliligher TS
treatments need relatively longer ARGs transition times.
TS Cattle manure  Lab -Batch/ 35 1) 22% gqPCR -Six out of ten ARGs showealsignificantly higher removal rate in MAD with higher T. (Sun et al.,
-Batch/ 55 2) 22% contentBoth dry MAD and TAD showed significantly higher removal saiétetC, 2019
-Batch/ 35 3) 8% sul, ermQ, ermX, gnrA, anda a c {b&mijjan wet MAD.The abundance of sull
showed no obvious change in dry AD, but increased in wet MXP AD performed
better than wet AD on the reduction of MGEs and the potential ARGs hosts, such
Firmicutes and Protdbacteria.
pH Sewage sludge Lab Semicontinuous Twe gqPCR -All tet-ARGs showed similar variation to diverse ptsid condition benefits the (Huang et al.,
with pH at 4, 5, stage/ 35 propagation ofetO, tetQ, tetC andtetX, while alkaline conditions contribute to the 2019
7,9and 10 in stage |, 9 days for reduction of these gengsHs affected the amounts of plasmids and carrieAR&ss
stage [; sludge stage Il available for conjugatiorAlkaline pHs were harsh for theersistence of eDNA, while
with pH=7 in acid pHs were advantageous to their excretion.
stage Il
pH -Sewage Lab Semicontinuous/ 35 <5% gPCR -Alkaline AD performed better than conventional ADthe reduction of ARGsnd it (Huang et al.,
sludge, pH=10 / 8 days significantly reduced all targeted ARGs by 0.17 to 1.17 l8¢ialine AD significantly 2017
-Sewage reduced the level of plasmid DNA and caused the shift of genes hosts, contributir
sludge, pH no the restriction of HGT and attenuation of ARGs.
control
pH + Sewage sludge Lab -Batch/ 35 <5% -gPCR -AD could reduce the abundancesof genesand high pH benefits the reductionsafl (Chen et al.,
Substrate with different -Semicontinuous/ 35 -Culture genesThe poportion of sulfonamidegesistant bacteria significantly declined with 2019
composition components /' 8 days dependent increased fermentation pHowever, he diverse components of substrate showed li
and pH (pH=4, effect on the variation aful genes.
5,7,9, 10)
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Focus factor  Feedstock Scale  Process TS Analytical Key findings Reference
method
AN Pig manure Lab Batch/ 37 / Metagenomic  -AN stress reduced ARGs of antibiotic efflux mechaniafmereas it enriched ARGs of (Zhang et al.,
with ammonia analysis + antibiotic target alteratioARGs were enriched in thdigesters with 1500 mg/L and 20203
N (750, 1500, qPCR 2000 mg/L AN.Ammonia stress enriched the MLSB resistance gandsMGEsput
2000, 3000 decreased tetracycline resistance geegnonia stress further enhanced the reduct
mg/L) of antibiotic efflux pump gengsrobably by inhibiting the efffix systems through the
reduction of the membrane permeability.
Substrée Pig manuret+ Lab Batch/ 37 | 8% gPCR -The RAs of ARGs deeased by 1.03, 1.37 and 4.23 logs in the digesters with the re (Song et al.,
composition wheat straw of pig manurewheat straw were 3:7, 5:5 and 7:3, respectivEhe AAs oftetW, tetC, 2017
(3:7,5:5, and ermX, andermQ increased by 0.01.03 logs in digesters with the ratiog
7:3) manurewheat straw were 3:7 and 5:5, whereas the AAstd, tetX, ermB, sull, sul2,
anddfrA7 decreased by 0.6B87 logs in the digester pfg manurewheat straw=7:3.
The succession of the bacterial community along with the changes in environmer
factors influenced the evolution of ARGs.
Substrate Pig manure Lab Batch/ 37 | About HT-gPCR -The number of ARGs subtypdecreased with the increase of lignite amendnfgarit. (Guo et al.,
composition with lignite 15% high solidsAcoD (HS-AcoD) of pig manureand lignite could not significantly reduce 20203
(0%, 8%, 16%, the number of ARGs and MGEBhe RAs of ARGs and MGEs mainly decreased
32%, and 64%) during the first 12 days of H&coD. HS-AcoD oould efficiently reduce most ARGs
and MGEs, antheaddition of 16% of lignite could be an effective measure for the
removal of ARGs and MGEs.
Substrate -Sewage sludge Lab Batch/ 37 | 7% gqPCR -Compared with mon@\D of SS, anaerobic edigestion enhanced the reduction of tot (Zhang et al.,
compositior+  -MW-SS+FW ARGs.TheereA andtetG were decreased in AD for M®S+FW but increased in 2016
Pretreatment  -SS+MW-FWP mono-AD and AD for SS+MWFW. Whilesull was decreased in AD for MASS+FW
and SS+MWFW, but incrased in mond\D. Anaerobic cedigestion for MWSS+FW
showed better ARGs reduction than that for SS+HHAW. Intl1 could be reduced in
AcoD, whileit increagdin monoSS.
Substrate Pig manure Lab Batch/ 37 | 8% gqPCR -Substrate types significantly influenced the fate of ARIB® RA of ARGs increased (Zhang et al.,
compositiort+  chicken significantly after AD for rawpig manure treatedpig manureg raw chicken manure ani 2019¢
pretreatment  manure, and treated chicken manure. But it changed little fordaeage sludgand treatedewage
sewage sludge sludge
with/without
autoclave
pretreatment
Pretreatment -Sewage sludge Lab -Semicontinuous/35, 3% gqPCR -TH pretreatment remarkable reduced all the ARGs, but most of the ARGs rebounc (Ma et al.,

-TH pretreated
sewage sludge

37, 47, 52
15, 20 days

after subsequent AD excepill andtetG. The abundane®f most ARGs were lower
in the digesters receiving TH pretreated sludge.

2019
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Focus factor  Feedstock Scale  Process TS Analytical Key findings Reference
method
Pretreatment  TH pretreated  Full Semicontinuous/3%0  8-12% gqPCR -TH pretreatment significantly reduced the AAs of total ARGs and MG&stshowed (Tong etal.,
sewage sludge /18 days aslight influence on the removal bfactx.w andmefA/E. TH pretreatment and AD 2019
reduced the AAs dblarey, tetA, tetX, sul andintl1 but enriched the AAs dflactx.v,
ermB, ermF, mefA/E, gnrS, tetM. The total ARGs and MGEs rebounded after AD,
such adlaypm-1 Which was even higher than that in the sawage sidge MGEs
might be the main factahatimpacted the fate of total ARGs during the treatments.
Pretreatment  Cattle manure  Full Semicontinuous/ 37 8% gPCR -Pasteurization pretreatment showed no obvious effects on the reductidh afd (Wallace et al.,
with/without /| 22 days sul. TetO andtetW changed little during AD witlpretreatment. 2018
pasteurization
pretreatment
Pretreatment -Sewage sludge Lab -Semicontinuous/ 37  5-7% qPCR -AD with feedstock pretreatment enhanced ARGs redudtidii-H,O, pretreatment (Zhang et al.,
-MW-H,0, /20 days reduced the AAs of ARGs, especially B, ermF, blaoxa.1 andtetX. However, he  2017h
pretreated -Semicontinuous, twe AA and RA of intll increased after M\M,O, pretreament.
sewage sludge stage/ 37
for stage |, 18 days
for stage Il
Pretreatment -Sewage sludge Lab Batch/ 38 / -gPCR -MW-H>MW-H,0,>MW on the reduction of ARB concentratiohD of MW and MW-  (Tong et al.,
-MW/MW -H/ -Culture H,0O, pretreated sludge showed slightly better performance on the reduction of AF 2016
MW-H,0, dependent and ARGs when compared with unpretreated slubligst ARGs decreased in
pretreated pretreatment but enrield after AD.
sewage sludge
Pretreatment -PWS Lab Batch/ 38 / 1.52.2% gPCR -AD with pretreatment showed better ARGs and MGEs reduction, especially for AC (Tong et al.,
-MW- with TH pretreatmentSludge pretreatment enhancedA&Gs expression in 2017
H,0,/TH/O3 enterococciMost of the ARGs and MGE=bounded during the AD, especially in the
pretreated PWS AD with feedstock pretreatmerithe total RAs of ARGs and MGEs increased for th
AD with MW and Q pretreatment but decreased for the AD with TH pretreatment.
Pretreatment -PWS Lab Batch/ 38 / gqPCR -Most of the individual ARGs were reduced after pretreatments but increased after (Tong et al.,
-MW- Pretreatment showed significant influence on the increase or reducéoshof 2018
H,0,/TH/O3 mefA\/E, tetM, tetO, mpHB, andTn916/1545n the subsequent ARacterial diversity
pretreated PWS rather than bacterial community composition is a more important factor influencin
fate d ARGs.
Pretreatment -Sewage sludge Lab Batch/ 37 | 3% gqPCR -Conventional AD reduced about 50.77% of ARGs, and AD with feedstock pretreat (Wang et al.,
-Alkaline/ further enhanced the removal rate to 5275007%, especially with UP pretreatment. 20193
TH/UP TH pretreatment significantly reduced the AA of total ARGs iatid, but ARGs were
pretreated greatly enriched in the subsequent AD procadicaline and UP pretreatment showec
sewage little effect on the reduction of AA and Ref total ARGs. Instead, both pretreatment
sludge slightly enrichedntl1.
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Focus factor  Feedstock Scale  Process TS Analytical Key findings Reference
method
Pretreatment -Sewage sludge Lab Semicontinuous/ 55 9-10% gqPCR -UP/Q; pretreatment greatly improved the reduction of gnrA@m. The reason might (Zhao et al.,
-UP combined for 62 de¢ be the deactivating of ARGs host and the decrease of ARGs in the feedstock. 2020
with O3 for 62 days
pretreated
sewage
sludge
Pretreatment -Sewage sludge Lab Batch/ 35 / 1015%  gPCR -AD with pretreatment enhanced the reduction efARGs, and TH pretreatment was  (Pei et al.,
+ Substrate with/without more efficient than @pretreatmentAll treatments had similar trendin the variation 2016
composition ~ O3 or TH of RAs of tet genesAD for SS significantly reduced all five tet genes, while AD for
pretreatment PWS greatly reduce®tA, tetG andtetX but enrichedetO andtetwW. The rebound of
-PWS tetQ, tetW andtetX was observed ithe subsequent ADntl1 was reduced in TH
with/without pretreatment but reboded during the subsequent AD, whitgl1 reduced by ©
O;or TH pretreatment was not rebounded during the subsequent AD.
pretreatment
Pretreatment  -Chicken Lab SemiContinuous/ 37 gqPCR -AD with MW pretreatment and AC significantly improved thBRGs removal from 34  (Zhanget al.,
+ Additive manure /- 58% to 8795%.MW pretreatment and AC supplementation facilitated the reductic 20199
with/without tetB, tetM, tetO, tetQ, tetW, andtetX, but slightly changéthe variation otetA.
AC
-MW-Chicken
manure
with/without
AC
Two-stage Sewage sludge Full -Semicontinuous, twe gqPCR -Two-stage thermophilic/mesophilic AD significantly reduced the abundarte®Xodnd (Ghosh et al.,
stage/566 0 i intl1, but showed little effect on the reductionetO andtetA. ARGs mainly reduced 2009
stage |, 383 7 in stage | of twestage thermophilic/mesophilic AD, but rebounded in stage II.
stage Ilf Conwentional onestage MAD was inefficient in the reduction of ARGs, and ARGs
-Semicontinuous/35 were more likely to increase in the process.
37 -1
Two-stage -Sewage sludge Lab -Semicontinuous/ 37 5-7% qPCR -Two-stage AD showed better reduction of ARGs abundan@&e abundansof (Zhang et al.,
-MW-H,0, /| 20 days blarew, sull, sul2 andtetG were reduced in all the digesters, while stage AD 2017hH
pretreated -Semicontinuous, twe further reduced the abundancesoéA, tetM andtetX.
sewage stage/ 37
sludge for stage |, 18 days
for stage Il
Two-stage Sewage sludge Lab Semicontinuous, twe Metagenomic  -6/27 ARG subtypes were significantly reduced in TAPR but enriched sutteequent (Wu et al.,
stage/ 55 analysis TMPR. Theaph3lh sul2, tetX, aph6ld tetG, andsull were reduced by over 50% in 2018

for stage I, 10 days
for stage Il

TAPR, while some other 13 ARGs increased during the peCiothpared to TAPR,
17 ARG subtypes proliferated in the TMPR (specifictdii andtetw), while 5
aminoglcoside and 4 tetracycline resistance genes decreased during the stage.
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Focus factor  Feedstock Scale  Process TS Analytical Key findings Reference
method
Two-stage Food Full -Continuous, Twe gqPCR -Two-stage AD greatly reduced the abundance of ARGsrahd and ARGs (suchas  (Jang et al.,
wastewater stage/ 5855 tetG, tetH, tetM, tetQ, andtetX) andintl1 were not detected after tvatage AD Both 2020
days for stage I, 39 thermophilic singlestage and twatage AD reduced the AAs of the total ARG®i0-
days for stage Il stageTAD showed better performance than sirgiage TAD.
-Continuous
days
Two-stage +  Sewage sludge Lab -Batch twostage/ 35 4% gPCR -TAPR significantly reducetetA, tetG, tetX, sull, sul2, ermB, ermF, blargy, dfrAl and  (Wu et al.,
Temperature /| 3 days f dfrA12 by 0.201.07 logs, but showed no significant reductiosw8. WhereasetO 2016
10 days for stage Il andtetwW were increased. About 80% tefA, tetG, tetX, sul, sul2, sul3, ermF, blargy
-Batch twostage/ 55 were rebound significantly in TMPRIAPR reduced the AAs d&tA, tetG, sull,
/| 3 days f ermB, blargy, dfrA12 by 0.1 0.37logsunit, whiletetO, tetw, tetX, andermF
10days for stage Il increased. MMPR decreased the AAdaif\, tetX, andsul2, but enrichedetW and
ernF.
Two-stage +  Sewage sludge Lab -Batch, twoestage/ <5% gqPCR -MAPR-TMPR had higher removal of total ARGs but lower removaihoifl than (Jang et al.,
Temperature 35 +5K30 d TAPRMMPR. Both AD reduced the abundanceteiH, teBP, sull andsul2. ARGs 2018
for stage |, 25 days rebound was observed in the mesophilic phase.
for stage Il

-Batch, twestage/
55 +35 /30
for stage I, 25 days

for stage Il
Two-stage +  Sewage sludge Lab -Semicontinuous, twe 1% Metagenomic  -Two-stage AD had higher removal efficiency of total ARGs thansiage ADMLS (Shietal.,
Temperature stagel/ 55 analysis resistance genesgere enriched in MAPR and TAPRAPR-MMPR and MAPR- 2021

37 in st MMPR had no obvious difference nremoving thetotal abundance of ARG3Iwo-

days for stage I, 10 stage AD had poorer reduction of the abundance of aminoglycoside resistance g

days for stage Il than singlestage MAD.Tetracycline resistance genes decreased in stage | but

-Semicontinuous, twe increased in stage Il GFAPR-MMPR. Whereas they were enriched in both stages ¢
stagel/ 37 MAPR-MMPR. AD has little effect on the reduction of MLS resistance genes, and
37 in st thermophilic alkaline fermentation coulysificantly enrich MLS resistance genes.

days for stage I, 10

days for stage Il
-Semicontinuous /37
/' 15 days

Additive Cattle farm Lab Batch/ 35 | 8% gqPCR -The addition of 5 g/L and 20 g/L biochar decreased the RAs of five and seven ARt (Sun et al.,
wastewater + after AD, and he influence of 20 g/L biochar on the abundance of AR@sgreater 2018
biochar (0, 5, than that of 5 g/L biochaHowever, he addition of 50 g/L biochar significantly
20, 50 g/L) increased the RAs sl genes and the total RA of ARGs in the anaerobic digestior

product.Biochar enhanced the RAs reduction of t#tX, tetwW, andgnr genes but
enriched the RA ofetC. The addition of biochar showed no influencesaifi, sul2 and
ermX genes.
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Focus factor  Feedstock Scale  Process TS Analytical Key findings Reference

method

Additive FW + AC (0, Lab Semicontinuous/ 35 gqPCR -AC addition enhanced the reductiontetd, tetM, tetw, tetO, tetQ, sul? andtetX, but (Zhang et al.,
15g/L) / 30 days showed no obvious impact on the abundance of iR, sul2, cmlA, floR, and intll 20173

genes.

Additive FW + CM + Lab Semicontinuous/ 35 gPCR -AC addition enhanced the reductiontefQ, but deteriorated the reductiontefA, (Zhang et al.,
AC (0, /| 30 days tetM, tetO, tetX, sull, sul2, cmlA. floR changed little during the AcoD with or without 20193
15g/L) AC addition.

Additive -FW + AC (0, Lab Semicontinuous/ 35 gqPCR -AC addition enhanced the removal of most ARGs in maBoof FW but showed little  (Zhang et al.,

15 g/L) /| 30 days influence on AcoDAC addition only enhanced the removal of limited types of ARC 20183
-FW + SS + from AcoD.
AC (0, 15 g/L)
-FW + Chicken
manure + AC
(0,15 g/L)
Additive Pig manure+ Lab Batch/ 37 ! 8% gqPCR -GO at 500 mg/L dosage enhanced the reduction of ARGs abundance;10@ B@/L  (Zhang et al.,
GO (0, 5, 50, of GOdeteriorated ARGs reduction. Whereas 5 mg/L of GO had no obvious influe 20179
100, 500
mg/L)
Additive Pig manure+ Lab Batch/ 37 | 8% gqPCR -GO significantly enhanced the reduction of the abundance of ARGs and MGEs, w (Zhang et al.,
wheat straw + the low GO concentration performbdtter than the high GO concentrati@O 2019hH
GO (0, 100, mainly improved the reduction of ARGs by hindering the horizontal transfer of gel
800 mg/L) via MGEs.
Additive Pig manure+ Lab Batch/ 35 | 8% gqPCR -GS added at 10 g/L had higher ARGs reduction than the AD with 5 g/L GS and wi (Liu et al.,
wheat straw + GS.GS had an inhibitory effect on HGT. 20193
GS (0, 5, 10
g/L)
Additive Sewage sludge Lab Semicontinuous/ 50 <5% gqPCR -ZV1 dosage of 5g/L and 60 g/L showed similar influence on ARGs and MGEs, bott (Gao et al.,
+ kitchen waste /| 24 days significantly enhaniag the reduction ofet (excepttetW) and inl1 genes. 2017
+2VI(0, 5, 60
g/L)

Additive Cattle manure Lab Batch/ 35 | 8% qPCR -The addition of 160 mg/L nZVI is recommended for &Batment, as it significantly ~ (Ma et al.,
+nzVI (0, 80, enhancethe reduction of AAs of ARGs and Tn916/154%ZVI| dosage induced the 2019
160 mg/L) accumulation ofntl1 andintl2.
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Focus factor  Feedstock Scale  Process TS Analytical Key findings Reference
method
Additive Pig manuret+ Lab Batch/ 35 | 8% gPCR -Conventional AD and AD with low narmagnetite addition enriched the AAsiofil,  (Zhangetal.,
nanc while AD with high nanemagnetite addition reduced the abundandettf. Nane 2019h
magnetite (0, magnetite deteriorated the reduction of the AAswdf andsul2, while the reduction of
5, 75, 150, blargw could be enhanced by nantagnetite, and the reductionratr-1 and the
350 mmol) changes oblacrx.m was not influenced mucfthe addition of nanamagnetite

alleviated the increase G, tetM, mefA andereA during AD, and 350 mmol
addition of nanemagnetite even changed the variationedX from increase to
decreaseAD can reduce the RAs of all target ARGs, while namagnetite addition
showed limited effects on the fate of ARGs, as well as the coritktGad.

Additive Pigmanuret+ Lab Batch/ 37 | 8% gPCR -Magnetite enriched the abundanceeofi andtetM, but reduced the abundance of (Zhang et al.,
magnetite (0, mefA. Magnetite showed little effect on the abundancsutif, sul2, blacrx.m, blarew, 20199
5, 75, 150, andmcr-1. The effects of magnetite on AD mainly happened at day 13, but showe
350 mmol) little effects at day 5 and day 3Dhe overall results showed that magnetite did not

influencethe total abundance of ARGs.

Additive -Sewage sludge Lab Continuous/ 8% gqPCR -The average reduction rateafa c {bGva§)94.73% in conventional AD, while they  (Xiang et al.,
+ Fe;04 NPs days increased to 96.50% and 95.83% in AD with@eNPs and nZVI , respectively. 2019
(0,05,1,2,4 Compared with conventional AD, the addition of nZVI enhanced the reduction of
g/L) ARGs, especiallyermA andermT. Whereas F®, did not impove the ARGs
-Sewage sludge reduction but even enrichedmT .
+nzVI (0,0.5,
1,2,449lL)
Additive -Sewage sludge Lab Semicontinuous/ 37 8% gPCR -Both AD with F&0,NPs and nZVkould significantly reduce the AA of total ARGs, (Zhangetal.,
+ FeO, NPs /20 days especially foiblaoxa. The removal rate of total ARGs decreased with the increase « 20200
(0,05,1,2,4 Fe;0, NPs dosageThe AAs ofernF, ermarr, SUR andtetT decreased in enhanced
g/L) AD, while the AAs ofsull, tetW anddfrA12 increasedAD with iron NPs showed
-Sewage sludge limited influence on the abundanceaf c {bftét) andermT, while some targeted
+nzVI (0, 0.5, genes were enriched in AD with iron NPs
1,2,49/l)
Additive Pig manuret Lab Batch/ 37 | 8% HT-gPCR -FeCl, dosage improved the reductiontbéabundance of total ARGs, especially in the (Lu et al., 202D
FeCk (0, 5, 10, AD with 25 mmol/L FeCJ. FeCL dosage enhanced the reductionedfacycline and
25 40 mmol/L) others.FeCl2 addition enhanced the ARGs abundance reduction of all resistance

mechanisms, except antibiotic efflux.
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Focus factor  Feedstock Scale  Process TS Analytical Key findings Reference
method

Additive + -Pig manure Lab -Batch/ 37 10% gPCR -ZVI and natural zeolite addition increased the reduction of AAs of ARGs, while the (Zhang et al.,
Temperature  -Pig manuret+ -Batch/ 55 addition of Dnase in MARIeteriorated the reduction of ARG’s for the RAs, ZVI 2018h

15 g/L zVI and natural zeolite addition increased the ARGs reduction in MAD by 33.3% and

-Pig manurer+ 138.5%, respectively. But their addition deteriorated the ARGs reduction in TAD.

4g/L Natural

zeolite

-Pig manurer

1000 U/mL

Dnase (except

TAD)
Additive + FW +nzVvI (0, Lab -Batch/ 35 14.74%  gPCR -TAD hadahigher removal rate of total ARGs thtivat of MAD. TetD, tetQ andtetX (Wang et al.,
Temperature 0.1,0.5, 1, 2, -Batch/ 55 geneswverereduced in TAD with nZVI, whileetO andtetQ genesverereduced in 2019

and 5 g/L) MAD with nZVI. TAD with 2 g/L nZVI had the highest ARGs removal ratio (about

86.64%).The efficient reduction of ARGs in TAD might be due to tleerease of
ARGs hosts, such as Firmicutes, Actinobacteria and Crenarchaeota.

Additive + Sewage sludge Lab Semicontinuous/ 35 1% gPCR -ZVI addition enhanced the reduction of RA=zofa ¢ -il-c6aNptetB but showed no (Zhou et al.,
SRT + 2VI (0, 800, /10, 20, ¢ obvious effects on the reductionfll andsul2. Thediversity of microorganisms 2020

1000, 1200 increased with the increase of SRT.

mg/L)

2 MW-SS Microwave pretreated sewage sludge

> MW-FW: Microwave pretreated food waste

¢ PWS: Piarmaceutical waste sludge
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However, TAD desnot alwaysperform better than MAD in reducild§RGs, and some
genes are found to be enriched affte&xD. Sun et al. (2019bjound that dry MAD
significantly reduced the abundance tetG and tetW, while those two genes were
enriched in dry TAD. And the overall results suggested that dry MAD is better than dry
TAD for reducing ARGs from livestock manuriluang et al. (2019b¢mployed HF
gPCR to investigate the effect of temperature on the dynamic of ARGs during wet AD of
PM. They found that the RA and AA of total ARGs were mbaapher in the digesters
operated under 55 when compared to MAD
lowest removal efficiencies of sulfonamide, FCA (fluoroquinolone, quinolone, florfenicol,
chloramphenicol and amphenicol), multidrug, MLSB and tetrlamyaesistance genes,
and it even enriched the abundancentifl. Zhang et al. (20159tudied the removal of
ARGs during AD of SS with the application of metagenomic analysis. They found that
TAD had higher reduction efficiencies of MLS, acriflavine and sulfonamide resistance
genes than MAD, while it had lower meval rates of bacitracin, aminoglycoside,
quinolone and betlctam resistance genes. However, the overall results indicated that
neither TAD nor MAD showed an obvious reduction in the total ARGs abundances and
diversity. The increase of ARGs abundanc&ib wasalso observed in previous studies
(Ma et al., 2011Sun et al., 2016Xu et al., 202D

In sumnary, most studies suggest that TAD is more efficienthminactivationof some
ARB, and itis recommended for biowaste treatment as itatagher reduction of ARGs
However,neither TAD nor MAD can completely remove ARGs. Theonsistentesults
indicatethat the fate of different ARGs subtypesigain the treatmentARGs couldbe
reducel or enricted even though theyhave beenstudial at the same operatg
temperatures. Besides, the fates of ARGs of different resistance mechargmdbe
varied inthe samedigestersThat meansnany other factors could also impact the fate of

ARGs, andfurther stuiesareneeded in the future.

2.5.2HRT and SRT

Residence timg such as hydraulic retention time (HRAndsolids retention time (SRT),
are important operation parameters for AD. By changing HRT and SRT, the composition

of bacterial communities also changed, as well as the fate of ARGs and M#set
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al., 201). Ma et al. (2011)nvestigated the removal of ARGs and MGEs in a series of
lab-scale reactors, and they found that MAD significantly reduced the A&albfsul2,

tetC, tetG andtetX, and MAD with longer SRT showg better performance on the
reduction of these gene§ui et al. (2016)investigatedthe variation of ARGs of
tetracycline (etG, tetM and tetX), sulfonamide gull andsul2) and macrolide grmB,
ermF, ereA andmef) in two full-scale ADplants treating swine wastewat#reir results
demonstrated that a stable opergtemperature and longer SRT beredithe reduction

of ARGs. The higher removal efficiency of ARGs in the AD with longer SRT was also
reported byZhang et al. (2016 Similarly, extending the HRT of AD reactoachievd a
better reduction of ARGs and MGESun et al., 2019aSun et al. (2019auggested that
the lower microbial diversity in the MAD with longer HRT might be responsible for the
lower absolute abundance of ARGs and MGHswever Zhou et al. (2020jound that

the diversity of microorganismgasincreased with the increase of SRT, and theasne
significant difference between the AD with SRT of 10 days and 20 days on the reduction
of ARGs. Moreover,Zhang et al. (2019d¥uggested thaextending the SRT cannot
always improve ARG removal, and diffatetypes of ARGs respond differently to SRT
changes. In their study, they found that a shorter SRT beda#f# reduction of ARGs in
conventional AD or twestage ADof raw SS whereas the digestion oficrowave W)
pretreated sludge needed a longer SBITHigher removal efficiencyA shorter SRT
facilitated the removal of RAs a¢frmB andtetM in MAD, which differed from that of

sulfonamides, tetracycline and bédatam resistance genes.

In summary, the removal efficiency of ARGs and MGEs are moreylikebe enhanced

by extending the residence time. Sitbe residence time impacts the fate of ARGs and
MGEs mainly by influencing antibiotics degradation and microbial succession, the
optimal SRT and HRT migfdiffer in different processg&hou et al., 2020

2.5.3Substrate features

Substrate features (such as substrateposition TS conterd, pH, AN and VFAs

concentrations)are also important factors whichave significant effects on system
stability and methane production of AD, athey canalso impact the variation of ARGs.
For instance, AD with high TS contaeritas advantages suchabigher organic loading

rate (OLR), lower energy requirement, and smallgester sizetHHowever,an increasen
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TS contens result in higher ionic strength, changascellular compartment volume and
higher viscosity, restricting intermediate products trangtern et al., 2018 Besides,
hydrolysis and aciogenesiof organic matters a higher TS contesusuallylead toan
imbalanced pH and higher inhibitooncentrationssuch as free ammonia (FABNndfree

VFAs (FVFA) (Jiang et al., 2018cSince both FAN and FVFAre toxic to bacterjagAD

with high TS content couldacilitate the removal of some hosts of ARGs, thereby
reducing the abundance of ARGun et al. (2019binvestigated the removal of ARGs
and MGEs in both dry MAD (TS=22%) and wet MAD (TS=8%) of cattle manure. They
found that six ARGsqul2, ermQ, ermX, gnrA, aac(6)-1b-cr andtetC) were much lower

in dry MAD when compared to wet MAD,; in partieu| tetC was rapidly reduced in dry

AD. Besides, dry AD showed better performance than wetAi2ducingMGEs (ntl1,

intl2, ISCRL andTn916/154% and the potential ARGs hosts, such as Firmicutes and
ProteobacteriaOn the contrary, some studigsportedthat TS contens, especially
volatile solids,s usually considered to have a positive relationstith the abundance of
microorganismgTurker et al., 2018 Due to the high density of bacteria in the dry AD,
the HGT is more likely to happen among the bacteria within the flocs via NiGkzng

et al., 201Y. Moreover, increasing the TS contenf the feedstock could introduce more
antibiotic residues to the reactors but obtain a lower antibiotic degradation rate, resulting
in selective pressures on microorganigi®si et al., 2018 Sui et al. (2018)nvestigated

the fate of ARGsllarem, ereA, ermB, ernF, mefh, sull, sul2, tetG, tetM, tetA, tetX,

mcr-1 andaac(6)-Ib-cr) during MAD of PM at different TS contents (4%, 8%, 11% and
14%). They found that the abundance of ARGs in AD with high TS conteass
gradually increased duringetearly period of AD, but it decreased during the following
periods. The removal rates of ARGs in digesters with TS contents of 4%, 8%, 11% and
14% were 14.26%, 21.29%, 20.67% and 9.43%, respectively. Compared to AD with low
TS content (TS<10%), it toaklongertime for the high TS digesters to change the profile

of ARGs. However, it is still unclear whether dry AD or web performs better in
reducing ARGs because few studigave fully compared it. Thus, further studies are

required in the future.

The environmental pH ianother feature that could impact antibiotic resistome variation.
It was reported that lower @ic pH was advantageous tthe excretion of DNA from
cells, while alkaline pH beneéit the degradation of eDNA (including eARGjuang et
al. (2016)investigated the influence of pH on the fate of tetracyal@sstant bacteria
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and HGT during twestage AD of waste sludge. The sludge was fermented at five
different pH conditions (pH=4, 5, 7, 9, 18)stage |, and then all pretreated sludges were
digested under a neutral condition at stage Il. They found that tkeoatO, tetQ, tetC
andtetX were significantly increased after being treated in acidic conditions while they
wereconsideraly reduced in alkaline conditions, and the removal rate increased with the
increase of pH value. In another stutyang et al. (20173ompared the performance of
alkaline AD (pH=10) and conventional AD on the removal of six AR (sul2, tetO,

tetQ, tetC andtetX). In conventional AD, the abundances of téegegenes were reduced

by 0.190.46logs after 100 days. In comparison, a further reduction of-Q.388 logs of
ARGs was achieved in alkaline AD. Besides, the concentration of plasmids in alkaline
AD was only half of that in conventional AD. The ARGs a#ion might be attributed to

the apoptosis of ARGs hosts (suchCigstridium sp andBacillus sp) and the decline of
MGEs abundance under alkaline pH conditid®isen et al. (2019nvestigated the effect

of pH on the fate of sulfonamide resistome during AD of sludgey Tibserved that the
proportion of sulfonamideresistant bacteria significantly declined with the increase of
fermentation pH, and the results shoveedigenes were significantly reduced at alkaline
pHs. The maximum reduction still andsul2 was achievedt the fermentation pH=10,
which was about 0-8.1logshigher than at pH=7. Besides, there was a lower abundance
of intl1 gene in the digesters with alkaline pHsfact, most bacteria prefer neutral pH,
and they can grow well in pretty narrow pH rang. Thus, small changes in pH might
significantly affectthe microbial communitystructure, which could further influence the
variation of ARGs and MGE&Beneragama et al., 2013Frevious studies suggested that
alkaline conditions restricted the persistence of eDNA and the amount of iHBBRg

et al., 2016Huang et al., 2007 In addition, alkaline pH decreases the zeta potential, and
the enhanced mutual repulsion between bacteria makes them difficult to contact each
other (Huang et al., 2037 All the factors restrict the horizontal and vertical transfer of

ARGsand contribute téheir reduction

Endogenous inhibitors (such &As and AN) ae also important factors for pathogens
and ARB reductior{Beneragama et al., 2013hang et al.20189. A high VFAs or AN
concentration could affect microbial succession and contribute to the variation of ARGs.
Zhang et al. (2020ajnvestigated the ammonia stress on the fate of ARGs during
mesophilic AD of sludge. They found ammonia stress incretmedbundance d¥LS

resistance genes, but significantly redudettacycline resistance genes. However, no
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apparent influence was found on the fate of aminoglycoside resistance @entdse
other hand ammonia stress promoted the reduc of antibiotic efflux pump to up to
86.6%, while it enriched ARGs of antibiotic target alteration. They suggested that FAN
reduced bacteria membrane permeability and thus inhibited its efflux systemsver,

the toxicity of VFAs and AN usually depends thre form of FVFA and FAN because
these undissociated forsican diffuse through the bacteria cell membrékiang et al.,
2020. VFAs and AN concentrations can significantly affect the environmental pH, while
the pH, in turngreatly influencesthe concentrations of FVFA arfdAN. Therefore, a
lower pH value and a higher pH value can contribute to greater toxicity of VFAs and AN,
respectively; both of them will result in higher pathogen and ARB removal efficiencies
(Beneragama et al., 2013#ang et al., 2020 Despite the reduction of ARBranonia
stress was also reported to increase the abundance of MGEs and the alpha diversity of
microbial communities, resulting in the promatiof HGT of some ARGHGuo et al.,
2015 Tong et al., 2018

Generally,the VFAs and AN generation, as well as pH value, are highly relatdue to
substrate of AD. In that case, the substrate comsigion influences the variation of ARB

and ARGsZhang et al. (2019&ompared the fate of ARGs in AD of different substrate
types with and withouautoclave pretreatment. Their results indicated that substrate types
significantly influenced the fate of ARGthe RA of ARGs after AD of raw PM, treated

PM, raw chicken manure and treated chicken manure significantly increased by 6.14, 7.38,
2.65 and 1.9 times, respectively. But it changed little for the SS and treated SS. More
specifically, both AD for PM and treated PM decreased the RAet\f blarem and mcr

1 but enrichedetX, mefA and ermF. AD for raw chicken manure and treated chicken
manure de@ased the RAs @étM, ermB,blarem andmcr-1, but enrichedetX, mefA and

ernmF. As for the SS and treated SS, AD decreased the Ris$XofmefA, blarem, mcr-1
andsull, but enriche@rnF. In another studyhang et al. (2016dompared the variation

of ARGs in moneAD and anaerobic edigestion(AcoD). They found thafAcoD of SS

and FW enhanced the reduction of total ARGs and MGEs when compared teADono

The abundanceof ereA, tetG, sull andintll were decreased in AD for MW treated SS
and FW, while they were increased in mokiD. Besides, theauthorsalso noticed that

the AcoD for MW-treated SS and FW showed better ARGs reduction than that for MW
treated FW and SS. Apart from the influence of substrate types, it is reported that the ratio

of substrates ofAcoD could also impact the fate of ARGs and MGEs. For instaboerg
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et al. (2017)investigated the removal of ARGs in A&l different PM to wheat straw
ratios (3:7, 5:5, and 7:3), and the RAs of ARGs decreased by 1.03, 1.37 afub4.28

the digesters with the ratio of PM:wheat strafn8:7, 5:5 and 7:3, respectively. Besides,
the fate of targeted genes varied in different treatments. The AfedVdf tetC, ermX,
andermQ increased by 0.01.03 logs in digesters with the ratio of PM:wheat straw of
3:7 and 5:5 when compared with the mono AD of PM, whereas the AfeGftetX,

ermB, sull, sul2, anddfrA7 decreased by 0.0B87 logs when PM:wheat straw was 7:3.
Guo et al. (R20a)employed HFqPCR to investigate the impadf lignite addition (8%,
16%, 32% ad 64%) on the variation of ARGs during mesophilic dry ADPM. They
found the AAs of ARGs and MGEs greatly declined during the treatment, except for
multidrug resistance genes. The removal rates of ARGs and MGEs ranged from 74.80%
to 92.02% in the first A days, and they were 81:98.05% after 30 days. Although dry
AD could noteffectivelyreduce the number of ARGs and MGEs subtypes, the number of
ARG subtypes decreased with the increase of the lignite amenddmgrAD with 16%
lignite amendment was suggfed as the best measure for the removal of ARGs and
MGEs when considering the methane yield. It is worth noting that environmental
parameters (including VFAs, AN, pH, and so on) might be varied in anaerobic digesters
at different ratios of carbohydratefgein substrates, which will further result in different
system performance and microbial community struc{@een et al., 2009 As most
ARGs persist in live microorganisms, the dynamic charigesiicrobial community
structue will contribute directly to the different fates of AR@harg et al., 2019

2.5.4Enhanced AD

Apart from conventional AD, studies about the fate of antibiotic resistome in emhance
AD (including AD with feedstock pretreatment, tstage AD, and AD with additive
supplement) have also been reported.

2.5.4.1 Feedstock pretreatment

Nowadaysmany pretreatment methodan be appliedo treat biowastes. ARGfate in
pretreated biowastes migdiiffer due to the different pretreatment mechanishiermal
pretreatmers, such asthermal hydrolysis (TH), pasteurization and autoclave

pretreatmentsare commonlyused stratags to enhance the performance of AMany
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studies have investigated the influence of thermal pretreatments on the fate of ARB and
ARGs inAD. For exampleZhang et al. (2019explored the fate of ARGs(l1, sul2,

ermB, ernF, ereA, mefA, blactx-v, blarem, tetM, tetG, tetX andmcr-1) andintl1 in MAD
treating different biowastes (chicken manupd), andS§ with and without autoclave
pretreatment. They found that autoclave treatment reduced the RAs of total ARGs in all
biowastes but had tle impact on the composition of ARG3ong et al. (2019)
investigated the changes of ARGst4, tetX, tetM, sull, sul2, blarem, blactx-m, blanom-1,

ermB, ermF, meRA/E, gnrA andgnrS) and MGEsiftl1 andTn916/154%in two full-scale

MAD plants combined with TH pretreatment treating waste sludge. The AAs of total
ARGs and MGEsveresignificantly reduced after TH pretreatment by 20335 logs and
3.554.71 logs, respectively. Similarly, a significant reductiontotal ARGs after TH
pretreatment was also reported g et al. (2011) Somestudies suggested thhigh
temperature and pressurerithg thermal pretreatment can destroy cell walls of microbes
in biowastes and even destroy some DNA, resulting in the removal of ARB and ARGs
(Ma et al., 2011Tong et al., 201.9Zhang et al., 2019eHowever,Wallace et al. (2018)
reported that pasteurization pretreatmertt ha significant influence on the variation of
RAs of targeted ARGstétO, tetW, sull andsul?) when treating cattle manyrand the

RAs changed little during the following fuicale MAD. The results suggest that thermal
pretreatmentvould impact the fate of some selected ARGs, and the performance be
influenced by other operational parameters. Muweg, a lot of studiesobservedhat the
abundance of many ARGs significantiiasreboun@din the subsequent A[Ma et al.,

2011 Sun et al.,, 2019aTong et al., 2019Zhang et B, 20199. Neverthelessthe
previous studiesndicate that thermal pretreatment imgitte fate of some ARGs and

shows selective influence on their abundances.

In addition to thermal pretreatment, MW combined proceaseslso used to enhance

AD performancefor biowastedreatment especially forwaste sludge treatment. Studies
have also been conducted to investigate the influence of MW pretreatment on the fate of
ARGs. Zhang et al. (2017binvestigated the variation of ARGs and MGEs during the
treatment of SS with or without MW202 pretreatment (MW of alkaline adjusted
feedstock and then dosed with®4) and noticed that MWH20O2 pretreatment reduced

the AAs of ARGs, especially foermB, ernF, blaoxa-1 and tetX. Compared to
conventional AD, their results indicated that AD with MMYO2 pretreatment promoted

the reduction of ARGsTong et al. (2016gompared the influence of MW, M\M (MW
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of acidic adjusted feedstock), and MMéO: pretreatments on the variation of ARB and
ARGs during MAD of SS. Their results showed that the removal rates of ARB were
35.5%, 18.0% and 13.5%r MW-H, MW-H202 and MW pretreatments, respectively.
They suggested thatlW radiation can rupture the spore coat and inner membrane of
bacteria to increase cell membrane permeability, resulting in the leakage of proteins, ions,
and genetic matter€fong et al., 2016 Consequentlymost of the targeted ARB and
ARGs were reduced after MW combined pretreatments. Other pretreatment methods have
also been studied for the reduction of ARG luding alkaline, ozone () ultrasound
(UP), as well as their combinatigRei et al., 201,6Tong et al., 2018Tong et al., 2017
Wang et al., 2019aZzhao et al., 2020 The efficientes of these pretreatment methods
have been compared with thermal pretreatments and MW combined pretreatiergs.

et al. (2017)found that @Q pretreatment had the lowest AAs retioe of ARGs and
MGEs when compared to M\M202 and TH pretreatment. As for the total RAs, it
changed little and even increased after TH and -MMJ2 pretreatmentsrespectively,
while it decreased afters@retreatment. A similar result was also found inther study
reported byTong et al. (2018)Both studies observed that mostloé targetedARGs and
MGEs were reduced after pretreatment but rebounded during AD, especially in the
subsequent AD with pretreatment. However, compared to tipeetreated feedstock,
their studiesshowedthat AD with feedstock pretreatment enhanced the reduction of
ARGs and MGEs, especially for AD with TH pretreatment. As for AD with alkaline and
UP pretreatmentss dudy showed that they lgghigher removal ratethan that AD with

TH pretreatment{Wang et al., 2019a In their study, the removal rate of ARGs in
conventional AD was 50.77%, and they were 52.50%, 66.38% and 75.07% in AD with
TH, alkaline and UP pretreatment, respectively. All these results indicate that

pretreatments enhancARGs reductionand UP would have the best performance.

Although many studies showed that feedstock pretreatment significantly dethime
AAs or RAs of ARGs and MGEs, studies found that most individual ARGs were enriched
in the subsequent AD. Nevertheless, most studies found that the abundbmncest
ARGs were lower in the digesteafterfeedstock pretreatme(¥a et al., 2011Pei et al.,
2016 Tong et al., 2016Tong et al., 201;AVang etal., 2019aZhang et al., 2017lZhang

et al., 2019gZhao et al., 2020
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2.5.4.2 Two-stage AD

Two-stage AD, which consists of the acidogenic phase reactor (APR) and the
methanogenic phase reactor (MPR)lso regarded as an AD with pretreatment to some
extent. Twoestage AD can provide optimal system stability, increased energy efficacy and
bettercontrol over crucial parameters governing compared to ssigtgee AD.Generally,

the microorganism structures and environmental parameters are different in the two
stagesso thefates of ARGs and MGEsre usually different tooPrevious studies have
found that most of ARGs were mainly reduced in APR, while some of the AlRGs
significantly rebounddin the following MPR(Ghosh et al., 2009ang et al., 2018Vu

et al.,, 2018Wu et al., 2015

Neverthelessseveralstudieshave found that the total abundance of ARGs was lower
after twostage AD than that after conventional AD, though some AR&srebounded

in the methanogenic stag@&hese resultssuggest that twstage AD can facilitate the
removal of ARGs. For instanc&gharg et al. (2017b)found that twestage MAD
performed bettethanconventional MAD inreducingARGs abundance during digestion
of SS and MWH:202 pretreated SS. Compared to conventional MAD,-stage MAD
further reduced the abundasa# ereA, tetM andtetX. A higher reduction of ARGs and
MGEs in twostage TAD than in singlstage TAD was also reported bgng et al. (2020)

In their study, some targeted genes, suctets tetH, tetM, tetQ, tetX andintl1, were
not detected after twstage TAD.In addition, sudies have also been conducted to
compare the performance of tvgtage AD with different operaig temperaturesindthe
two-stage AD with different temperature sequen@esg et al., 2018Nu et al., 2015

Wu et al. (2016)nvestigated the variation of ARGs in both tstage MAD and TAD,
and they found that the AAs ®&étA, tetG, tetX, sull, sul2, ermB, ermF, blarem, dfrAl
anddfrAl12 decreased by 0.2007 logs in thermophili&dPR (TAPR), while the AAs of
tetA, tetG, sull, ermB, blarem, dfrA12 in mesophilicAPR (MAPR) decreased by 637
logs. However, about 80% of the targeted ARGs were rebounded in the thermophilic
MPR (TMPR), and the abundance tef’W andernmF were increased in the mesophilic
MPR (MMPR). Compared to twstage MAD, the twetage TADhad higher ARGs
reduction. In another studylang et al. (2018yompared the removal efficiencies of
MAPR+TMPR and TAPR+MMPR for ARGs. Their results suggested that both AD
reduced the abundancetefH, teBP, sull andsul2, and a higher removal of total ARGs
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was observed in MAPR+TMPR rather than in TAPR+MMRRike the above studies
which wereonly focused on several selective ARGs and MGEs, a more comprehensive
study with the employment of metagenomic analyssconducted byshi et al. (2021)

Shi et al. (2021)explored the fate of ARGs in orstage MAD and twsstage AD
(TAPR+MMPR and MAPR+MMPR) of SS. The authors conclutieat two-stage AD

had higher removal efficiency of total ARGs than -stege AD Still, there was no
obvious difference between the tgtageADs inremovingthetotal abundance of ARGs.
Interestingly, they found the removal efficiency of aminoglycoside resistance genes in
onestage AD was higher than that in tstage AD, and the variation of different types

of ARGs varied at different perisdf two-stage AD. Thse results indicate that the
variations of ARGs are different in acidogenic and methanogenic phases of AD, and the
individual ARG subtypesnight have differentates in the treatments

2.5.4.3 Additive supplementary

It is known thatadding some additive supplementsuch asbiochar, activated carbon
(AC), graphene oxide (GOynd ratural zeolite could benefit the bieenergy recovery of

AD. Because thewre amorphous carbonaceous materials that have high porosity and a
large specific surfacer@a, they can provide sites for bacteria to gn@sulting in more
diverse microbial communities and higher microbial actif@tgang et al., 2018&hang

et al.,, 2018ph Since additive dosage could impact microbial successidding these
materials could also influence the variation of ARB and ARGgn et al. (2018)
investigated the impact of biochar on the fate of ARGs during MAD of cattle farm
wastewater Ther results indicated that the changes of individual gerseged in the
digesters with different biochar amendments. The addition of 20 g/L bibella more
significantinfluence and better reduction on the abundance of ARGs than that of 5 g/L
biochar, wiereaghe addition of 50 g/L biochar significantly increased the RAs of ARGs.
Particularly biochar addition enhanced the reductionietX, tetW andqnr but increased

the RAs oftetC and MGEsandhad no influence osull, sul2 andermX abundances
Somesstudies investigated the effects of AC on the fate of ARGs during mesophilic
moncAD and AcoD of different substrat§Zhang et al., 2019&Zhang et al., 2018a
Zhang et al., 201jaThe addition of 15 g/L AC enhanced the reductiorieth, tetM,

tetw, tetO, tetQ, sul andtetX, but hadno obvious impaston the abundanseof tetB,

sull, sul2, cmlA, floR, andintll genes in mondD of FW (Zhang et al., 2017%a

69



Chapter 2

Conversely Zhang et al. (2019dpund that AC addition enhanced the reductionet®

but deteriorated the reduction of most targeted ARGs, includitdg tetM, tetO, tetX,

sull, sul2, andcmlA. Their resultswere consistent with that reported Bhang et al.
(2018a) in which the AC addition enhanced the removal of most ARGs in rAdhof

FW but had little influence on AcoD.Zhang et al. (2017cand Zhang et al. (2019h)
investigated the effects of GO on the reduction of ARGs during Mé@h@and AcoD,
respectively. GO at 500 mg/L dosage enhanced the reduction of ARGs abundance during
mono-AD of PM, but 53100 mg/L of GO deteriorated ARGs reductivhereas 5 mg/L

of GO hadno obvious influence on ARGs variati@dhang et al., 201jcThey suspected

low GO concentration could make bacteria cetisate oxidative stress, resulting in the
change of cell membrane fluidity and promotion of genetic materials exchange, so as the
HGT. In comparison, a high GO concentration (58@/L) enhanced the reduction,
probably due to the high GO dose havinigh absorbance of ARGs and more substantial
inhibitory effects on ARGs proliferatiofzhang et al., 201jc However Zhang et h
(2019h)reported that GO significantly enhanced the reduction of ARGs and MGEs, with
better performance found in the AcoD with low GO concentration. They thought GO
addition couldrestrict the mobility of MGE®nd inhibit gene transfer between bacteria,
thereby impreing the reduction of ARG§&hang et al., 2019hHowever, the influence

of these amorphous materials on the fate of ARGs and MGEbagel on their dosage

and could be impacted by other factors. Hence, the application of these additive materials
for controlling ARGs and MGEs should be furtlvensidered

Iron-based materialssuch as zergalent iron (ZVI), magnetitegFesO4) and ferrous
chloride EeCk), are electron donors that could optimize the microbial community
structureand enhane direct interspecies electron transfer (DIET) in AD. Therefore, the
addition of ironbasel materialshas beeralso reported to influence the ARGariation.

For instanceGao et al. (2017jound that ZVI dosageof 5 g/L and 60 g/L showed
similar influence on ARGs and MGEandboth significantly enhanced the reduction of
tetA, tetC, tetG, tetM, tetO, tetX andintl1 during thermophilic AcoD of SS and kitchen
waste BesidesZhou et al. (2020j)eported that ZVI addition enhanced the reduction of
RA of a a c {lbecb gnd tetB, but it had no obvious effects osull andsul?. As for
nanoscale ZVI (nzZVl), it was reported tha6QlL mg/L nZVI dosage facilitate the
reduction of AAs of ARGs, but the dage of nZVI induced the accumulationiofil and
intl2 (Ma et al., 2019 In addition,Wang et al. (2019&pundthat the addition of nZVI in

70



Chapter 2

TAD and MAD enhanced the reduction tetO, tetQ andtetX (only in TAD), and TAD
with 2 g/L nZVI had the highest ARGs removal ratio. Compared to-eh\Hanced AD,
some studies reported thAD with FesOs nanoscale particlesF€&04 NPs) had less
improvement in the control of ARGs abundaii&eng et al., 2019Zhang et al., 2019b
Zhang et al., 2019fWhile, Zharg et al. (2020bJjound hat both nZVI and F©4 NPs
significantly reducd the AA of total ARGs, especially fdrlaoxa. But the removal rate of
total ARGs decreased with the increase afCkdNPs dosagdn another studyLu et al.
(2020) studed the influence ofFeCk on the fate of broadpectrum ARGs (252 ARGs
subtypes were targeted) during mesophilic ADPdf with theemployment ofHT-gPCR.
They found thafFeCk enhanced AD, especially in the AD with 25 mmol/L Fe@hd
promoted the reduction of total ARGs abundance. However 2 lae@ition enhanced the
ARGs abundance reduction of all resistance mechanisms, except antibiotic efflux.
Although ron-based materialsvere reported tewhange the enzyme activities of some
MGEs and promote HGTa lot of studies suggested their dosagmuld increase or
decrease ARGs by changing the abundance of ARGs hosts djtectyal., 2020Ma et
al., 2019 Wang et al., 2019b

2.6 Summary

This literature review the consumption of antibiotic dregand the problem caused by
antibiotic resistance. Due to the lotegm application of antibiotg studieshavefound

that livestock wastes, WWTPs atie food chainarereservoirs of ARB and ARG#D,

as one of the most usdmlowaste management proses benefits the mitigation of
greenhouse gases emission ahd recovey of renewable energyPrevious gidies
reported that ADwith different operating conditions could influence the fate of ARGS;
some ARG<ould be reducel while others might be enrichedlost studies recommend

AD with high temperatures or alkaline pH for treating biowaste, as it can achieve a higher
removal rateof antibiotic resistomeHowever,the influence ofoperation condition®n

the reduction of ARGs was inconsistent amongeiséudies. Due to the varied analytical
methods and target genes, it is usually difficult to compare the results of two different
studies, and it might be one reason for the inconsistent results. Besides, the variation of
several targeted ARG subtypes in the procesassotrepresent the overall trend as they
can be influenced by many factors. Since the fate of antibiotic resistoragaerobic co
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digestion is still unclear, moreomprehensive studieBave beenconducted in the

following chapters
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3.1 Introduction

Antibiotics are widely used in families, hospitals and farms. In particular, it is reported
that nearly half of antibiotics are used in the farming of anif@adsich et al., 2009 pigs

have the highest antibiotic usage, followed by chicken and ¢Ettiett et al., 2017. As
aresult, antibiotieresistant organisms (ARO) and ARGave been detected in Isteck
wastes, sewage sludge, amav food products For instance, a high abundance of ARB
and ARGs have been detected in WVET&specially whichreceivehospital wastewater)

and their surroundhg environment(Cabhill et al., 2019 CalereCaceres et al., 2014
Mahon et al., 2057Su et al.,, 2017a In addition, many studies have reported that
livestock wastes (especially pig manure) and maaurtended soil are hotspots of AMR
(Qian et al., 201,7Wang et al., 2017aZhu et al., 2018 More recently, studies have
revealed ARB and ARGs in food chains, such as in fruits, vegetables and meat products
(Randall et al., 2017Sapkota et al., 201Xiong et al., 2012 Many MGEsmediated
ARGs in the biowstes have direct links to human and animal health as they could shift
into pathogens via HG{Kanger et al., 202Zhang et al., 20173dThus, assessinghe
profile of ARGs and MGEs in the biowastes is essential for evaluating their risks to

human health and for better waste management.

Culturedependent and culturadepenént methods are commonly used to investigate
AMROGs profil e i n -dependent methods nsualy useCoulture media
with selective antibiotics to enumerate and isolate specific bacterial g(Bupst al.,

20171H. Besides, agar diffusion assays combined with traditional polymerase chain
reaction (PCR) are al so ushditg to andibioticy @antl u at e
identify specific genes in the isolat@éang et al., 201)7 Culturedependent methods not

only can reveal the relationship between the resistance phenotype and the genotype of the
genes directly but also have the ability to build links between ARGs and their hosts
(Alonso et al.,, 201 However, culturedependent methods are usually laboriansl
time-consuming, and can only test culturable bacteria, limiting their application in
exploring the profile of ARGs in complex environments.

Cultureindependent molecular technologies might beadiernative way to investigate
the profile of ARGs in complex environments. Apart from conventional PCR and
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guantitative PCR (gPCR) methods, which target only small numbers of genes each time,
some developed molecular technologies can determine hurafra&Gs simultaneously.

For instance, HIGPCR, which can perform thousands of nanoliter gPCR reactions each
time, has been employed in recent years:fFCR significantly extersthe discovery of
ARGs and MGEs in complex communities, thougbtaih only beemployed to determine

the genes with available prime(Su et al., 2017b Studies have used HJPCR to
explore the diversity and abundance of ARGs and MGes in various environments,
including soils, rivers, estuaries, and animal man(taset al., 2017 QuintelaBaluja et

al., 2019 Xiang et al., 2018Zhu et al., 2017ph Besides, HIgPCR has also beapplied

to investigate the variation of ARGs and MGEs in biotreatment processes and the
influence of biofertilizer application on AMR profiles in the soffSou et al., 2018
Kanger et al., 202&hang et al., 2017€hou et al., 209).

Metagenomics sequencimgalso a powerful tool for exploring the diversity and relative
abundance of ARGs and MGEs in complex environmefitiso et al., 201
Metagenomics analysis has limited imgamt discovering truly novel ARGs and MGEs,

and it cannot identify the ARGs and MGEs that are not included in the databases or with
a very low relative abudance(Howe et al.,, 2014Su et al., 2017b But it can find
thousands of ARGs and MGEg bhomology searching in the annotated DNA databases
(Su et al.,, 2017b With appropriate bioinformats tools, it is possible to show the
changes in the abundance of the discovered ARGs and MGEs with metagenomic
sequencing data. Generally, National Center for Biotechnology Information (NCBI),
Antibiotic Resistance gene DataBase (ARDB) and Comprehensitieidtitc Resistance
Database (CARD) are the most commonly used databases for metagenomic @nalysis

et al.,, 2019pb Su et al., 2017bYin et al., 2018 However, many annotateckiges in
ARDB and CARD are unverified, and homology searches in the databases could produce
falsepositive annotations of gend¥in et al., 2018 Thus, cuated databases and

improved pipelinesn the bioinformatic analysis are essential.

ARGsOAP, based on the Structured Antibiotic Resistance Genes (SARG) database, is a
usefulapproach for investigating ARGs profiles in different environmég¥yieang et al.,

2016 Yin et al., 2018 Up to date, the SARG database contains manually curated
reference sequences of 1244 ARG subtypes (24 ARG typegh ate mainly derived

from ARDB, CARD and the National Center for Biotechnology Information -Non
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Redundant Protein Sequence Database (NUB) (Yin et al., 2018 Besides, SARG is
expanding to include the new confirmed reference sequences. The improved pipeline with
the updated database provides a convenient way to investigate the profile of ARGs in
environmental samples, and it is accepted and applied by ressafebreinstanced,uo et

al. (2017)employed ARGSOAP (v1.0) toinvestigate the variations of ARGs in fistale
biogas reactors and a total of 300 ARG subtypes with the abundang&05t 7.08<10*

copy of ARG/copy of 16S rRNA gene were detected in their studyt al. (2018)
successfully presented a novel way to track ARGs and identify their sources using ARGs
OAP and machinéearning approaches. More recentigo et al. (2020)xplored the
profile of antibiotic resistome in sludges of WWTPs by using ARZ$ (v2.0), and a

total of 22 ARG types (181 subtypes) were detected with abundances abotit03:17
1.57x10* copy of ARG/copy of 16S rRNA geng&he peviousstudieshaveindicated hat

using the ARGOAP pipeline to explore ARGs profiles in complex environments is

feasible.

Up to date, studies have been conducted to investigate the profile of ARGs and MGEs in
sludges, animal manures and environmental samples. Although ARB and ARGs h
been detected ithe food chain, the diversity and abundance of ARGs and MGEs in food
waste (FW) have not been comprehensively studied yet. This study used a combination of
metagenomic sequencing and4gPCR methods toomparehe diversity and abundee

of ARGs, MGEs and microbial communities in four typical biowastes: FW, pig manure
(PM), aerobic activated sludge (AS), and anaerobically digested sludge (ANS). In that
case, more comprehensive profiles of ARGs and MGEs in the biowastes are provided,
berefiting the evaluation of biosafety of the biowastes and choice of appropriate

treatment processes.

3.2 Materials and methods

3.2.1Sample collection

FW was collected from the bins dtiie largestcanteenat the National University of
Ireland, Galway. The canteaerves hundreds ofstaff and students every dafbout
three kilograms of FW ereobtained in total. The FW was a mixture of fdeftovers
such as fruits, vegetables, meats, bread, dairy prqdeictsTheFW was ground to <2
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mm and mixed welhomogeneoug using a food processdrefore FW sampls were
takenfor measuring ARGs and MGEApproximately 20 L of fresh pig slurry was taken
from a local pig farm, and it was centrifuged at 6000 rpm (RBEIKCB2A, Hettich) for 5

min to obtain the solid fraction. Then, a PM sample was taken from the oexédfucal

solids. Sludge was taken from lacal WWTP with an average dailpad of 150,000
Population Equivalent. In this WWTP, waste sludge is treasety anaerobic digestion.
Thus a centrifugedaerobic activatedsludge (AS) sample and a dewatered anaerobic
sludge (ANS) sample were taken for further analysis. The detailed information of the
samples is shown iiiable 3-1. All samples were stored in the freezer-&t0 unt il

conductingHT-qgPCR and metagenomic analysis.

Table3-1: Physicochemical properties of food waste, pig manure, dewatered anaerobic

sludge and aerobic activated sludge

Characteristics Fw 2 PM?P ANS® ASH
pH 45+0.2 8.4+0.1 84+0.1 6.9+0.1
Moisture content (MC, %) 70.6+£ 0.5 74.4+ 0.2 81.2+0.1 98.8+ 05
Total solids (TS, d/) 293.8+0.5 256.2+ 0.2 188.0+0.1 121+05
Volatile solids (VS, d/) 283.7+0.8 211.4+0.2 128.3+£ 0.6 7.8+0.6
VSITS (%) 96.6+2.4 825+1.2 68.2+ 2.8 64.4+24
Soluble chemical oxygen demand

92.6+ 3.9 35.0£3.1 16.4+2.1 1.2+0.1
(ScoD, gL)
Total volatile fatty acids (VFA, ma) 3,007+ 351 9,821+899 ND*® ND
Total ammonia nitrogen (TAN, mig) 386+ 35 3,666+ 393 990+ 109 40.67 £0.46

Note: The samplesvereanalyzed in duplicate.
aFW: food waste

b PM: pig manure

¢ ANS: dewaterednaerobic sludge

4 AS: aerobic activated sludge

¢ ND: Not detectable

3.2.2Metagenomic sequencing and bioinformatic analysis

The frozen samples were sent to the Beijing Genomics Institute (BGI, Hong Kong, China)
for sequencing on the DNBeq PE100 platformDNA extraction and quality control
were conducted by BGI using the E.Z.N.A. Stool DNA kit (Omega) with BGI
data wer e -l20r-g04tnd®@01-usi ng

modification. R&w s equence
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M 3-A0.25--seqType 0Q2-mi nLen 1000) to get <clean read

clean sequence data (61,806,083,741,212 clean reads) were obtained for each sample.

To determme the profile of ARGs and MGEs, as well as the microbial community
structure a pipeline was built on the platform of Irish Centre for Highd Computing
(ICHEC). The clean sequence data were searched by using a local version eOARGsS
(v2.0) to determme the diversity and abundance of AR@# et al., 2018. According to

the manual, the Structured Antibiotic Resistance Genes (SARG, v2.2) database was used
with recommended parametersv@ue, 1€; similarity identty, 80%; alignment length,

25 amino acids). The SARG database contains curated reference sequences of 24 ARG
types and 1244 subtypes. Via this package and the scripts, the ARG types and subtypes
were identified and categorized automatically. The relatimendances of ARGs (copy of
ARG/copy of 16S rRNA gene) were also calculated. In order to get more information
about the ARGs subtypes, such as the resistance mechanisms, the results were further
annotated according to the database downloaded from the Cadidbaseusing a

customized scripiThe information ofantibiotic resistance genes is showTableA.1.

Since MGEs in the gut microbiome are usually closely related to the transfer frequency of
ARGs, a high abundance of MGEs in the gutrobiome benefd the transmission of
antibiotic resistance. Therefore, the diversity and abundance of MGEs in different
samples were identified by aligning the clean sequences of samples against the Intestinal
Microbiome Mobile Element Database (ImmeDBa BLASTn (Jiang et al., 2018). The
ImmeDB has 4928 putative MGEs from the dominant gut microbigkagnobacteria
Bacteroidetes Firmicutes Proteobacteriaand Verrucomicrobia The read meets the
criteria: (1) cutoff ev a | u e®; (£) abhbwe 90% nucleotide sequence identity;(3) the
alignment | (6herget &l., 20L3KMBds @t al., 2019Li et al., 2020. All

MGEs were divided into seven classes according to their transfer and transposition
mechanisms. The classes are prophages, integrative conjugative elements (ICESs),
integrative mobilizable elements (IMESs), group Il introns, transposons, unclassifisd isle
and unclassified genomic island&he relative abundance of each MAkks gene was
calculated by dividing the number of MGEs reads by the total number of clean reads in

the corresponding sample.
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As for the microbial community structure, quality cah@nd trimming of the clean reads

was conducted by Kneaddata toolkit with the

SILVA_128 LSUParc_SSUParc_ribosomal_RNA database. The parameters were set as

fil trimmomaticcopt i ons OSLI DI NGWI ND OW:bawtie2-6ptiokld NL EN: E
dvery-sensitiveidoveta | 6 0. Then, MetaPhl An2 and bowti

were applied to conduct taxonomic classification and quantific@aret al., 202D

3.2.3High-throughput quantitative PCR (HT -gPCR) and data analysis

Since the AS is not directly discharged into the environment from the local WWTP, only
FW, PM and ANSwere selected for HGPCR analysis in this stud¥irstly, DNeasy
Power soi l Kit (Ql AGEN) was used for DNA ex
instructions. For each extraction, about 0.25 g of sample was added into the bead tube. To
minimize the potential bias, each sample was extracted in quadruplicate. Then, the
parallel DNA samples weraell mixed and determined by a fluorometer (Qubit 2.0,
ThermoScientific, USA) and a spectrophotometer (Nanodrop 2000c, Thermo Scientific,
USA) for their concentrations and qualities, respectively. Finally, a vacuum freeze dryer
(Lyovapor L-200, Buchi, Switzerland) was used to dry all the DNA samples, and the
freezedried DNA samples were delivered to the Institute of Urban Environment
(Xiamen, China) for ARGs and MGEs determination.

To determine the abundance of ARGs and MGEs;gRTR reactions were operated
using the Wafergen SmartChip Réiahe PCR system (Wafeeg, Fremont, CA). The
detailed detection methods and primers followed previous st(@resn et al., 20175u

et al.,, 2015Zhou et al., 2019Zou et al., 2020b The detailed information of the 296
primer sets and target genes is showmahleB.1, which includes 283 ARGs relevant to
almost all major antibiotic classes, eight transposase genes, three universal and one
clinical integronintegrase genesnfll, intl2, intl3, cintll), and one 16S rRNA gene.

Only the results with an amplification efficiency in the range 6fLl00% were kept for
further analysis. Then, the results were further confirmed by the following two criteria:
(1) threshold cycle (€) < 31; and (2)O 3 positive in 3 replicate¢Su et al., 2015
Relative copy nmb er s, as wel |l as ARGOGs fold <chang
samples (against WO and DO, respectively), were calculated referring to the methods
reported byChen et al. (2016gndChen et al. (2017a)
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3.2.4 Statistic analysis

The barplot and heatmapere performed in OriginLab and Heml (version 1.0),
respectively. For the network analysis, the p@se correlations among ARGs subtypes,
MGEs and bacterial phyla were conducted in R WBGAN, igraph, and Hmisc
packages. The correlation was considergdtistically strong and significant if
Spear manos cor r g |>a0t8i anch thecRalaef € 0.@li Resmides, the
Benjamini Hochberg (FDR) method was used to adjust thevdfue. Then the co

occurrence network was visualized by using Gephi (vezi@nR).

3.3 Resultsand discussion

3.3.1Diversity and abundance of ARGs types revealed by sequengin

As shown inFigure 3-1a, a total of 19 ARGs types were detectedha four biowaste
samples.The total abundances of ARGs in different biowastes werie following

order. PM (4.03 x10* copy of ARG/copy of 16SRNA gene) > AS (2.93 x16 copy of

ARG/copy of 16S rRNA gene) > ANS (2.23 xt@copy of ARG/copy of 16S rRNA
gene) > FW (1.90 x18 copy of ARG/copy of 16S rRNA gene). Since antibiotics are
widely used in animaland humans, it is noa surprise that PM ah AS had high
abundances of ARGs. However, it can be found that the composition of ARGs in PM and
AS was quite different(Figure 3-1b). The primary ARG type in PM was tetracycline
(47%), followed by macr ol i deTlincosamidelstreptogram
aminoglycoside (15%)in addition, there were 4% of multidrug and 4% off@uhmide
resistance genes in PMnlike PM, AS had 23% of bacitracin resistance genes (mainly
consisting ofbacA andbcrA genes). To our best knowledd®cA gene is involved in
catalysis reactions which prodscendecaprenypbhosphate (an important material for
peptidoglycan and cell wall components synthe@id)Ghachi et al., 2004 Whereas,

bcrA is an ABC transporter thas commonly found inBacillus licheniformisand many
pathogengPodlesek et al., 1995Therefore, it is normal to finthatall four biowastes

had high abundanceof bacitracin resistance genes. Apart from bacitracin resistance
genes, the dominant ARG types in AS corddresistance to multidrug (25%). Besides,

the proportions of sulfonamide, bdtctam and rifamycin resistance genes in AS were
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the highest among the four biowastes. Whereas, the proportions of tetracycline, MLS and
aminoglycoside resistance genes in AS were relatively lower than in PM. The different
ARGs profile of PM and AS might due to the application of antibiotics in the
correspnding environmentgYevutsey et al., 2037Zhao et al., 2018 In Irelard, the
majority of veterinary antibiots applied during 2016 and 2019 were tetracyclines
(39.5~42.3%), sulfonamides and trimethoprim (15.5~20.7%), penicillins (20.4~24.2%),
aminoglycoside (5.4~6.1%), and MLS (6.6~7.5%)JPRA, 2019. Therefoe, it is
reasonable that PM had a high proportion of tetracyclinenagtycoside and MLS
resistance genes. On the contrahe primary outpatient antimicrobial consumption in
Ireland during 2017 and 2018 was penicillins (56.7~57.9%), followed by macrolides
(17.6~18.1%) and tetracyclines (11.4~12.1%)SE Health Protection Surveillance
Centre, 201® During this period, the antimicrobials consumed in hospitals were mainly
penicillins (51%), whereas tetracycliaed aminoglycosides were not frequently used.

this study, the WWTP receives wastewater from hospitals and housethidsight be

the reason why AS had high abundances of multidrug;laetam and MLS resistance

genes.

As for the FW, naltidrug, badracin and MLS resistance genes accounted for 61#beof
total abundance of ARGsApart from the fact thamany lactic acid bacteria have a
natural resistance to bacitracin, MLS and many other types of antib{dticarez-
Cisneros and Poneglquicira, 2018, anthropogenic activities can also help introduce
antibiotic resistance to FW. In recent years, papers about AMR detéctibe food
chain have been reported. For instance, EBRIducing strains were isolated from meat
products(Apostolakos et al., 202Collineau et al., 202G5uo et al., 2020b Besides, the
prevalence of ARGw/asfound in vegetables and fruifsi et al., 2020 Xiong et al., 2019
Zhu et al., 2017aln this study, the FW was a mixture of food leftovers, including human
contaminated fruits, vegetables, and cooked food products. These could explain the
presence of ARGsithe FW, especially the carbapemseproducing genes (OXAike

genes).
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This studyalsofound that the total abundance of ARGshr ANS was lower than in the

AS. In patrticular, the abundarscef bacitracin, multidrug, sulfonamide, and bé&tatam
resistance genes were obviously reduced after ABe results suggesanaerobic
digestion of waste sludge can reduce those types of ARG, and this phenomgatso ha
been observed in previous studi@da et al., 2011Yoo et al., 202D However, the
proportiors of MLS and aminoglycoside resistance genes were significantly increased
after AD, and their ratios ithe ANS were 30% and 9%, respectively. The enrichment of
MLS and aminoglyoside resistance genes was also found in other researches studying
anaerobic digestio(Huang et al., 2019alu et al., 2016Shi et al., 2021Wolak et al.,

2022. These two types of resistance genes are highly related to MGEs and pathogenic
bacteria,so it is suggested fno these researels that these genes are unlikely to be
removed by the conventional AD process. However, the reduction of MLS and
aminoglycoside resistance genes have not been comprehensively studied, and more

studies are needed to improve their removal efficiency.
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3.3.2ARGs subtypes in biowastes reveatl by metagenomc analysis

In this study, a total of 317 ARGs subtypes were detected in all sawgle00, 213,

167 and 174 subtypes of AR®gingdetected in FW, PM, ANS and AS, respectively
(Figure 3-2). Multidrug was the most diverse one in all typebioivastes, and aloit 43

to 60 subtypes of multidrug resistance genes were discovered in the samples, accounting
for 20~31% of all subtype@-igure 3-2b). A total of 20 subtypes of multidrug resistance
genes with abundances over 1¥6opy of ARG/copy of 16S rRNA genwere foundn

at least one sampleF{gure 3-3). Following this, the dominant subtypes in all samples
conferred resistance betalactam, MLS, tetracycline and aminoglycoside. In total, about

18 subtypes of tetracycline resistance gemelsly subtypes of MLS resistance gemes

the filter requirement(>1x103 copy of ARG/copy of 16S rRNA gene in at least one
sample). And the abundances of most of these ARG subtypes in the PM were higher than

those in other types of biowastes.

| I Aminoglycoside I Bacitracin T IBetalactam [ ] Blcomyein
[ Car cin Hlc ¥ 1 Foslomy [ F domy
[ Kasugamyei MLS I Multidrug [ Other
in Quinolone I Rifamycin I Sulfonamide
‘I'rimethoprim | Vancomycin

213 174 167

he 43

FW PM
Figure3-2. (a) Number d shared and unique ARGs subtypes among four biowastes; (b)

Number & ARGs subtypes detect@d each biowaste.

On the contrary, the abundance mad (MLS resistance gene) was muhblgher in
sludge (both in ANS and AS), and its abundance was up td@-3copy of ARG/copy of
16S rRNA geneOther researchers also found a high abundanceadB in activated
sludge(Liu et al., 2019 It can alsdeseen that FW, ANS and AS had more subtypes of
betalactam and multidrug resistance genfeatPM, especially in FW. Among all ARG

subtypesbacA (resistant to bacitracin) was the only gene with an abundance of over
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1x102 copy of ARG/copy of 16S rRNA gene in all samples. Bacitracin is a commonly
used mediine for the treatment ofskin andeye infectios, and it is an approved diet
supplementto livestock animals. Thus, the wide use of bacitracin contsbigtehe

propagatingf bacitracin resistance among the microbiomes.

The numbers of shared and unique ARGs subtypes among the sarepEhown m
Figure3-2a. 94 subtypes of ABswere detecteth all biowastes, and most of them were
related to multidrug (37 subtypesgtracycline (13 subtypes), MLS (10 subtypes), and
aminoglycoside (seven subtypes). Whereas there were 47, 58 and 12 unique ARGs
subtypes in FW, PM and ANS, respectively, among which, 9 aminoglycoside, 15 MLS, 8
tetracycline and 5 vancomycin resistanceegewere only detected in PNt is worth
mentioning that 33 out of 47 unique ARGs subtypes in FW coef@stance tdeta
lactam, including 27 subtypes of OXA genes. It is known that OXA enzymes belong to
class D betalactamasesand some OXAproducing stains could show resistance to
cephalosporins and carbapenetasans and Amyes, 2014The infections caused by
OXA carbapenemasgsoducing bacteria are usualNery challenging to be treated. In
particular, OXA carbapenemases produdirgerobacteriaceag@ose arisk of infecting
immunocompromisedhdividuals and it has been regarded as an emergency public health
concern in recent decad@saller et al., 2014 Evans and Amyes (2014)ink that genes
coding for OXA48-like enzymes (OXA48, OXA-244 and OXA247) can spread much
more rapidly and widely than other OXifxpe genes, because@XA-48 like enzymes
spread via plasmids instead of clonal lineadé® FW was collected from canteen bins,
which contained raw and leftover food materiadRGs compositionin the FW was
influenced by anthropogenic activitias theymight come from eitheraw food materials

or individuals dining in the canteerrurther studies are needed to investigate the
propation and risks of AMR entering food waste from individuaszerall, this study
shows that FW is an essential reservoir of carbapenems resigearese and it should be

managed carefully to prevent pathogenic bacteria from obtaining-@pé&genes.
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Figure3-3. Eighty-seven major ARGsubtypes in the biowastes (abdvé 02 copy of
ARG/copy of 16S rRNA genia at least one sample)

3.3.3Composition of resistance mechanisms

According to the CARD database, the detected ARGs were classifiedliffecent
categories based oresistance mechanisms: antibiotic efflux, antibiotic inactivation,
antibiotic target alternation, antibiotic target protection, antibiotic target replatcamsl

Aot her / unk n o wRigure3-48 santisidtioefflax, antibiotic inactivation and
antibiotic target alteration were the dominant resistance mechanisms in FW, ANS and AS,
and the proportion of these three clasaeunted for89.595.4% of the total ARGs

abundance. The proportions of resistance mechanisms in AS and ANS were similar,
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which means the resistance mechanism would have little influence on the removal of
ARGs during sludge digestiotunlike ANS and AS, about 62.2% &RGs in FW

belonged to the antibiotic efflux mechanism. Besides, PM had the highest proportion of
antibiotic target protection ARGs (21.6%) among all samples, while the percentage of

antibiotic efflux ARGs was the lowest.

antibiotic efflux antibiotic inactivation antibiotic target alteration
antibiotic target protection | antibiotic target replacement other/unknown
(@) R

232%

—~
o
~

100 S
60—-
40
- I
0. O | |

I
FW PM AS ANS

Number of subtypes

Figure3-4. (a) Composition of resistance mechanism, calculated based on the copy of
ARG/copy of 16S rRNA gene; (b) Number of ARGs subtypes in each resistance

mechanism.

It was found that most ARGs subtypes detected in this $teldyged to antibiotic efflux

(67-88 ARGs subtypes) and antibiotic inactivation -@¥ ARGs subtypes) categories
(Figure3-4b). In this study, the antibtic efflux class was mainly composed of multidrug

(63 subtypes) and tetracycline (19 subtypes) resistance genes. Generally, microorganisms
can pump antibiotics or other toxic substrates out of their cells under the support of efflux
pump proteins(Shi et al., 202l Thus, the antibiotic efflux resistance mechanism

usually associated with multidrug resistance.

Aminoglycoside (26 subtypes) armktalactam (77 subtypes) resistance genes were
dominant in the antibtic inactivation mechanism class. Antibiotic inactivation arises
mainly through hydrolysis, group trsiier, or redox(Wright, 2005. For instancebeta

lactams can be hydrolyzed Ipetalactamases, while grougansfer usually occurs in
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betalactams and aminoglycosides inactivation. However, the abundances of most
antibiotic inactivation genes were low in this study. In contrast, onR85LRARGs
subtypes belonged to the antibiotic target alteration category, but the total abundance of

this cdegory was higher than that of the antibiotic inactivation class.

3.3.4Diversity and abundance of MGEs

Nowadays, prophagestayip_Il_introns and transposons are commonly reported MGEs
classes in the gut microbiome. In addition, a novel class of MGEs nageswmic
island® have also beenreported in recent years. Genomic islands are chromosomal
regions that can transfer via conjugation or have been previously transferred by other
MGEs. ICEs andMEs are two types of genomic islands that can use integrase and
relaxase fochromosomal integration and excisiorhe difference is that IMEs have to
hijack the mating pore of ICEs or conjugative plasmids for their traridi@ng et al.,
20193. The remaining genomic islandan be classified asnclassed_genomic_islands

(>10kb) and unclassed _islets (<10kb) according to their sizes.

By employing metagenomic sequencing technology and bioinformatic analysis, the
diversity and abundance of MGEs were investigated in this siigdghown inTable3-2,

PM had the highest abundances of ICEs @ffm; parts per million, one read in one
million reads) and IMEs (228.2 ppm), which were about 053.1 ppm and 136-3
212.3 ppm higher than other samples. Besides, the dabues of transposons,
unclassedgenomic_island, and unclassed_islets in PM were also the highest among all
samples. It is known that there is a high abundance of the gut microbiome in PM, which
might be the reason for the high abundance of MQGHs.the contrarythe total
abundance of M&s in FW was only 58.7 ppnThe abundance of MGEs in AS was
about half of that in the PM, but the subtype number of MGEs in AS was the highest. It
might be because the WWTP receiveastewaterfrom different sources (such as
hospitals, households, commaeicibuildings, etg and gut floras from arious
environments are mixed in the WWTP. Although the relative abundance ofajettibaf

the AS was lower than that of PM, the biodiversityhe AS was higher than that of PM

(the Shannon index of AS and PMere 5.26 and 4.82, respectively). Therefore, AS had

more subtypes of MGEs than PM.also found that the abundance and subtype number
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of MGEs in AS were reduced after anaerobic digestion. According to previous studies,
AD can efficiently deactivate viableathogens, including the hosts of ARGs and MGEs,
which could explain why there were lower abundances of ARGs and MGEs in ANS than
in AS (Jiang et al., 2018c The overall results suggest that PM and AS are iitapb
pools of MGEs

Table3-2 Abundance and diversity of MGEs in different biowastes

FW PM ANS AS
MGEs Abundance Subtype Abundance Subtype  Abundance Subtypr Abundance Subtype

(ppmy’ (ppm) (ppm) (ppm)
Unclassed_gnomic_islanc7.7 52 63.0 50 16.3 71 53.5 122
Group_ll_introns 25 6 1.7 14 0.4 7 1.7 21
ICEs 25.5 46 178.6 45 49.2 51 72.7 69
IMEs 15.9 110 228.2 198 374 145 91.9 297
Unclassed slets 0.5 4 2.2 4 0.9 4 0.4 6
Prophages 3.9 26 3.1 38 18.1 44 10.4 76
Transposons 2.7 40 19.9 102 5.2 55 195 188
Total 58.7 496.8 127.5 250.2

@Abundance: the proportion of MGHige reads in total clean reads. Tiesult is

presented in Appmo (parts per million, one r

It is widely accepted that MGEs play essential roles in spreading antibiotic resistance
because ARGs located on MGEs can be transferred among bacteria via vertical or
horizontal gene transfer. The gut microbiome is an ecosystem of vinus#szoa
commersal and pathogenimicroorganisms; and it plays an essential role in health and
disease. Furthermore, the gut microbiome is an important hotspot for HGT, among which
gene trasfer mostly happens withime phyla by conjugation. Therefore, the transfer of
ARGs from gut commensals to pathogens prosatbie risk to public healttBut, the risk

of antibiotic resistance to public health could be reduced by treating these biowastes with
AD processes via inactivag pathogens or redutg ARGs abundancéHaffiez et al.,

2022 Jiang et al., 2020

3.3.5ARGs and MGEs de¢ermined by HT-qgPCR
Although metagenomic analysis provided the profile of ARGs and MGEs in diverse
samples, it only shoed the relative abundance of each gene. Besides, metagenomic

analysis could miss some ARGs with low abundance. WhilggPITR can provie the
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absolute abundances of selected genes iévbry were in relatiig lower abundances.
Therefore, a combination of metagenomaitalysisand HTFqPCR can provide a more
comprehensive evaluation of the profile of ARGs and MGEs in different samples.
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As mentioned irSection3.2.3, only FW, PM, and ANS weranalysedoy HT-gPCR in

this study.The absolute abundance and normalized abundance of ARGs and MGEs of the
samples are shown Figure3-5, and more details about the profile of genes can be found

in Figure 3-6. According to the results, 36, 103, and 58 subtypes of ARGs were detected
in FW, PM, and ANSiy HT-gPCR respectivelyCompared with the ARGs detected by
metagenomic sequencing, 20, 61 andAB35s subtypesvereonly detected by HOPCR

in the FW, PM and ANS, including some vital important ARi&s blactx-v andblavp

genes The total absolute abundances of ARGs in PM, ANS, and FW were 1°6atios
(firatiosd means <copies of gaaties/apd 226dd s amp
ratios, respectivelyHigure 3-5a). Among all types of ARGstetracyclines, MLS, and
aminoglycoside resistance genes were the dominant ones in PM, and their abundances
were 1.0x13%ratios, 3.4x1Gratios and 2.6x1Bratios, respectively. The genes conferring
resistance to MLS, aminoglycoside, and tetracyclineewaso the highest among all
types of ARGs in the ANSThe ANS had the highest abundancéetalactam resistance

genes (1.9x10ratios), including high abundances lwéuvpe (1.4X10° ratios) andblaoxa

(7.6 X1L0° ratios) encoding genes. As for the FW, the dominant types of ARGs were
associated with tetracycline, multidrug, MLS, and aminoglycoside, and their abundances

ranged from 1.6x10ratios to 9.6x16 ratios.It is worth mentioninghat every sample had
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a high abundance of MGEs, and the abundance was about 3-2:8810° ratios. To
minimize the influence ofhe biomass content on the comparison of genes abundances
among the samples, the results were normalized and presented as copies/16S rRNA
(Figure3-5b). The normalized abundances of ARGs in FW, PM and ANS were 3%x10

1.76 and 2.7x16 copies/16S rRNA, respectively. And the normalized abundance of
MGEs inPM was 1.9X10" copies/16S rRNA, which was 4.0 and 7.75 times higher than
that in FW and ANS, respectively. The results also suggested that tetracycline, MLS and

aminoglycosile were he dominant types of ARGs in the samples.

Although the results obtained from HJPCR and metagenomic sequencing have
different units and scales in this study, both-4HCR and metagenomic sequencing
revealedthat PM, ANS, and W werereservoirs of ARGs and MGEs. Previous studies
also reported tha®M is a reservoir of ARGs and ARB. For instan£hu et al. (2013)
investigated the diversity and abundance of AR@23Nhin three pig farms in Cha, and
about 149 unique ARGs were found. In other research, 146 ARGs were found in pig
slurry, andthe totalabundance was up to 1.3X¥Ccopies/g pigfaeces and the average
normalized abundance was 1ddpies/16S rRNAZhao et al., 2018 Their results were
similar to the results of this studSewage sludge is also considessth source of ARGs

and ARB, possessing potential health risks to the environment and h(Boertksrczuk

et al., 2016 Ju etal., 201§. Moreover, a growing numbelf studies indicate that the
application of PM, sewage sludge, and their following treatment products (such as
compost and digestate) could contaminate the soil and aquatic envirq@oedarczuk

et al.,, 2016 Joy et al., 2013 Peng et al., 2017Sandberg and LaPara, 2016
Consequently, plants and meat products harvested from these areas may carry some

antibiotic resistomes.
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In recent years, more and more studies have detected ARGs and ARB on raw vegetables
and meats. For examplghu et al. (2017afound the absolute abundance of ARGs in the
phyllosphereof lettucefrom organic farming was abo@it76 x 1 to 1.59 x 1P copies/g
solid. Randall et al. (2017gvaluated the prevalence of ESBtoducing and carbapenem
resistantEscherichia coliin raw food materialbetween2013 and 2014 in 5 regions in
the UK; about 2% of raw beef and paskd 65% of raw chicken samples contained €TX

M type of ESBL-producingE. coli. More recently, multidrugesistant ESBiproducingE.

coli and Salmonellavere found on raw vegetable salads in Bharatpur, N&zadkota et

al., 2019. However,thesestudies are focused on detecting the ARB and ARGs in raw
food materials; the profile of ARGs in the domestic FW is rarely studied. Domestic FW
consists of raw food materials and leftaveBo, anthropogenic activitiesignificantly
impact the abundance ahtibiotic resistome in the FW. Some critical ARGs (especially
ESBLs encoding genes suchldaoxa-1o, blactx-m-5, blacmy, etc), pathogens or viruses
not presentin the raw food materialgan be transferred to the FW through human
contacts resulting inpotential risks to public health. Thus, more attention should be paid
to the disposal of FW.

3.3.6Microbial composition and its linkage to ARGs and MGEs

The diversity and relative abundance of bacteria, archaea and viruses in the saeples
shown inFigure 3-7. Firmicutes was the predominant phylum in the PM, accounting for
66.9% of the total taxalhe following dominant phyla in the PM were Actinobacteria
(13.9%), Proteobacteria (12.3%), and Euchaeota (6.5%). Those are four phyla
commonly found in the gut microbiome. Among the four typekiowastesthe FW had

the lowest diversity of micras The dominant phyla in the FW were Firmicutes (86.3%),
Proteobacteria (4.6%) and Cloacimonetes (3.08bput 4.3% of sequence reads in the
FW were identified as viruses; in particular, about 3.b#ongedto the genus
GammaretrovirusCompared to the FW and PM, the microbial diversity was higher in
the sludge(both AS and ANS). However, the microbial conmity composition of the

AS was very different from that of the ANS. In the AS, the dominant bacterial phyla were
Proteobacteria (40.6%), Nitrospirae (17.8%), Actinobacteria (9.0%) and Firmicutes

(8.8%). After anaerobic digestion, the microbial structurdtesh to Cloacimonetes
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(64.4%), Proteobacteria (15.0%), Euryarchaeota (12.0%), Acidoimcf3.5%) and
Firmicutes (3.3%).

100 5 [ other
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Figure3-7. Relative abundance of different microbial phyla.

Studies haveeported that the presence of ARGs in biowastes is related to the bacteria
community compositior{fMa et al., 2011 Thus, a cecorrelation netwrk was used to
investigate the coccurrence patterns among the major ARGs subtypes (detected in at
least two samples, and the relative abundance was abkd@>lcopy of ARG/copy of

16S rRNA gene in at least one sample), MGEs types and bacteria phgletdden at

least two samples).

As shown inFigure 3-8, there are 89 nodes in this network, including 73 ARGs subtypes,
7 MGEs types and 9 bacterathyla. The results suggested that Nitrospirae might be the
host of multidrug resistance genesmdB, mdiC, mexB, mexC, mexD, mex, meX,
multidrug_transporter), betalactam resistance genesblgoxa-10 and blaoxa-129),
fosmidomycin resistance genes9A androsB) and sulfonamide resistance gesal);
Actinobacteria was more likely to be the host of tetracycline, aminoglycoside and MLS
resistance genes; where®spteobacteriavas a possible host of bacitracbetalactam,

MLS, polymyxin and sulfonange resistance genes. Nitrospirae, Actinobacteria and
Proteobacterias potential hosts of ARGs have also been reported in previous studies
(Liu et al., 2019bZhou and Yao, 2020The strong and significant positive correlation
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between tetracycline and aminoglycoside resistance gedestal thatthey might be
carried by the same phyla. In contrast, the strong and significant negative correlation
between tetraycline resistance genes and multidrug resistance genes suggested that these
two types of ARGs might have different hostsatidition, strong and significant positive
correlations between MGEs (except the transposonspRGs are o shown inFigure

3-8. Among all types of M&s, IMEs had the most connections to the ARGs, while other
types of MEs (Group_Il_introns, ICEs, prophages, islets and other genomic_islands)
were only connected ta few ARGs subtypesIMEs usually need to hijack other
conjugative elements (such as sol&s and plasmids), and often contain numerous
cargo genes (including some ARG38lang et al., 2019aThis suggests &t IMEs midt

play animportant rde in the spreading of ARGs.
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Figure 3-8: Network analysis reealing the ceoccurrence patterns between the major
ARGs subtypes, MGEs and bacterial phyla. Theesatecolouredaccording to thgene
types and bacterial phyla, whileetredges areolouredaccording to the correlations
between two items (recblourrepresents positive correlation, and greelourrepresents
negative correlation). The size of each node is weighted according touthieer of

connections.
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3.4 Summary

By employing both HIgPCR and metagenomic sequencing, this study revealed the broad
profiles of ARGs, MGEs and microbial communities in four different types of biowastes.
There were 16213 ARGs subtypes detected in FW, PMNS and AS, which suggests
they are important reservoirs of antibiotic resistance gemsssome efficient treatment
processs are needed to control the spread of antibiotic resistahmeng all types of
biowastes, PM had the highest abundance of ARGs and MIGH®sl application of
untreatedPM is likely to increase the abundance of antibiotic resistonsoihandfield
crops. Notably, this study revealed that waste sludge and df@Vresmvoirs of some
carbapenems resistance gendsappropriated treatmewnf waste sludge and F\abuld

lead to the propagation of CPIEesuling in public health problemsAlthough some
studies investigated the variation of ARGs and M@EAD, theefficiency of AD on the
removal of CPEhas not beenstudiedyet So, the next chapter wiinvestigatethe

inactivation of CPE in AD angrovide amanswerto this question
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This paper has been publishedRiaresource Technology Reports.

Wang, S., O'Connor, L., Wang, Z., Jiang, Y., Morris, D., Cahill, N.,Hand Zhan, X.,
2020. Inactivation of carbapenemgseducing Enterobacterales during anaerobic co

digestion of food waste and pig manuBeresource Technology Repqft$, p.100455

4.1 Introduction

Enterobacteralesre common human and animal gut baat&iowastes, such as animal
manures and municipal wastese potential CPE reservoirs as they might be generated
by CPE carriers. Generally, raw animal manures are spread on agricultural land as soll
amendments or felizers (Dennehy et al., 20)7compost or anaerobic digestate of FW

is also applied on land as Hiertilizer (Jiang et al., 2018¢t.iao et al., 2019g It has been
reported thathe ajplication of bicfertilizers on land contributes thedispersal of ARB

and ARGs (Christou et al., 20%7Liao et al., 2019ga It has been found thahe
probabilities of human pathogens acquiring antibiotic resistance have increased due to the
presence oHGT among microbe@Nang et al., 2017bTo eliminate the potential danger

to ecdogy and human health, effective methods are required to eliminate CPE from

livestock wastes and municipal biowastes.

AD hasbeen widely applied for recovering renewable energy from biowastes. Compared
with moncanaerobic digestion, edigestion of animamanurewith organic wastese(g.

FW, crop straw and grass silage)considered as an alternative process forvwmagte
treatment due to the advantages over maigestion, such as optimized C/N ratio,
increased biomethane yield, improved system stalaligt high economic viability for
digestion plant§Dennehy et al., 2018iang et al., 2018Xie et al., 201Y. The operation
conditions of FW and PM edigestion have been assessedgynehy et al. (201&nd

Jiang et al. (2018cat low TS content (TS <10%, namely wet digestion) and high TS
content (TS = 20%, namely dry digestion) for better system stability and higher biogas
production, respectively. Although the eliminations ofeeict bacteria and ARB during
anaerobic caligestion have been report¢@eneragama et al., 201,3bennehy et al.,
2018 Jiang et al., 2018hJiang et al., 2018Zhang et al., 2019dthese studies mainly
focused on the influences of various operation factors (e.g. types of substrates, antibiotics
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residues and metals) on the inactivatiorA&B. As an important factor, the etfeof TS
contens on theinactivation of ARB has never been assesaed theperformance of dry
and wet AD on thenactivation of CPE strains during Fahd PM co-digestionare still

unclear

Hence this study wasonductedo assess thieasibility of FW and PM caligestion to
inactivate three types of CPE straiespecially theeffect of TS content on inactivation

effectiveness.

4.2 Materials and methods

4.2.1Experimental setup

FW and PM were collected from a local (Galway City, Ireland) canteen and a pig farm,
respectively. The PM was separated in a centrifuge for 5 min at a speed ofp&®00
(ROTOFIX 32A, Hettich) to attairthe solid fraction. FW was ground to < 2 mm by a
food processor. Thenoculum wasdewatered sludge after anaerobic digestion in a local
wastewater treatment plant. The inoculum was stored at 11 €, which was the average
annual temperature in Ireland, before use. The characteristics of the substrates and

inocdum are shown iTable4-1.

Table4-1 Physicochemical properties of food waste, pig manureraradilum

Characteristics Solid fraction of pig Food waste Inoculum
manure
pH 78 4.8 8.4
Moisture content (MC, %) 78.5 634 79.9
Total solids (TS, %) 21.5+0.03 36.6+0.16 20.1+0.23
Volatile solids (VS, %) 16.9+0.00 35.30.21 14.0:0.21
VSITS (%) 78.6:0.11 96.4+0.17 69.7+0.26
Total volatile fatty acidTVFA, mg/L) 24045 32053 45808
Free VFA calculated (mg/L) 18 10285 6
Total ammonia nitrogen (TAN, mg/L) 3317 107 1072
Free ammonia nitrogen 264 0 279

calculated (FAN, mg/L)

The experiment wasepformed in 500 mL digesterwith a substrate and inoculum
mixture of 250 g in wet weightF{gure 4-1). According to the previous studiethe
preferable operation conditions for FW and Riddigestionwere atthe FW: PM:
inoculum ratioof about25: 25: 50 based oviS (Dennehyet al., 2018Jiang et al., 2018c
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Solid fraction of PM, FW andhoculumweremixed, andthen the mixture weradjusted
to TS contentsf 5%, 10%, 15% and 20% with watazfore adding tehe digestes.

At each TS contentthree different CPE straingncluding KPG3 producing K.
pneumoniae(NCTC 13438), NDM1 producingK. pneumoniag(NCTC 13443) and
OXA-48 producingK. pneumoniagNCTC 13442) were added into different digesters
separately af concentrabn of 1.8x10° colony-forming unit (CFU)/g wet weight, and
each condition was assessed in triplicate. In total 36 reactoiRIR1R13R24 and R25

R36 for KPG3, NDM-1 and OXA48 producingK. pneumoniag respectively) were
operated during the experimentDetailed information on the addition of
substrate/inoculum and the spiking of strains into digesters at individual TS contents is
shown inTable4-2. All digestersvereincubatedat 3® 1€ andwere manually shaken

once a day during the experiment.

(a) — Biogas
. bag
S
Spiked
with CPE

Substrate

Sampling
port

Figure4-1. (a) Schematic diagram adfie anaerobic digesters; afio) anaerobic co

digestion experimental syst

Table4-2 Detailed information of the digesters

Food Pig TS Digester number for different
Inoculum Water .
waste manure © @ content strains
(9) @ (%) KPC-3 NDM-1 OXA-48
27.2 57.1 137.9 27.8 20 R1-R3 R13R15 R25R27
20.4 42.8 103.5 83.3 15 R4-R6 R16R18 R28R30
13.6 28.5 69.0 138.9 10 R7-R9 R19R21 R31-R33
6.8 14.3 34.5 194.4 5 R10R12 R22-R24 R34R36
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4.2.21solation and identification of carbapenemasegroducing Enterobacterales

The raw substrates (FW and PM) and inoculum were analyzed for the presence of CPE
strains by culture on selective agars. Approximately 1 g sample was collected from each
digester onDay O, 1, 2, 3, 5, 6, 7, 9 and 11 during the operation of the digesters to
determine the residual of CPE. Before sampling, the reactors were shaken by hands and a
stainless steel sampling spoon was used tdh&ibiomass around the sampling port to
ensue the homogeneity. The sampling spoon was sterilized carefully using 70% ethanol
wipes before each sampling. 1 mL of deionized water was added to 1 g sample and mixed
well using a Vortex (IKA Vortex Genius 3). Each sample was streaked onto CHROMagar
mSupeCARBA agar (CHROMagar) and incubated at 37 € for -28 hours.
Carbapenemasaroducing K. pneumoniaegrew as blue colonies, and suspected
carbapenemasaroducingK. pneumoniaavere isolated and stored -aR0 € for further

analysis.

The isolates were identified using matagsisted laser desorption/ionization tiofe

flight (MALDI -TOF) mass spectrometi(Bruker; Biotyper version 4.1)Antimicrobial
Susceptibility Testing (8T) was conducted by disc diffusion for testing the susaégtib

of isolates to Ertapenem and Meropenem according to EUCAST cr{ted&AST,
2017). Briefly, the suspension adolated straing saline solution (sodium chloride 0.9%,
Sigma) was adjusted to a turbidity of 0.5 McFarland standard using a colorimeter
(VITEK). The adjusted suspension was swabbed over the entire surface of Mueller
Hinton Agar (MHA) using a sterilewsab. An Ertapenem disk (4@) and a Meropenem

disk (10pg) were placed on each plate. All plates were incubated at 37 € fep4l6
hours andfollowing incubation breakpoints were read according to the EUCAST criteria.
Additionally, reattime polymerasehain reaction (Redlme PCR) was applied to assess
the presence of carbapenemaseoding genefKPC-3, NDM-1 and OXA48) (Cahill et

al., 2019 Swayne et al., 20)1

4.2.3Physicochemical propertiesanalysis

Another1 g sample was collected from each digester based on the sampling schedule as
outlined insection4.2.2 for physicochemical analysigcluding total volatile fatty acids

(TVFA), total ammonianitrogen(TAN) and pH. For each sample, 9 g of deionized water
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was added and mixed well, and a pH meter (BESINESA) was used to measure the
pH. Then, the dilutions were centrifuged at 20627 >g (SigméR).for 5 min and filtered
using 0.45 pm syringe filters. The filtrates were used for detecting TVFA and TAN based
on Jiang et al. (2018c)TAN was detected by a nutrient analyzer (Thermo Clinical
Labsystems, USA)IVFA was measured with a higherformancediquid chromatography
(HPLC, Agilent 1200, Agilent Technology, Richardson, TX, USH)e concentrations of
FVFA and FAN were calculated witBquations (1)and (2), respectively(Jiang et al.,
20189.

Crvra/Crvra=1/(1+10PKatpH) (1)

Cran/Cran=1/(1+10PH/1((0-09018+2729.92/T(Ky (2)
where: Gvra, Crvra, Cran and Gan are concentrations of FVFA, TVFA, FAN and TAN
(mg/L), respectively; pKa is the dissociation constants of individual VFAs at 25 €, and
T(K) is the Kelvin temperature. The VFAs measuredhis study included acetic acid,
propionic acid, butyric acid, valeric acid, #botyric acid and iswaleric acid. TS and VS
were measured in accordance with the standard mefA&d$A, 2009. As for the SMY,
biogas produced in each digester was collected using a biogas bag. And then, a
volumetric flow meter (FMAL620ATOT, Omega, Deckenpfronn, Germany) and gas
chromatography (GC7890A, Agilent Technology, USA) were used to determine the
biogas volime and composition, respectively.

4.2 .4Statistical analysis

SPSS 24.0 (IBM, USA) was used for statistical analysis. The stepwise method in multiple
linear rgression analysis was used to analyze the sftdcTVFA, FVFA, TAN, FAN

and pHon the inactivation ofCPE P<0.05 was used to indicate statistically significant
(Jiang et al., 2018cThe collinearity statistics tolerances in the models should be >0.2 to
guarantee there are no-learity among different variable©therwise, independent
variables should be +eonsidered.
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4.3 Results and discussion

4.3.1Inactivation of carbapenemaseproducing Enterobacterals

Bacteral growth was observed when samples were streaked onto the selective agar plates
and incubatedvernight. The inactivation of CPE at different TS contents is shown in
Figure4-2. It was found that CPEtrains wereeffectively inactivated during areobic
co-digestion within 11 daysinder all conditionsThe survival time of CPE decreased

with the increasef TS content, with the values 8f 7, 5 an® days at the TS contents of

5%, 10%, 15% and 20%, respectiveRue to the limit access permissido the
laboratory at weekend, the agar plates on day 3 had been incubated for 2 days, longer than
the 1824 hours required in the CPE testing manual. As a result, some small blue colonies
were found on the plates of TS=20% on Day 3 after incubation fay2. d hese blue
colonies were much smaller than the suspect CPE colgroes on the plates under

other conditions (TS=5%, 10% and 15%). These small blue colonies were checked by
reattime PCR, but no carbapenemaseoding genes were found, so they wese CPE
colonies. There were no colonies grown on the plates since Day 9, 6 and 4 when testing
the samples collected from digesters at the TS contents of 10%, 15% and 20%,
respectiely (Figure4-2). Whereas there were still some unknown white colonies grown

on the plates for the samples taken from reactors at TS content of 5%. It may be due to
the low concentration of inhibitors at low TS conteBampleswere taken fromall
reactors on day 30 and 64 and were tested to check the growth of any CPE colonies, but
no CPE strains were found, indicating that CPEs did not regfbe.results indicated

that a higher TS content would benefit the inactivation of CPE, as well as other

carbapenem resistant organisms.

A higher TS contentnay causeéhigher ionic strength, changes of cellular compartment
volume and higher viscositydydrolysis and acidification of organic mattersaahigher

TS content usualljead tohigher ammonia andFAs concentrationsand bothare toxic

to bacterigJiang et al., 201§c

During 27 daysof AD, some pink colonies werebseved on the plate (Figure 4-3),

indicating some other carbapenem resistant strains that were not carbapenemase

producingK. pneumoniavere present in the digesters. Some of these pink colonies were
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selected for identificadn and were identified as carbapenermasmucingEscherichia

coli (OXA-48 and NDM1) andCitrobacter freundii(OXA-48). However, these strains

were not found in the raw substrates or inoculudost of these pink colonies
disappeared before the disappeasof blue colonies, and no pink colonies were found
after 9 daysThere are several explanations for this observation: one is that HGT might
have occurred in the reactors, and the other is that these strains are presented in the

original PM, FW and inodum but at a level too low to be detectable.

| TS=10% 1 TS=15%

Figure4-2. Inactivationof carbapenemageroducingEnterobacterale$CPE)at different
total solids(TS) contents during the experiment (blue colonies were su§testraing

andred boxes represent the plates where €fPdinswere last observed)
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T5=5% TS=10%

KPC-3

OXA-48

¥ -.‘4"
Figure4-3. Pink coloniesvereobserved during the experemt (Some isolates were
identified by MALDI-TOF).

4.3.2Profiles of pH, ammonium-N and volatile fatty acids

In addition tobiogas production in these digesters, there was no obvious inhibition
observed at the TS of®and 10%, while the biogas production a& T5 of 15% and 20%
was inhibited at the beginnin@rigure 4-4). However, the inhibition was gradually
relieved after long lag phases at the two TS contents. A long lag phase (up to 18 days) in
dry AD conditions was also reported dang et al. (2018ayith a specific methane yield

of 263nL/gVSadded

As shown inFigure4-5b, the pH values increased with time during the experiment,

except for those at the TS content of 20%. The pH values in all reactors ranged from 7.17
to 8.38 in this study. Compeadito the digsters with low TS contents of 5% and 10%, the
increasing rate of pH value was slower in digesters with TS contents of 15% and 20%. It
is well known that the change of pH level vagstermined by both VFA and ammonia
nitrogenconcentrations. Generally, thecreases of TAN and TVFA concentrations lead

to the rise and decline of pH, respectively. At TS 15% and 20%, in the lag phases, the
methane productions were inhibit@elgure4-4) and the accumulation of VFAs led to a

lower pH vale (Figure4-5).
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Figure4-4. Specific methane yield during the first 33 days of anaerobdigestion.

Because the physicochemical data after the elimination of CPE did not contribute to the
inactivation of CPE, the average concentrations of parasméach as TVFA, FVFA,
TAN, FAN and 1) at different TS contents were calculated using the data obtained
before CPE was eliminated. The average pH values of all conditions are sheigari

4-5a. It has been reported that pH level is critical to affect the activity of ba¢¥sa et

al., 2013. For example, it can affect biogas production, metabolic pathway and the lag
phase periodXiao et al., 2013 However, pH usually doe®t impact the metabolism of
bacteria directly, but by affecting the composition of ammonia nitrogen and VFAs
indirectly. Because theoncentration®f FVFA andFAN are strongly dependent on pH,
the antibacterial effect of FVFAr FAN would be enhanced whehe pH value is under

5.0 or over 7.5, respectivelyevison, 1973 Lu et al., 2013 Willis et al., 2007. The
influence of the physegchemical enviroment during AD is very complex, and it will be

discussed later.
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Figure4-5. (a) Average pH beforearbapenemasgaroducingEnterobacterale$CPE)
inactivation; andb) Variation of pH during thexperiment

Figure4-6a andFigure4-6b show that the concentrations of TVFA and FVFA increased
with the increae of TS content. In the experimental period, the concentrations of TVFA
were 1.264.13 g/L, 4.188.69 g/L, 10.0615.40 g/L and 12.326.12 g/L at TS contents of

5%, 10%, 15% and 20%, respectively. The production of TVFA was attributed to the
hydrolysis ad acidification of organic matter such as carbohydrates and lipids in the
substrates. The concentration of TVFA at the TS content of 20% increased during the first
several days and reached the highest value of around 26 g/L on Day 7. The TVFA
concentrationa of other digesters with lower TS contents reached the highest values on
Day 2 and then decreased gradually. The accumulation of TVFA and a longer lag phase
might be caused by the inhibition of methanogens at high TS cddiang) et al., 2018c
According toEquation (1) FVFA concentration depends on TVFA concentration and pH.
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The average concentrations of TVFA and FVFA were calculated according to the CPE
survivaltime (Figure4-6¢ andFigure4-6d). Compared with the digesters with lower TS
contents (TS=5%, 10% and 15%), the digesters with TS dooit@0% had higher TVFA
concentrations and lower pH values. Therefore, the FVFA concentrations in TS=20%
digesters were much higher than those in other digesters. In this experiment, a shorter

survival time of CPE was observed when the concentration &iATiicreasd (Figure
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Figure4-6. Variation of total volatile fatty acidél'VFA) (a) and free volatile fatty acids
(FVFA) (b) during the experiment; and the awgraconcentrations of VFA (c) and

FVFA (d) beforecarbapenemasggroducingEnterobacteraleslisappeazd

The varations and average concentrations of TAN and FAN during the experiment are
shown inFigure 4-8. TAN concentration increased with the increase of TS content, and
the concentrations of TAN were 04076 g/L, 1.071.82 g/L, 1.762.81 g/L and 2.23

3.69 g/L at TS contents of 5%, 10%, 15% &@d6, respectively. As there were higher
masses of substrates contained in the reactors at higher TS contents, hydrolysis of these
nitrogenrich substrates was the reason for the increase of TAN. However, due to the low
pH values, the FAN concentrationstimose digesters with TS content of 20% were lower
than those in digesters with TS consarit10% and 15%.
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Figure4-7. Correlation between carbapenemasaeducingEnterobacteralesurvival
time and totalvolatile fatty acids (TVFA)

Ammonia nitrogen is repted to betoxic to microorganisms, and the biogas process can
be inhibited at any pkat NHs-N over 3000 mg/L(McCarty, 1964. Hobson and Shaw
(1976) found that methanogenesis was completely inhibited at a TAN cwwaten of

over 3300 mg/L. FAN instead of TAN is considered as the main reason for the inhibition
of biomethane production, because FAN has high permeability to cell membrane; it can
diffuse into bacterial cells easily and disturb the intracellular pHyedsas the proton
balance(Rajagopal et al., 20)3It was reprted that 150 mg/L FAN could induan
inhibition effect on anaerobic digestion, and the biogas production was low when FAN
was up to 652 mg/l(Altinbas and Cicek, 208 Ammonia nitrogen can also inhibit other
bacteria, ach as acetogenic bacteriZzhang et al., 202Qa The bactericidal effect of
ammonia nitrogen esgially FAN was reported bylanyi-Loh et al. (2016)Nicholson et

al. (2005)investigated the survival of pathogens in livestock manure repartedthat
temperature and free ammonia might be the main factors contributing to the inactivation
effect. More directly, a pure culture experiment was conductddamydorf and Aumen
(1990)to investigate the injury effects of ammoniaBscherichiacoli andEnterobacter
aerogeneqE. aerogengs and they found ammonia could cause cell envelope damage

and reduce the growth ability of strains.
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4.3.3Correlations between the fate of CPE and physichemical parametes

The elimination efficiency of pathogenic microorganisms can be affected by many factors
in anaerobic digestion, in particular pH, volatile fatty acids, and ammonium concentration
(Jiang et al., 2020 Statistical analysis was camted to figure out the factors
contributing to the inactivation of CPE. TS content affects the performance of AD by
directly affecting VFA concentration, ammonium concentration and pH. Therefore, TS
content was not considered as a variable during thiststak analysis. In the statistical
analysis, the survival time of CPE was regarded as the dependent variable, while other
parameters (average TVFA, FVFA, TAN, FAN and pH) were considered as independent
variables. The collinearity statistics toleranceshim models should be >0.2 to guarantee
thereis no cclinearity among the variables. Otherwise, independent variables should be
re-considered. Through statistical analysis, significarggative correlatian were
observed betweenVIFA and the survival timeof KPC-3 producingK. pneumoniae
(P<0.05, R=0.942), as well as the OXA!8 producingK. pneumoniae(P< 0.01,
R?=0.995), indicating the inhibition of TVFAJiang et al. (2018b)nvestigated the
minimum inhibitory concentrations (MIC) &fFAs on inactivation oSalmonella which

also belongs tdenterobacteralesThe toxic concentration of VFAs was as low as 50
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mmol/L (3 g/L VFAs at acetate equivalent), and the toxicity Aadccumulative effect
with time. In this study, although the TVF£oncentrations in the digesters (TS-25%)
decreased after 2 days, VFAs concentrations were still above 3 g/L. Thus, CPE strains
were inactivated with time. Howeverp rsignificant correlationwas observed between
these physicochemical parameteand the survival time of NDM1 producing K.
pneumonia€P> 005). Generally, the expression of different genes can result in different
features (Eser, 2017 lovleva and Doi, 201)/ For example, although OX#&pe
carbapenemases (Ambler class D) hawesimilar serine to that of KR{ype
carbapenemases (Ambler class A), the activity of @)ge carbapenemases against
carbapenems is weaker than that of KPC, and it has a unique spéotrlava and Doi,
2017 Nordmann et al.,, 2031 Thus, t was presumed that the expression of different
carbapenemasencoding genes might have affected the respond€e pheumoniado

environmental condibns, but further work is needed.

In fact, the correlations among different factors are complex, and other factors may also
more or less affect the fate of CPE. For instancefateurablepH range for bacteria is
6-7.5, and the survival time of bactemauld be shorter in an acidic pH environment
(Manyi-Loh et al., 2015 In this experiment, the digesters wilts content of 20% had

the highest TVFA concentration, which contributed to the lowest pH values among all
conditions (<7.5). Indeed, it was reported that organic acids can freely penetrate the cell
membrane and enter the cytoplasm of bacteria, causingtiosproblems(Jiang et al.,
2018¢ Puchajda and Oleszkiewicz, 2Q00Besides, wionized acid molecule (also called
FVFA) possess greater inhibition on bacteria activities rather than ionized acids
(Beneragama et al., 28g Levison, 1973 Puchajda and Oleszkiewicz, 2Q00%Vith the
increase in TS content, higher TVFA and FVFA concentrations were obtained,
consequentlyincreasing the toxicity to microorganisnifBeneragama et al., 2013b
Kothari et al., 201 However, FVFA concentrations were low in this study, so there was
no significant correlation found between the FVFA concentration and the CPE survival
time. The TAN concentration at TS rtent of 20% was the highest among all TS
contents tested, and it could inhibit methanogenesis activity. This would result in the
accumulation of TVFA, and further cause the decrease of pH value and immercheé

inactivation performance.
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4.4 Summary

This studyshowsthat anaerobic cedigestion can effectivelynactivate carbapenemase
producingK. pneumoniaeand digesters with higher TS contehadbetter performance

in reducingCPE. CPE strains in the digesters with 20% TS content were eliminated in
two days, whereas it took more thaime days at the TS content of 5%ccording to the
statistical analysis, TVFA was the significant factor in inactivating KP&hd OXA48
producing K. pneumoniae.Some unexpected carbapenegsistant bacteria were
obsevedduring the process, such as carbapenerpasducing Escherichia coli (OXAS8

and NDM1) and Citrobacter freundii (OXA8), indicating that HGT might have
occurred in the reactors. Fortunatelyf, suspected carbapenemgseducing organisms
were elimnated after nine days, which means AcoD can redwarbapenemase

producing organisms efficiently
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This paper has been publishedwaste Management.

Wang, S., Hu, Y., Hu, Z., Wu, W., Wang, Z., Jiang, Y. and Zhan, X., 2021. Improved
reduction of antibiotic resistance genes and mobile genetic elements from biowastes in

dry anaerobic caligestion.Waste Management26, pp.152162.

5.1 Introduction

Compared to wet AD, dry AD (TS O 20%) nee:q
and produces much lesigestate, which is beneficial for storage, transportation and
biofertilizer use of the digeaste (Jiang et al., 2018cThrough cedigestion of carbomich

biowastes (such as food wastes) with nitregeh animal manures, the inhibition caused

by high volatile fatty acids or free ammonia in mono dry AD can be solved. Previous
studies have demonstrated that dry AcoD is nefiieient than wet AcoD on inactivating
pathogenic indicator bacteria (such as total coliforinscoli, Enterococci,Salmonella

etc.) (Jiang et al., 2018hlJiang et al., 2018cliang et al., 2020 and carbapenemase

producing Enterobacteralesthat ae resistant to almost all antibiotiqg€hapter 4.

However, the fate of ARGs and MGEs in dry AD (or AcoD) is rarely reported.

Most of the previous studies targeted several specific ARGs in AD by using traditional
gPCR technique. To date, HJPCR and megenomic techniques have been widely used
to investigate the occurrence of antibiotic resistomes in different environrbebtew
studies have employed HJPCR or metagenomic techniques to study ARGs in AD
systems. If only a small number of targeted ARGBsremoved in AD systems, there may

be still a high abundance of other ARGs surviving in AD; this is a great challenge for the
safe disposal of digestai&urmessa et al., 20R0Therefore, a comprehensive picture of
ARGs reduction in AD should bducidated

As the substrates and operation conditions have significant impacts on the fates and
behaviors of ARGs and ME&s, thevariationof ARGs and MGEs in dry AcoD should be
different from that in wet AcoD. There are no comprehensive comparisons of the
performances of wet and dry AcoD in removing ARGs and MGEs yet. In this study, the
reduction of ARGs and MGEs was assesander both wet and dry AcoD of FW and PM.
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HT-gPCR technique, which can detect a total of 296 ARGs and MGEs, was utilized for
such a comprehensive comparison. Moreover, theccarrence of MGEs, ARGs and the
dominant phyla during anaerobic digestion wagestigated by constructing network

analysis.

5.2 Materials and Methods

5.2.1Experimental setup

The substrates were FW and PM obtained from university canteens and a pig farm located
in Galway, Ireland, respectively. The fresh FW (after-degradable parts, like plastics
and bones, were picked out) was ground to < 2 mm and well mixed; the PM was
certrifuged to get the solid fraction. Dewatered anaerobic sludge was taken from a local
WWTP and stored in a sealed drum at 11(the annual average temperature of Ireland)
for more than 60 days to minimize the organic residues before using as inoculun® The
contents of the FW, PM and inoculum were 40.52 +0.38%, 39.96 £0.30%, and 22.90 +
0.01% respectively; their VS contents were 17.93 £0.01%, 20.02 +0.05% and 13.76 *
0.08%, respectively. Detailed characteristics of the substrates and inoculum cande fo

in Wang et al. (2020)The FW, PM, and inoculum were mixed at a ratio of 25:25:50 (VS
basis), which had been determined as the optimal ratio in a previous(Jtuuy et al.,
20189. Then, he mixture was adjusted with tap water to specific TS conter2%8
respectively and served as feedstocks for the subsequent AcoD experiments.

Two groups of lakscale anaerobic reactors were set up focusing on the reduction of
ARGs and MGEs under weind dry AcoD conditions. One group was operated at a TS
content of 5%, representing wet AcoD; the other group was operated at a TS content of
20%, representing dry AcoD. Each group consisted of nineni0@naerobic digesters,
which were filled with 250 deedstock respectively with the corresponding TS content
(i.e. 5% or 20%) and operated in parallel. All the digesters were placed in an incubator at
a constant temperature of 37 £1 € and were shaken manually once every day. The total
duration of the exp@nment was 64 dayd he anaerobic caligestion experimental system

wasthe same adescribedn Chapter.
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Meanwhile, another group of experiments with the same feedstocks and experimental
conditions was also set up to investigate the biogas productidarmpance of the
anaerobic caligestion system with-Btre digesters under different TS content2(®%)

and to provide circumstantial information (environmental parameters, bacterial
community) to the current study. The system performance and variatiopisysi®-
chemical parameters, such as VFAS, AN, pH, etc., were reported previoualarizy et

al. (2020) Briefly, the highest AN and FAN concentrations in wet and dry AcoD were
1093.86 +20.58 and 110.68 +9.78 mg/L, 5293.44 +58.81 and 1585.24 +74 mgI/L,
respectively. The TVFA concentrations in wet and dry AcoD wei&l&.20 and
8174.9029554.30 mg/L, respectively. Althoughatively longer lag phase (24.74 days)
was induced by high AN and VFAs concentrations in dry AcoD, both wet and dry AcoD
were operated steadily. pH values during the wet and dry AcoD experiments were about
7.01:8.54 (within the adaptable range ®%) (Wang et al., 2020 As for the biogas
production, the average cumulative specific methane yield (SMY) of wet AcoD and dry
AcoD were 278.8 £3.9 mL/g V&dedand 259.8 +6.0 mL/g V&ideqg respectively.

5.2.2Samplingand HT-gPCR analysing

Zou et al. (2020b)yeported that changes of ARGs mainly happened during the first 10
days in AD, and it changed little thereafter. Therefore, samples were taken on day O
(beginning of AcoD; mar ked as fA00), day
day 64 (end of Ac D, nearly no biogas producti on;
specific sampling day, samples collected from the parallel reactors (i.e. wet or dry AcoD)
were mixed and stored &0 € before DNA extraction. The samples collected from the

wet anaerbic digesters were named as WO, WH and WE, respectively. Similarly,
samples collected from the dry anaerobic digesters on specific days were named as DO,
DH and DE, respectively. To meet the DNA concentration requirement for ARGs
analysis, 1 g wet sampleas taken from WO, WH and WE respectively for DNA
extraction. More wet samples from the dry anaerobic digesters were needed to extract
DNA, because the DNA concentration decreased sharply during dry AcoD. Specifically,
about 2.5 g wet sample was taken frB@ and DH respectively, while 5 g wet sample

was taken from DE.
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DNA extraction was conducted later, and-PCR was employed to detect the diversity
and abundance of ARGs and MGH#&e detailed DNA extraction ardT-gPCR analysis
methodsused in this sily are ascribedn AppendixB.

5.2.3Bacterial community analysis

Biomass samples collected from thét&e digesters were delivered to Sangon Biotech
Co. Ltd. (Shanghai, China) for microbial community analysis. Briefly, PowerSoil DNA
Extraction Kit (Laboratries Inc., CA, USA) was used for DNA extraction. The W48
universalprimers CCTACGGGNGGCWGCAG (341F) and
GACTACHVGGGTATCTAATCC (805R), were used to amplify the quantified DNA
samples. lllumina MiSeq platform (lllumina, Inc., San Diego, CA, USA) andrdsea
(version 5.2.236) software were used for kilgtoughput sequencing and operational

taxonomic unit (OTUSs) clustering, respectivélyang et al., 2020

5.2.4Data analyss

General datanalysis was carried out using Microsoft Excel. Bar figures and heatmap

were plotted using OriginLab and Heml 1.0, respectively. The Spe&roamelation
analysis among MGEs and ARGs was perfor med
and fi gr copelation wad t¢omrsidered significant at r > 0.8 Bhlue < 0.05

(Luo et al., 201). Then, ceoccurrence network visualization was constructed using

Gephi platform (version 0.9.2Chen et al., 2017b

5.3 Results and Discussion
5.3.1Diversity and abundance of MGEs and ARG

A total of 199 ARGs and 12 MEGs were detected in this study. The detailed diversity and
distribution of the detected genes are presentéwhure5-1. All the detected ARGs were
clustered based on major antibiotic classes, including tetracyclines, vancomycin,
sulfonamides, multidrug, aminoglycoside, MLSi&talactams, FCA, and others. All the

integronintegrase gnes and transposase genes were categorized as MGEs.
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At the beginning of the AcoD processes, the total subtype number of ARGs and MGEs
detected in the wet AcoD (W0) sample was 156, and it was 161 in the dry AcoD sample
(DO) (Figure5-2). It can be found that the subtype numbers of ARGs and MGEs changed
little under both conditions during the initial period (da@)0 but they decreased to 111
and 120 at the end of the wetdathry AcoD, respectively. Most of the changes happened
in betalactams, tetracyclines, multidrug and MLSB relevant resistance genes (number
changes > 5) in both the wet and dry AcoD. It was hypothesized that the fates of ARGs
would be highlycorrelated totheir resistance mechanisms, because most of the absent
genes in this study ofer efflux pump and antibiotic deactivation mechanisriagre

5-1). The association of the resistance mechanism and the fates of ARGs will be
discussed in detail iBection5.3.4.

Among all classes of ARGs, the subtype numberbefalactam resistance genes
decreased the most, and only 13 subtypes oflaetam resistance ges were detected

after both the AcoD processes. It was reported that the presence of ARGs is highly
correlated to the existence of antibiotiide et al., 201} Due to its instability, beta
lactam antibiotics can be easily degraded under alkaline and acidicti@osdi
(Deshpande et al., 20p4Therefore organic acids and ammonia produced during the
AcoD processes could promote the hydrolysis and degradation efbtte antibiotics,
eliminate the selective pressure of bleictam on mimbes and result in a decrease of

betalactams resistance genes.
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Figure5-2. Numbers of antibiotic resistance gerf@RGs) and mobile genetic elements
(MGESs) subtypes detected in wet and dry aolasie cadigestion. (W0, WH and WE are
samples obtained on day 0, early stage and the end of wet AcoD; DO, DH and DE are

samples obtained on day 0, early stage and the engl 8icdD)

As shown inFigure5-3, the absolute abundances of ARGs in WO and DO were 4.02 x10
and 6.75 x 10 copies/g wet samplegspectively. The absolute abundance of MGEs in
WO was 7.85 x 18copies/g wet sample, while it was 1.13 ¥bdpies/g wet sample in

DO. MLSB, tetracyclines and aminoglycoside resistance genes were the dominant ones in
the raw feedstocks (WO and DO), asoting for 32.437.5%, 25.426.5% and 25-P5.5%

of the total ARGs, respective(frigure5-3b). During the initial period (day-9) of AcoD,

the absolut@bundance of the total ARGs increased in both AcoD processes (wet AcoD:
increased by 0.0ibgs copies/g wet weight; dry AcoD: increased by 0ldags copies/g

wet sample). Tetracyclines and MLSB resistance genes increased the most during this
period. Simiar phenomena were also reportedSoy et al. (2016dndZou et al. (2020b)
Different from the results b¥ou et al. (2020h)the abundances total ARGs and MGEs

were significantly decreased in both wet and dry AcoD in this study, while the
abundances changed little in their study. One reason isZthatet al. (2020bpnly
targeted several specifiienes whose changes can not represent most of other ARGs. For
instance,an increase oftetA gene anda decrease ofetO genewas also found in the
present study, but the variations of many other genes were not counted in their studies.
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Thisindicates themportance to have a comprehensive and big picture of ARGedb.A
The other reason is that the experimental condition in this study was significantly
different fromZou et al. (202008. The TAN concentration inrgt AcoD was about 5g/L,
which was about 5 times of TAN concentrations in wet AD. The ammonia stress can

exert selective pressures on microbes and impact the fate of @R&sg et al., 2020a
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Figure5-3. Variation of antibiotic resistance genes (ARGs) and mobile genetic elements
(MGEs) during wet and dry anaerobao-digestion: (a) afolute abundance; (b) relative
abundance (MGEs were not included in the calculatigié), WH and WE are samples
obtained on day O, early stage and the end of wet AcoD; DO, DH and DE are samples
obtained orday 0, early stage and the end of dry AcoD)

From day 9 to the end of AcoD, the absolute abundance of total ARGs in the dry AcoD
decreased from 8.89 x 1@o 3.91 x 1 copies/g wet sample, while it decreased from
4.45 x10Pto 1.16 x 10 copies/g wet sample in wet AcoD. Compared with WO and DO,
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the total reductions of ARGs in wet and dry AcoD were 0.54 andlég&topies/g wet
sample, respectively. As for MGEs, it decreased to 1.51’gdpies/g wet sample after

dry AcoD (DE), which wa®6.9 times lower than that in WE. It is noteworthy that the
subtype number of ARG DE was higher than that in WE, while the absolute
abundance of ARGs in DE was much lower than that in WE (as shofsigure 5-3a).

The results suggest that the absolute abundance of ARGs was not directly related to the
number of ARGs subtypes. AD can reduce some ARGs to under the detection limits, but
most of the ARG&nd MGEs cannot be completely removed. In particular, some ARGs
are intrinsic parts of certain microbes, thus cannot be cleared (xiuadit al., 2019 A

similar conclusion is also made in the review papgdwfmessa et a(2020) suggesting

that pre, post treatment and some other strategies should be studied to further enhance
the reduction of ARGs and MGEs.

It is also worth mentioning that tlo@mposition of ARGs changed significantly and quite
differently in the wet and dry AcoDF{gure5-3b). In the dry AcoD, the composition of
ARGs mainly tianged during the initial period (day9), and it only changed slightly
thereafter. During the initial period, the proportions of MLSB and tetracycline resistance
genes increased to 42.2% and 38.4%, and to 34.4% and 54.8% in wet and dry AcoD,
respectively whereas the proportions of most other classes of ARGs decreased. In
particular, the proportion of aminoglycoside resistance genes decreased fre?.8%61

to 7.210.3%. The increase of MLSB and tetracyclines resistance genes might be
attributed to thedct that these two classes of ARGs possessed the most detected cellular
protection genes, and some genes belonging to this resistance mechanism increased
significantly during this period, such asrF, ermB, tetM andtetQ. It has been reported

that cellula protection genes have a wide range of hosts, and they can easily transfer
among different genera and species of baci@ang et al., 2016b As the microbial
community successions and replacement mainly changed during the starting period of AD,
along with the ammonia stress on microbes containing efflux pump genes, it is reasonable
that MLSB and tetracyclines resistance genes increased and counted for most parts in this
period (Zou et al., 2020b Besides, it is known that the remowdficiencies of MLSB

and tetracyclines by AD are relatively lower than other antibigties Epps and Blaney,

2016, which could also cause MLSB and tetracycline resistance genes dominant after
both wet and dry AcoD.
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The dominant classes of ARGs changed little during the subsequent process of dry AcoD.
However, the situation differed in the wet AcoD. AftertwieoD, the ARGs conferring
resistance to MLSB occupied 63.1% of the total ARGs, followed by tetracyclines (15.2%)
and aminoglycoside (7.7%) resistance genes. The proportions of multidrug and
sulfonamides resistance genes slightly increased, but theilusdbstundance slightly
decreased in wet AcoD. In comparison with other classes, sulfonamides and multidrug
relevant ARB and ARGs are found to be more persistel®D (Anjum et al., 2017
Kanger et al., 2020 which could be the reason for the increase in their relative
abundances. However, bacteria could prefer to drapnotd mediate genes under the

constant selective pressure of high ammonia in dry A@lang et al., 2020a

5.3.2Fold change of ARGs and MGE

The fold chages Figure 5-4) of the detected genes were calculated by comparing the
absolute abundance of each gene in the samples (WH, WE, DH and DE) to their copy
numbers in the initial samples (WO and DO0), respectively. To make the results more
readable, the targetenes which had been enriched ovdol8 or decreased to Gld

were regarded as significantly changed. As showfigure 5-4, the fold changes of
ARGs were different in the wet and dry AcoD. During the initial period (d8y, Ghere

were 18 ARGs and 3 MGEs significantly decreased in the wet AcoD, while only 4 ARGs
and one MGEs decreased in the dry AcoD. Besides, about 22 ARGG3 MGEs were
enriched in the dry AcoD during this period, while only about 19 ARGs and one MGEs
were enriched in the wet AcoD. The most increased gene in the wet AcolDuia82

(by 2808fold), followed byereB (by 905fold), cfxA (by 113fold), andblaves (by 97

fold). While the gene with the most increase in the dry AcoDinas-04 (by 4215fold),
followed bytetG (by 138fold), 1IS613(by 41-fold), andcfxA (by 34fold). InuB-02 and

ereB are MLSB resistance genes, whiletG is the most common resisice gene
conferring resistance to tetracycline. The enrichment of these speciéis g&plains the
increase in the abundances of MLSB and tetracycline resistance genes as gfigwrein

5-4. TnpA-04, 1S613 and Tp614 (enriched in the dry AcoD) are known MGHsat
possess the ability to carry many ARGs and play an important role on antibiotic resistance
spreadingPartridge et al., 2009The significant enrichment of these MGEs swggi¢hat

HGT probably happened during the initggeriod of the dry AcoD and contributed to the
enrichment of ARGs.
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Figure5-4. Fold changes of antibiotic resistance genes (ARGs) and mobile genetic
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samples obtained on day 0, early stage and the end of wet AcoD; DO, DH and DE are

samples obtained on day O, early stage and the end of dry AcoD)
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Despite more ARG$eing enriched in the dry AcoD than in the wet AcoD during the
initial period, the dry AcoD achieved much more effective ARGs removal at the end. In
total, 46 genes (ARGs and MGEs) were reduced after the dry AcoD, compared to 42
genes reduced by the wet AcoDedhwhile, 12 ARGs and 2 MGEs were enriched at the
end of wet digestion (WE), which were about twice of those in the sample obtained at the
end of the dry AcoD (DE). The top 5 increased genes in WE mer, InuB-02, ereB,

InuC, andtnpA-01, which were enched by 1800 fold, 1783 fold, 93 fold, 70 fold, and 24
fold, respectively. Unlike the wet AcoD, the fold changes of almost all the enriched genes
in the dry AcoD were under 50, except topA-04 which increased by 771 fold. The
enrichment oftnpA genes was also found in many studies, and it was suggested to be
critical in the HGT(Guo et al., 2028 Xie et al., 201% In particular, dry AcoD seemed
more effective in removing aminoglycoside, multidrug, and sulfonamidearsesgenes

as they kept decreasing over time, while the relative abundances of multidrug and
sulfonamide resistance genes increased after the wet AcoD. Additionally, most ARGs
(including tetracycline and MLSB resistance genes) in the dry AcoD decreased at
similar pace (fold change values were similar) from day 9 to the end of MeigDre

5-4).

5.3.3Shift of antibiotic resistance mechanism

ARGs are classified into four groups according to their resistance mechanisms: cellular
protection, antibiotic deactivation, efflux pump, and other/unknown mechanisms. The
resistance mechanism of each targeted gene is shodppendix A In this study, the
propotion of each mechanism was calculated based on the absolute abundance, and the
result is shown irFigure 5-5. The main antibiotic resistance mechanismghie initial
samples were cellular protection and antibiotic deactivation, accounting feb20%

and 31.233.8%, espectiely. Cellular protection genes can be found in many antibiotic
resistant organisms (such as vancomyesistant bacteria), which can work
independently or with other resistance mechanigkiao et al., 201% Due to the
difference in substrates and inoculum, the composition ofbiatit resistance
mechanisms varied in individual studighen et al., 2017IXiao et al., 2016Zhu et al.,

2013. The proportions of different antibiotic resistance mechanisms remained more or
less constant in wet AcoD throughout the entire digestion peRapirg 5-5), which
suggests that the overall reduction of all resistance mechanisms in wet AcoD was similar.

124



Chapter 5

However, the proportions of different antibiotic resistance mechanisms varied
significantly during the initial period (da@-9) of dry AcoD. The proportions of cellular
protection and other unknown mechanisms in dry AcoD rose to 77.6% andiGr8¥gp

the initial period, while the proportions of antibiotic deactivation and efflux pump
mechanisms decreased to 10.8% and 4.8%eotisely. After 9 days, the proportions of
different antibiotic resistance mechanisms in the dry AcoD changed little. The results
indicate that dry AcoD was more efficient than wet AcoD on the removal of ARGs with

mechanisms of antibiotic deactivation aftlux pump.
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Figure5-5. Changes of antibiotic resistance genes (ARGSs) based on antibiotic resistance

mechanismgWO0, WH and WE are samples obtained on day 0, early stage and the end of
wet AcoD; DO, DHand DE are samples obtained on day O, early stage and the end of dry
AcaoD)

As antibiotic resistance is evolved by natural selection of microbial communities, there is
a possibility that microbes respond differently to different environments since they are
carrying ARGs of different mech&ms(Chen et al., 2016aFor instance, microbes can
pump antibiotics or other hazard molecules out of their cells for surviving under stress
environments. Some researchers reported that antibiotic deactivation genes could be more
easily reduced than cellular protection genes afflix pump genes when treating
wastewater or sewage sludge by AD proc@Shosh et al., 20Q9Sui et al.,, 2016
However, this study shows that in wi&toD, the overall fate of ARGs associated with

different resistance mechanisms had no significant differém@@mparison with the wet
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AcoD, the proportion of cellular protection mechanism in the dry AcoD significantly
increased while those of the efflpgmp and antibiotic deactivation declined. It has been
suspected that the high free ammonia in dry AcoD would alter the proton concentration
and reduce membrane permeability, resulting in the inhibition of the efflux system and
reduction of efflux pumpgenes (De Vrieze et al., 2015Zhang et al., 202Qa The
concentration of ammoniaitrogen in dry AcoD (over 4000 mg/L) was about four times
higher than that in wet AcoPVang et al., 2020 this could be one reason for the lower
proportion of efflux pump mechanism after the dry AcoD. On the other hand, cellular
protection genes are usually carried by conjugative transposons, so they have a wide
range of host§Wang et al., 2019aSeveral stués have reported that cellular protection
ARGs are more persistent than other ARGs, and the increase of cellular protection ARGs
is commonly found in AcoD systenfg/ang et al., 2016tZhang et al., 2019cMoreover,

high ammonia in dry AcoD could also enhance the transfer of cellular protection genes

among microorganis of different genus or speci@hang et al., 2020a

The antibiotic residues in the feedstock may also affect the composition of antibiotic
resistance mechanisms as they have selective pressures on microbes. In this study, almost
all the detected aminoglycoside and Hatztam resistance genes belong toahabiotic
deactivation mechanism, and all the targeted multidrug resistance genes are efflux pump
genes. However, nearly all cellular protection genes detected in this study are conferring
resistanceéo MLSB and tetracyclines. As aminoglycosides and -steams are easily
degradable while MLSB and tetracyclines are relatively resistant t¢\/A&D Epps and

Blaney, 2019, it is logical to find the decrease of the antibiotic deactivation mechanism
and the increase of the cellular protection mechanism during the AcoD process in this

study.

5.3.4Co-occurrence among ARGs, MGEs, and microbes during Ad»

It is generally accepted that bacterial community succession along with HGT contributes
to the variation of ARGs abundan{ghang et al., 202QaThus, network analysis was
employed to investigate the -oecurrence of ARGs, MGEs, and dominant phyla during
the AcoD processes, and significant retations (Spearm&r > 0.8,P-value < 0.05)
between ARGs, MGEs and the dominant phyla were visualZeairge 5-6). It can be

found that most of MLSB resistance genes were highly relateirtoicutes while
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aminoglycoside resistance genes were connecteBlanctomycetesChloroflexi and
unclassified phia. Tetracyclines and sulfonamides resistance ghadsnany potential
hosts, such a&irmicutes, Chloroflexi Actinobacteria Euryachaeota etc. Significant
correlations betweeBynergisteteand ARGs $a4, mex, etc.) were also found in this
study. Addtionally, sgnificant correlations between ARGs and MGES6(3, Tp614,
tnpA, etc)are shown irFigure5-6. In contrastProteobacteriavas not connecteitd most
of the ARGs or MGEs.
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Figure 5-6. Network analysis revealing the -c@currence among antibiotic resistance
genes (ARGs), mobile genetic elements (MGEs), and duorhiphyla. A larger node

represents more points are connected with greater importance.

The correlations between phyla and ARGs have been reported in numerous studies. For
instance, it has been reported tRatmicutesplay a key role in carrying and transferring
ARGs(Song et al., 2017 andBacteroidetehave significant correlations witetO, tetX,

tetL, andtetW (Wang et al., 20179bZhang et al. (2019e¥ported thaBynergistetewas

highly related tdblacTx-m, ereA, tetG, andsull. Chloroflexiwas highly related to MLSB
resistance gen€Chen et al.,2016hh Sun et al., 2019b Unlike other phyla, it was
suggested thalProteobacteriais not strongly connected tARGs or MGEs, thus the
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increase ofProteobacteriamight reduce the relative abundance of ARGkang et al.,
20196.

The microbial community composition changed significantly under the two different
AcoD conditions Figure 5-7). In the initial samples (day O, initial feedstock without
dilution), the dominant phyla weréirmicutes(33.87%),Proteobacteria(19.49%), and
Chloroflexi (11.39%). During the early stage AtoD, the dominant phyla in the wet
AcoD (WH) changed t&hloroflexi (38.83%),Firmicutes(20.07%), andProteobacteria
(16.52%), while the dominant phyla in the dry AcoD (DH) wEmemicutes(49.14%),
Proteobacteria(18.60%), andChloroflexi (7.3%). As metioned aboveFirmicutesand
Chloroflexi were highly related to MLSB and tetracyclines resistance genes. These two
phyla increased from 45.26% to 58.90% and 56.17% during the initial period of wet and
dry AcoD, respectively. Besides, the absolute abundafcénpA-01 significantly
increased in wet AcoD, while there were more MGE®A-04, 1S613 and Tp6149
increased in dry AcoD. Thus, HGT was more likely to happen in dry AcoD, resulting in

obvious increases of both MLSB and tetracyclines resistance genes.
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Figure5-7. Relative abundances of dominant phyla (ratio >0.2%) at specific stages. Raw:

raw feedstock before dilutn.
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The phyla composition changed slightly during the later period of the wet AcoD, but most
of the phyla decreased at the end of the dry AcoD (DE) with a significant decrease of
Chloroflexito 2.77% at the end of the dry AcoD. Correspondingly, a higher ieduxt
MGEs was found in dry AcoD. The results indicated that the reduction of hosts of ARGs

would have contributed to more efficient removals of ARGs in dry AcoD.

5.3.5Impacts of environmental parameters on microbes
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Figure5-8. Variation of total volatile fatty acids (TVFA) in wet and dry-aoaerobic

digestion

It is known that environmental factors more likely to affect gene abundances by altering

the bacterial community succession, instead ofkimg on genes directly. In this study,

the concentration of TVFA in the dry AcoD was as high as 28/b5while the highest
concentration of TVFA in the wetdD was about 3.18 g/LF{gure 5-8). The highest
concentration of TAN in the dry AcoD was about 5.29 g/L, which was about 4.85 times
of that in the wet AcoD. As shown iRigure 5-9, Firmicutes and Proteobacteriahad
positive correlations with high concentrations of TAN and FAN respectively, whereas
most other phylahloroflexi, Bacteroidetes Acidobacteria Euryarchaeota etc) were
more sensitive to the environment with high ammonia nitrogetinobacteriaand
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Candidatus. Saccharibacterizan be adapted to high TVFA and FVFA, while

SynergistetebBad a negative correlation with volatile fatty acids.

Firmicutes, Chloroflexi and Proteobacteria are dominant phyla in AD systems.
Firmicutescan pesist during AD and are more likely to enrich under alkaline and high
TAN conditions(Huang et al., 201 diang et al., 2019[Zhang et al., 202QaFirmicutes
includes many acetogenic bacteria which can degrade VFAs and produce acgti¢uacid

et al., 2020 Chloroflexi, Proteobacteriaand Synegistetes are highly related to
fermentation activities (such as hydrolysis and acidogenesis), and their proportions could
increase in wet digestio(Shin et al., 2020Sun et al., 2016 However,Zhang et al.
(2020a)found thatChloroflexi and Synergisteteslecreased under ammonia stress, while
Proteobacteriawas enriched significantlyA negative correlation betweenergistetes

and VFAs was also found lyang et al. (2018a)
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Protecbacteria
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Figure5-9. Correlations between environmental parameters and dominant phyla (TVFA,
total volatile fatty acids; FVFA, free volatile fatty acids; TAN, total ammonia nitrogen;
FAN, free ammonia nitrogen; sCOD, soluble chemical oxygen demand;P-yatue <

0.05, ** for P-value< 0.01, *** for P-value< 0.001).
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Compared td-irmicutes Proteobacteriaand Chloroflexi, the proportions of other phyla

were low in both wet and dry AcoD, accounting for only 126730% of all phyla.
Although the proportion of other phyla veetow, they would still be important in AD
processes; and most of those phyla were also potential hosts of ARGs and MGEs. It is
known thathigh VFAs and TAN are toxic to microbes, both inhibiting microbial
activities. For instace,Zhang et al. (2020agported that ammonia stress had significant
effects on the efflux system of bacterand it increased horizontal genes transfer via
enhancing the conjugation frequency. Besides, previous studies also suggested that VFAs
played an important role in reducing ARB in the AD sys{@&®aneragama et al., 201)3a

In this study FirmicutesandProteobacterisseemed more tolerant of high concentrations

of ammonia and VFAs tha@hloroflexi and SynergistetesBesides, the high ammonia
concentration in dry AcoD might also inhibit the growth of other phyla, which further

contributed to an improved reduction of ARGs and MGEs.

Overall, dry AcoD showed a greater reduction of ARGs and MGEs than w.Ac
However, the high ammonia stress also led to microbial succession and HGT during the
initial period (hydrolysis and acidogenesis stages), and resulted in a significant increase
of ARGs. Thus, a long retention time should be considered when treatwgshés in dry

AcoD process.

5.4 Summary

This study shows that anaerobic digestion efficiently redltloe abundance of ARGs and
MGEs in biowastes, and dry AcoD performieetterthan wet AcoD. Among all ARGs,
aminoglycosides, multidrug, and sulfonamides tasrse genes were removed more
efficiently in dry AcoD than in wet AcoD. In comparison with wet AcoD, there was a
significant increaseén cellular protection geneat the early stage of dry AcoD, but the
composition of different resistance mechanisms changed little therdiaftes suspected
that the efficient removal of ARGs in dry AcoD was mainly due to the decrease in
biomassAs AcoD progressed, high ammonid&roagen concentrations in dry AcoD led to
the reduction of protentional hosts of ARGs and MGHswever, #hough dry AcoD
effectively reduced ARGs, the challenge remained as there were still high abundances of
ARGs in the digestate.
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Chapter
6.1 Introduction

According to the previous study, the initial TS contertt &aignificantinfluence on the
inactivation of pathogens and reduction of antimicrobial resistothbas been reported

that temperature caalso significantly impact the microbial succession and the fate of
ARGs and MGEs. Although a few researchers have investigagedate of ARGs in
thermophilic AD, most of them only targeted several specific géeethe behaviars of
different subtypes of ARGs vary, targeting only a few ARGs subtypes can not reveal the

overall variation tendency of ARGs in the system.

An expermentwas conducted to investigate the initial TS content on the inactivation of
pathogenic bacteria and reduction of ARGs in thermophilic anaerobitigestion of
food waste and pig manure. Metagemosequencing was employed to reveal the broad
profile of ARGs during thermophilic AD.

6.2 Materials and methods

6.2.1Inoculum and substrates

Table6-1 Physicochemical features of tfed waste pig manureand inoculum

Solid fraction of

Parameters . Foodwaste  Inoculum

pig manure
pH 8.3140.00 5.9840.00 8.284.01
Total solids (TS, %) 18.84.05 27.84.23 20.44.15
Volatile solids (VS, %) 14.34.00 26.44.23 13.04.05
VSITS (%) 76.24.21 94.84.02 63.74.25
TVFA (mg HAc/L) 637.71130.17 509.17432.41 125.18+/.88
FVFA calculated (mg HAc/L) 0.1540.01 24.324.32  0.044€.00
TAN (mg/L) 2946.73429.09 393.54+10.11 1866.2848.20
FAN calculated (mg/L) 1305.65412.89 1.4610.04 795.30418.35
TCOD (g/L) 146.67#4.55 209.798€.78 67.374.30
sCOD (g/L) 24.4840.56 89.3222.26  6.024.27

This experiment was carried out during the COMI®pandemic in Galway City, Ireland.
During this period, people were asked to restrict their movement, and there was limited
access to the canteens and restaurants. Thus, collecting FW from public dicasywds

unavailable. In that case, the FW was collected from five local families with good health
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status ensumg no infection risks. The collected FW was ground to < 2mm and mixed
well using a food processor. The fresh PM obtained from a local pig farm was centrifuged
(ROTOFIX 32A, Hettich) at 6000 rpm for 5 min to get the solid fraction. The inoculum
was dewaterednaerobic sludge collected from therdest localWWWTP, and it was
placed at 11 for more than two months to relge biogas completely. The detailed
physicochemical features of the FW, PM and inoculum are shoWabile6-1.

6.2.2Experimental setyp
According to previous studies, when FW: PM: Inoculum was mixed at the ratio of 1:1:2

(VS basis), the anaerobic-digestion system can perform steadDennehy et al., 2018
Jiang et al., 201§c

bag
R1-R3 5%
R4-R6 10%
R7-R9 15%
R10-RI12 20%

Figure6-1. Schematic diagram afheanaerobic digesters atttermophilicanaerobic co

digestion experimentaletup

A lab-scale experiment was conducted using digesterqFigure 6-1). The feedstock
was first mixed well at the ratio of 1: 1: 2 (FW: PM: Inoculum) arab adjusted to TS
content of 20% byddingtap water. Then, the mixture was further diluted to TS content
of 15%, 10%, and 5%. fotal amount 0600 g feedstockwet weight)with different TS
contens was fed into each digester, and then the digesterseaked with a cap and
sealantThen the digesters were flushed with nitrogen gas for around 5 min beforg
placedin an incubator at 55 . Each condition was conducted in triplicate. Thus, a total
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of 12 digesters were operated at four different TStimms (TS= 5%, 10%, 15%and

20%). All digesters were shaken manually once every day.

6.2.3Sample collection and analys

To investigate the fate of ARGs and the shift of microbial community structures, about 3
g wet samples were taken from each digester on day O (initial dayinadifferent
operation time (For TS =5% and 10%, sampling on days 10, 32, and 64; for TS =15%
and 20%, sampling on days 10, 20, 32, 64, and 93). The sampling dates were selected
during the specific periods of AD: beginning, active methanogenic period, slowed
methanogenic period, and the end. The samples collected from parallel digesters on the
sameday were mixed well and then stored-ao until deliveredto the Beijing
Genomics Institute (BGI, Hongkong, China) for metagenomic sequencing. Except for the
initial sample collected from the initial mixture (TS=20%) on day O, all samples were
labelled according to the TSontentsand operation days. For example, the sample
collected from the digesters of TS=5% on day 10 lafslled asi T S150 © .

In order to monitor the operation status of AD, about 1 g wet sample was taken from each
digester every dain the first week and then twice a week to analyze physicochemical
characteristicssuch as pH, TAN, TVFA, and sCQRccording to the methods used in
Section 4.2.3and the concentrations of FAN and FVFA were calculated according to the
equations reportethy Jiang et al. (2018c)Briefly, 10fold dilution was obtained by
adding nine parts of deionized water (w/w) to each wet sample (about 1 g) and mixing
well. The dilutions were used for determining pH values with a pH meter-@&IS
China). Then, thdilutions were centrifuged at EDO rpm for five minutes (Sigma 6P

with a 12148H rotor, Germany). Finally, the supernatants were filtered via a nylon
syringe microfilter (0.45 pm), and the filtrates were used for further analysis (TAN,
TVFA, and sCOD)

Additionally, about 1 g sample was taken from each digester every day in the first week
for enumerating enteric indicator bacterta ¢oli and enterococci) using the viable plate
count techniquéJiang et al., 2018cAs for the SMY, biogas produced in each digester
was collected using a biogas bag. And tteevolumetric flow meter (FMAL620ATOT,
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Omega, Deckenpfronn, Germany) and gas chromatography (GC7890A, Agilent
Technology, USA) were used to determine the biogas volume and composition,

respectively.

6.2.4Metagenomic sequencing and bioinformatic analysis

The method used for ARGs and MGEs identificatignas well as the microbial
community analysis, are the sam® that used in Chapt8r Detailed informationabout
ARGsis shownin Table A.1.

6.2.5Data analysis

General data analysis was conducted using Excel and R. Heatmap and Venn diagram
were generated by Heml (version 1.0) and TBtools soétywespectively(Chen et al.,

2020. The pairwise correlations am@nARGs subtypes, MGEs and bacterial phyla were
conducted in R with VEGAN, igraph, and Hmisc packadasaddition Benjamini
Hochberg (FDR) method wammployedto adjust the Ralue. The results were filtered
according to the two criteria: (Bpearmas o r r el at i on c&and@)P-ci ent
value < 0.@. Finally, aco-occurrence network was visualized by using Gephi (version
0.9.2).

6.3 Results and discussion

6.3.1Inactivation of enteric bacteria and system performance

It is known that FW and PM are reservoirs of enteric bacteria, including harmless gut
flora and pathogenic bacteridll bacteria are classified as grampositive or gram
negative according to their cell wallAmong them,E. Coli (gramnegativg¢ and
enter@occi (grampositivg are bacteria frequently used to assess the inactivation of
enteric pathogeng8ecausemany enteric bacteria are reported as the hosts of ARGs and
are widely distributedinactivaing enteric bacterias beneficial for obstructing the
spreathg of AMR.
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In this study, the numbers & Coliand enterococci were monitored. T¢@ncentration

of E. Coli in the initial samples of different conditionsere 3.994.87 logo CFU/g wet
mater, while the concentrations of enterocoagre around 5.38.73 logo CFU/g wet
mater. These bacteria were eliminatedthin two days of thermophilic AD; particularly,

E. Coli disappeared within one dalf.was observedhat the inactivationrate of eneric
bacteria was slightly higher in the digesters with higher TS cant@hie effective
inactivation ofE. Coliand enterococci during AcoD of food waste and pig manure were
also reported in previoustudies.Jiang et al. (2018cinvestigated the inactivation of
enteric bacteria during mesophilic dry anaerobiedigestion with different FW/PM
ratios, and their results suggested that it took four and 22 dalk¢s ¢oti and enterococci

to decline below the limitof detection (LOD), respectivelyDennehy et al. (2018)
investigated thénfluence of HRT and feedstock composition on the reduction of enteric
bacteria in mesophilic sersbntinuous AcoD. They found that the feedstock composition
and HRT had no apparent effects on the variation of enteric badieatithe enteric
bacteria corcentration did not decrease ftoelow the LOD. Since the operating
temperature was the main difference between this study and theirs, the thermophilic
temperaturewas the primary factorcausingthe rapid inactivation of enteric bacteria.
Most enteric bactex prefer mesophilic conditions and are usually sensitive to
temperatureThe effective elimination of enteric bacteria during thermophilic AD was
also reported in previous studies. For instaAcgyum et al. (2017)nvestigatedhe AD of
poultry manure, and found that the reduction of pathogenic germs was enhanced under
thermophilic temperaturd?andey and Soupir (201igund thatE. coli was reducedby
about 6 logsvithin 41 days during mesophilic AD of dairy manunile it required less
than 3.5 days at 52.5.

The processelated chemical conditions were also affected by the temperature. Compared
to previous studyby Wang et al. (2020) even with the same TS content, the
concentrations of ammonia nitrogen and volatilgty acid in the digesters of
thermophilic AD weremuchhigher thann mesophilic AD Figure6-2). It was probably
because the degree of hydrolysis and acidification of the substrates wesedacthpnder

high temperatws. The increase of temperature significantly increélabe concentrain

of free ammonia nitrogen, which could further contribute to the inactivation of pathogens.

Therefore, not only temperature but alemperaturalependent chemical and microbial
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factors influenced the system performance.

6.3.2Changes of ARGs abundances dung thermophilic AD

As shavn in Figure 6-3a, a total of 20 ARG types were detected in all samples. In the

initial sample, the total abundance of ARGs was 0.3y @dpARG/copy of 16S rRNA

gene (called oOr at i adancds bféAR@sanfdigestery of TSTchngentt ot a |
of 5%, 10%, 15% and 20% were about 60182, 0.230.28, 0.220.30 and 0.2D.29

ratios, respectively. In addition, the removal efficiency of ARGs varied with the initial TS

content. For instance, the abundanceA8&Gs in the digesters of TS content of 5%

decreased to 0.16 ratios after 64 days, whereas the final abundances of ARGs of other
conditions were over 0.21 ratios even after 93 days. The result was inconsistent with
previous results reported Chapter 5In the previous study, a higher reduction efficiency

was found in the digesters with hgiTS conterd. One of the reasons which caused the

difference might be the different operation conditions. Apart from the difference

substrate properties, the opya temperature in the previous study was 37l while it

was 531 in the present study. other important reason might be the different

detection methods and units of results used in the studies. In the previous study, the
absolute abundance of targgtARGs was quantified using higiroughput gPCR, and

the results were present eTheshadguniseqoemgngand ARGs /
bioinformatic analysis used in the present study can only provide relative abundances of
ARGs i n ficopyofl®d$ rRMAREG®HcomMNyonet hel es s, t he dec

abundancem all TS conditions indicates that thermophilic ABnreduceARGs.
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The composition of ARG types in each samigleshown inFigure 6-3b. It was evident

that the multidrug, tetracyclinend MLS resistance genes were the dominant types of
ARGs in the initial samplaeyp to61.1%of all ARGs.It also containedigh proportions

of bacitracin and aminoglycoside resistance geAssfor the sulfonamide and beta
lactam resistance genes, white widely detected in the environment, their proportions
were only 4.2% and 3.4%, respectjuerhe composition of ARGs in the initial samgple
depended on the substrates and inoculum used in this study. For instance, PM was the
primary source of tetracycline, ML.&nd aminoglycoside resistance genes, while high
proportions of multidrug, MLSand bacitracin resistance genes were found in FW and

sewage sludgd-(gure3-1).
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As shown inFigure 6-3b, the proportion changes mainly happertedtetracycline,
multidrug, MLS, bacitracinand aminoglycoside types of ARGs$.was found thathe
proportiors of ARGs conferring resistance to tetracyclirend bacitracin were
significantly increaseafter thermophilic AD, andheir abundances in thinal samples
were around 20.635.8%0 and 11.314.9%. However, the abundance of multidrug
resistance genedeclined considerablyand the percentages in all final samples were
lower than 17.5%The abundaneeof MLS resistance genesder all TS conditionalso
decreased afteahermophilc AD. The results suggested that dhanges of different types

of ARGs varied consistent with previous studies about the reduction of ARGs during
AD. For exampleZhang et al. (2015bfpund that theelative abundances of MLS and
sulfonamide ARGs were reduced during thermophilic AD, while chlorampbleARGs
were enriched. Since most ARGs were hosted in microorganisms, their fates were highly
related to the succession of microbial commitias and the frequency of horizontal gene

transfer.

The influence of initial TS contemton ARG fats was also okerved in this study,
especially in the early stage of thermophilic AD. For instaniter, aperation for 10 days,

the proportions of tetracycline resistance genes in digesters of TS=5%, 10%, 15% and
20% increased to 17.4%, 31.8%, 33.3% and 19.4%, resplgcivhereas the proportion

of multidrug resistance genes decreased fronD29to 12.314.9%.The proportions of

MLS and aminoglycoside types of ARGs slightly decreased in digesters 6f15%o,

while they significantly increased in the digesters of T&teat of 20%.Significant
increasesn bacitracin and vancomycin abundances were observed in digesters of TS=5%
during this period, but they wemnly slight change under otherTS conditions. The
enrichment of ARGs in the early period of AD was also olegrin previous studies

(Zou et al., 2020p

It is known that the composition of ARGs is highly related to drug usage in the associated
environment. According to the official reports published HiyRA (2019) the total
amount of veterinary antibiotics sold in Ireland from 2013 to 2019 ranged 88.8 to

103.4 tonnesTetracyclines, penicillins, sulphonamides & trimethoprim were the most

used drugs, counting for over 80% of the total consumption. In additio7,. 4 and
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5.47.1% of annual sales of veterinary antibiotics during this periotteland were
macroldes & lincosamides, and aminoglycosideBenicillin, macrolides, and
tetracyclines were the three dominant classes of antibiotics consumed by outpatient in
Ireland in 2018, counting for 87% of total outpatient antimicrobial consumgpH&E

Health Protection Surveillance Centre, 2019

6.3.3Changesin ARGs diversity

In this study, a total of 386 ARG subtypes were identified among all samples, and the
number of ARG subtypes detected in each samgméownin Figure 6-5. Eighty major
(over1x103ratios in at least one sample) ARG subtypes were identfiguie6-4). As

shown inFigure 6-5a, multidrug ha the highest number of subtypes, followed by beta
lactam, tetracycline, MLS, and aminoglycoside. In the initial sample, théeruol ARG
subtypes was 219, including 59 subtypes of multidrug resistance genes. Then, the total
number of ARG subtypes changed to -PB7 during thermophilic AD. In the present
study, it was observed that the number of ARG subtypes conferringanesi$o
multidrug, MLS, tetracycline and aminoglycoside typgeanged little Whereas, variation
trends of betdactam resistance genes \emrunder differenfTS conditions. The number

of subtypes of bettactam resistance genes slightly declined in the digesié TS
content of 5% and 10%, but its numbers in the digesters of TS content of 15% and 20%
increased after thermophilic AD. Except for the condition of TS=5%, the total number of
ARG subtypes slightly increased after thermophilic AD. Although it is baidentify
whether it could be attributed to the measurement bias, the overall results indicated that
thermophilic AD with high TS conterdid not efficiently reduce the number of ARG
subtypes.
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The number of unique and shared ARG subtypes amonigitta and finalsampless
shown n Figure6-5b. 144 ARG subtypesvere shared by all the samples, indicating that
these ARG subtypesemained under all conditiorefter AD. In addition, mog of the
shared ARG subtypesererelated to multidrug (46ubtypey tetracycline (2kubtype},

and MLS (18subtype¥ The persistence of multidrug, tetracycline and MLS resistance
genes was also reported@hapter Sand ina previous stug (Zhang et al., 2015bOn the

other hand, there were 19 ARG subtypes eliminated by thermophilic AD, while 6 to 19
unigue ARG subtypes were enriched to above the detection limit after AD. In addition, 35
out of 64 unique ARG subtypes conferring resistance to-lagtam. Moreover, all of
these betdactam resistance genes belong to the antibiotic inactivation mechanism. In that
case, it was suspected that initial TS contifiectedthe diversity of ARGs. Andts
influence on the fate of ARGs of different resistance mechanisms will be discussed

next section
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Figure6-5. (8) Number of ARGs subtypes detected in the samfg$jumber of unique
and shared ARGs subtypes among the samples.

6.3.4Shift of antibiotic resistance mechanism

In order to investigate the fate of AR®sath different resistance mechanisms during
thermophilic AD, all detected ARGs were classifiedto six resistance mechanisms
categories (based on the abundancepaling b the CARD databassuch asantibiotic

efflux, antibiotic inactivation, antibiotic target alternation, antibiotic target protection,

antibida i ¢ target repl acenmeshdtwninand Aot her/ unknow
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Figure 6-6, antibiotic efflux was the primary resistance mechanism in the initial sample,
counting for 54.2%of all resistance mechanisnihere vere 14.6% of ARGs belorigg

to the antibiotic inactivation category. Antibiotic target alteration, target protection and
target replacement mechanisms, which were usually grouped as cellular protection

category in some studiegiere up toa total of 30.9% of the mechanisms in the initial

sample.
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Figure6-6. Composition of atibiotic resistancenechanismain each sample.

In the present study, antibiotic efflux decreased t0-89.2% during thermophilic AD,

while a slight increase was found in the antibiotic target alteration category. In addition, it
seems that the initial'S content ha little effect on their proportions as there was no
noticeable difference found among differéeR® conditions. However, the initial TS
content affected the proportions of antibiotic inactivation, antibiotic target protection, and
antibiotic frget replacement categories. For instance, the percentages of antibiotic
inactivation and antibiotic target replacement categories in the digesters of TS contents of
5% and 10% slightly decreased after thermophilic AD, while they were increased in the

digesters of TS contents of 15% and 20%. As for the antibiotic target protection category,
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it was increased in the digesters with TS content %% but decreased in the digesters
of 20%.

In general, the proportions of antibiotic efflux category in afjedters decreased after
thermophilic AD. In comparison, the proportion of cellular protection mechanism
(including antibiotic target alternation, antibiotic target protection, antibiotic target
replacement increased after thermophilic AD. The result wasnsistent with the
previous study repaetiin Chapter 5that antibiotic efflux ARGs are easier to be removed

than other categories, especially in sevengrenments.

6.3.5Diversity and abundance of MGE

It is known that gut microbiota play essential roles in human and animal health and
diseasg (Duranti et al., 201)7 Since the gut microbiota are usually exposed to antibiotics,
they havebeen reported as a rich pool of antimicrobial resisgpimeluding some mobile
antibiotic resistance genes. Resistance genes may transfer among bacteniezadiaho
genes transfer, promoting the commensal opportunistic pathageststain antibiotic
resistance. However, the mobility of ARGs is usually closely related to the abundance of
MGEs, such as integron, plasmihd transposonsJiang et al. (2019ajeported that
horizontal transfer of ARGs mainly happens within the same phyla, whiemangut
microbiota is more likely to obtain or trafer antibiotic resistance genes. Since many
ARGs are located within MGEs, reducing the abundance of MGEs of gut microbiota

could mitigate the spreading of antimicrobial resistance.

In this study, a total of 950 identified MGEs were classified into seven types according to
their transfer and transposition mechanisms. The abundance of MGEs weassex in

parts per million(ppm,one read in one million readsgnd the results are shown Table

6-2. According to the results, the total abundance of MGEs in the initial saraplé38.5

ppm, and it changed to 92132.7 ppm during the study. Among all classes of MGEs,
IMEs and ICEs were domant in the samples, counting for more than 63% of the total
abundanceThe abundance of prophages in the samples ranged 122%%. IMEs and

ICEs are genomic islands that can help ARGs to transfer among microbes via conjugation,
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while prophages are nmdy involved in the spreading of ARGs via transduction. The high
abundance of ICEs/IMEs in this study suggests that ARGs are more likely to spread via

conjugation.

Table 6-2 Variation of mobile genetic elemes in gut microbiome during thermophilic

AD (Results are shown in ppmarts per million, one read in one million reads)

Samples ICEs IMEs Islets Prophages | Transposons| Genomic_islands Group_ll_intronsl Total
Initial 365 | |53.1 1.0 || 188 | 7.4 1 16.1 0.5 I 133.5
T7S5-10 [[| 232 I 675 0.3 || 199 4.3 1 13.5 2.6 | 131.3
7S5-32 [ 21.2 90.9 03 [I] 236 3.5 1 12.0 2.6 54 |
7S5-64 || 161 [ 65.7 03 || 234 3.3 ] 10.3 1.7 L 120.8
T7510-10 || 255 [0 1013 04 [ 229 1 4.4 | 13.7 0.9 B 169.0 |
TS10-32 || 27.2 91.9 04 || 248 3.8 1 15.2 | 0.8 164.1
TS10-64 || 21.3 117.3 03 || 212 4.0 1 12.5 | 0.7 77> |
TS15-10 317 109.7 04 [II 262 5.8 Rl 18.2 0.6 B 1927
7515-20 || 22.6 93.9 02 || 238 45 1 16.4 0.4 617 |
Ts15-32 [ 203 I 80.4 02 [ 246 4.1 | 14.8 0.4 I 1538 |
TS15-64 || 19.0 [ 73.2 0.0 || 240 3.9 1 12.6 0.5 133.2
7515-93 || 16.0 [ 71.9 0.0 [l 19.0 3.6 1 11.6 0.3 122.8
7S20-10 L] 35.0 [I l61.8 03 [I] 298 4.8 1 16.1 0.6 148.4 |
7520-20 || 27.7 [I ]60.0 02 [ ] 309 4.6 1 15.4 0.5 139.2]
TS20-32 || 21.4 | |59.8 0.2 | 189 5.5 | 13.3 0.3 __ 1193
TS20-64 || 219 | |51.2 02 || 225 5.6 1 11.4 0.4 11312
7S20-93 || 16.4 | | 43.2 02 [ 159 4.2 1 12.2 0.2 92.3

As shownin Table 6-2, the abundance of MGEs changed during thermophilic AD, and
the changes varied under different conditions. For example, the abundance of MGEs in
the digester of TS content of 5% was increasedl54.1 ppm after 32 days, and it then
decreased to 120.8 ppm after 64 days. However, an obvious enrichment of MGEs was
found in the digestenwith a TS contenbf 10%. As for the MGEs in the digesters of TS
content of 15% and 20%, its abundance was igeian the first 10 days and gradually
decreased over time. In particular, the final abundance of MGEs in the digesters of TS
content of 20% was only 92.3 ppm, redddy 41.2 ppm.The MGEs identified in this

study were limited to chromosomal MGEs that mostly contained in the dominant gut
bacterial phyla, such as Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria
(Jiang et al., 2019a Generally, gut bacteria prefer to survive at a proper temperature
(around 37 ), and it could be effectively inactivated under thermophilic or higher
temperatures (above 55). The enhanced reduction of conjugative genetic elements and
extracellular DNA were also found in thermophilic ABnjum et al., 2017Zou et al.,

20203. On the other hand, it was observed that concentrations of ammonia nitrogen

and volatile fatty acids in the digesters increased with the increase of TS. Since these
chemicals are toxic to bacteria, the high concentration of ammonia nitrogen and volatile

fatty acids may also contribute to theactivation of gut bacterigBenergama et al.,
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20133. Thus, the free genetic elements released from the cells could be degraded,

resulting in the decrease of MGalsundance.

6.3.6Microbial composition and its linkage to ARGs and MGEs
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Figure6-7. Relative abundances of the major microbial phyla in each sample (relative
abundance of the phylum was over 1% in at leastsample).

In this study, there ®re 7 major phyla (relative abundance > 1% in at least one sample)
revealed by metagenomic sequencikgyre 6-7). More detaileddiversity and relative
abundance of bacteremdarchaea in the samplaseshownin Figure6-8. Proteobacteria
Euryarchaeota Firmicutes and Actinobacteriawere the dominant phyla in the initial
samples,accounting for more than 99% of all taxalhe composition of microbial
structure quickly changed during the thermophilic AD. In particular, the abundance of
Firmicutes in the digesters of TS content of 5% increased to 90.8% after thermophilic AD,
while the proportions of all other plapvere less than 5%. Howevékang et al. (2020)
reported thatFirmicutes abundance deeased in the mesophilic wet AD (TS=5%). A
similar phenomenon was also found in the study reportedubgt al. (2020)indicating

that temperature has significant impact on the succession of microbial communities.
The initial TS content also impactthe composition of microbial communities. Diféet

from that in the digesters of TS=5%, the composition of microbial phyla in the digesters
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of TS content of 10% rapidly changed in the first ten days tlegchanged littlethere

after. In comparison, t microbial communitiésstructure in the digesters of TS=15%
and TS=20% changed over time. The variation tendendiexiicrobial structure was
similar with the variations of the ARGs and MGEs, suggesting that the abundance of

ARGs and MGEs were highlglated to the succession of microbial communities.
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Figure6-8. Diversity and relative abundance of microorgaisms (in genus level).

As shownin Figure6-9, networkanalysisrevealed the correlations among the genes and
the dominant phyla. For example, it was found that IMEs were significantly and
positively connected to various of tetracycline resistancegéet., tetO, tet32, tetw),

while ICEs were highly related t&ILS resistance genes (sucheas¥F, erml'R, ernC).

The high abundances ttiese MGEscontributel to the persistence of tetracycline and

MLS resistance gends the systemProteobacteria Actinobacteriaand Synergistetes
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were potential hosts of ARGs as they were significantly and positively related to many
ARGs. The relationships between these playld ARGs were also reported in previous
studies(Sun et al., 2016Yang et al., 2020a It is worth mentioning thaFirmicutes
which wereusually reported as the hosts of many ARGs, had no positive correlation to
the ARGs in this studySun et al. (2016nvestigated the influence of temperature on the
fate of ARGs duringanaerobic digestion of dairy manure, and they also found that there
were no significant correlations between ARG dfidmicutes Instead, significant
positive correlations between the cld&sacilli (belongng to Firmicute9 andsul2, intl1
andintl2 werefound in that study.
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Figure 6-9. Network analysis revealed the-oocurrence of the dominant ARGs, MGEs
and phyla. The size of the nodes depends on the edge numbers it connected with. The red
edgesindicated there was a significant positive correlation between the nodes, while the

green edges suggested there was a significant negative correlation between the nodes.
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6.4 Summary

This study demonstrated thaetmophilic AD ould efficiently eliminate enteric bacteria
andreduce the abundancestimeARGs and MGEsThe relative abundance tuital

ARGs decreased from 0.31 gopf ARG/copy of 16S rRNAo0 0.160.22 copy of ARG/
copy of 16S rRNA in the digesters at TS content of &4, it decreasd t00.21-0.30

copy of ARG/ copy of 16S rRNA in the digestarth higher TS contents (TS 420%).
Compared tdahe TAD with a TS content of 5%hérmophilic AD with higher TS contents
deteriorated the reduction of ARGs, wherggsomoted the reductiorf MGEs.

However, thermophilic AD with different TS contents did not show significant
differences in reducing the diversity of ARGs as the number of ARGs subtypes changed
little in all digestersThis study suggests thBtoteobacteriactinobacteria and
Synergistetes were potential hosts of AR&w the abundances of ARGs and MGEs
were highly related to the succession of microbial communaiesording to the results,
a low TS content is recommended for thermophilic AD when the systtdulity and

metharm yield are considered.
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Conclusi ons and Recommenda
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7.1 Summary of main results

Antibiotic resistance has been a worldwide health contrethis Ph.D researchyé¢
profiles of ARGs and MGEs in four typical biowastes wareestigatedin addition, he
inactivation ofARB andthe reduction oARGsin anaerobic caligestion of FW and PM
were investigatednder different conditiong\ccording to the results of this study, there
are some conclusions:

1. By employing both HIgPCR and metagenomanalysis about167-213 ARGs
subtypesveredetected in FW, PM, ANS and ABdicatingthey are important
reservoirs oARGs

2. This study revealed th&W and sewage sludge Irelandare hotpots of
carbapenems encoding genes, andehmowasteseed to be effectively treated to
prevent the diffusion of CPE.

3. Mesophilic AcoDwith high TS content is recommended for reducing ARB and
ARGs fromFW and PM while thermophilic AcoD withHow TS contentvould be
more efficient in reducindRGs

4. All AD processes can not eliminate ARGs, but an appropriate treatment process

could mitigate the spreading of AMR in the environment.

7.2 Recommendations for future research

Basedon the research resufltbtained in this studyhere are several recommendations

for future research directions, and they are as follows

(1) Larger scale semcontinuousanaerobic cedigestion oW and PM.
Future studieshould be conductesh a pilotscale or fullscale digestetio
investigate thefficiency of AcoDin the removal of ARB and ARGAdditionally,
the operatingparametershould be optimizetb balance the removelfficiency of

antibiotic resistomandthe systemstability.
(2) Posttreatment of final digestate
Althoughthis study approved that AcoD ceedu@ ARB and ARGsa high

abundance of ARGs and MGEsmainedn the final digestate-dence post
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treatmeat shouldbe consideredo eliminate ARGs antMGEs completelyor at least

further reduce their abundarsce

(3) Pay more attentioto theremoval of ARB and ARGs with high clinical importance
Studies suggest it is impossible to eliminate all ARGs through biological treatment
processes, and some ARGs can exeenrictedafter the treatments. Hence, future
studies shoultbefocusedon removing ARB and ARGhatposeshighrisksto

human health.
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TableA.1 The information of antibiotic resistance genes

ARG Name

Classification

Resistance Mechanism

16S rRNA
aac(29!
aac(2lc
aac(3)l
aac(3jla
aac(3jlb/aac(69Ib
aac(3)ll
aac(3jlla
aac(3)llla
aac(3)v
aac(3)IX
aac(3)VI
aac(3yVili
aac(3)Vvil
aac(3)X
aac(630/aac(69b
AAC(6')-31
aac(6"aph(2")N
aac(6l
aac(6la
aac(69lb
aac(6"le-aph(2"}la
aac(6"li
aac(69ly
aad(6)
aad(9)
aadA
aadA5
aadB
aadD

aadE
aadK
AbaQ
abeS

acc

acrA

acrB

acrfF

acrR
ACT-1
ACT-13
ACT-14
ACT-16
ACT-19
ACT-2

Unclassified
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Aminoglycoside
Quinolone
Multidrug
Betalactams
Multidrug
Multidrug
Multidrug
Multidrug
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams

other/unknown

antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic efflux

antibiotic efflux

antibiotic inactivation
antibiotic efflux

antibiotic efflux

antibiotic efflux

antibiotic efflux

antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
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ARG Name Classification Resistance Mechanism
ACT-20 Betalactams antibiotic inactivation
ACT-21 Betalactams antibioticinactivation
ACT-23 Betalactams antibiotic inactivation
ACT-5 Betalactams antibiotic inactivation
adeA Multidrug antibiotic efflux
adeB Multidrug antibiotic efflux
adeC Multidrug antibiotic efflux

adeJ Multidrug antibiotic efflux
adeK Multidrug antibiotic efflux
AER-1 Betalactams antibiotic inactivation
AmpC Betalactams antibiotic inactivation
AmpC/dha Betalactams antibiotic inactivation
amrB Multidrug antibiotic efflux
ant(2"yla Aminoglycoside antibioticinactivation
ant(3"}la Aminoglycoside antibiotic inactivation
ant(3"}lh-aac(69lid Aminoglycoside antibiotic inactivation
ANT(4)-la Aminoglycoside antibiotic inactivation
ANT(4)-lla Aminoglycoside antibiotic inactivation
ant(6)la Aminoglycoside antibiotic inactivation
ant(9} Aminoglycoside antibiotic inactivation
ARRAM? Unclassified other/unknown
APH(2") Aminoglycoside antibiotic inactivation
APH(2"}yle Aminoglycoside antibiotic inactivation
aph(2"yl Aminoglycoside antibiotic inactivation
aph(2")l Aminoglycoside antibiotic inactivation
aph(2"}yIvV Aminoglycoside antibiotic inactivation
aph(3} Aminoglycoside antibiotic inactivation
aph(3"}I Aminoglycoside antibiotic inactivation
aph(3'}a Aminoglycoside antibiotic inactivation
aph(3"}lb Aminoglycoside antibiotic inactivation
aph(3'}b Aminoglycoside antibiotic inactivation
aph(3" )i Aminoglycoside antibiotic inactivation
aph(3'}llla Aminoglycoside antibiotic inactivation
aph(3"}IvV Aminoglycoside antibiotic inactivation
aph(33}V Aminoglycoside antibiotic inactivation
aph(3}Vi Aminoglycoside antibiotic inactivation
aph(4yl Aminoglycoside antibiotic inactivation
aph(6} Aminoglycoside antibiotic inactivation
aph(6}la Aminoglycoside antibiotic inactivation
aph(6}ic Aminoglycoside antibiotic inactivation
aph(6}Iid Aminoglycoside antibiotic inactivation
arlR Multidrug antibiotic efflux

arnA Polymyxin antibiotic target alteration
arr Rifamycin antibiotic inactivation
bacA Bacitracin antibiotic target alteration
LUXRP Unclassified other/unknown
Ber/CflA Multidrug antibiotic efflux
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ARG Name

Classification

Resistance Mechanism

bcrA
bcrC
BEL-2
BEL-3
BlaB
blal
blaR1
blaSFO
BLAZ
BLEO
BRF
bpeE
bpeF
CAMP?
carA
carB
CARB-12
CARB-3
CARB-5
CARB-6
CARB-7
CARB-8
CARB-9
cat

catA
catB
catB3
catB8
catD
catP
catQ
catS
CAZ-2
CAZ-6
CAZ-7
CcrA
ceoA
ceoB
cepA
CFE1
CfrA
CfxA
CfxA2
CfxA3
CGB-1

CLASS ABETA-LACTAMASE
CLASS B BETALACTAMASE

Bacitracin
Bacitracin
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Bleomycin
Bleomycin
Multidrug
Multidrug
Unclassified
Carbomycin
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Chloramphenicol
Chloramphenicol
Chloramphenicol
Chloramphenicol
Chloramphenicol
Chloramphenicol
Chloramphenicol
Chloramphenicol
Chloramphenicol
Betalactams
Betalactams
Betalactams
Betalactams
Multidrug
Multidrug
Betalactams
Betalactams
Chloramphenicol
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams

antibiotic efflux

antibiotic target alteration

antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic efflux

antibiotic efflux

other/unknown

antibiotic target protection

antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic efflux

antibiotic efflux

antibiotic inactivation
antibiotic inactivation

antibiotic target alteration

antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
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ARG Name Classification Resistance Mechanism

CLASS C BETALACTAMASE Betalactams antibiotic inactivation
CLASS D BETALACTAMASE Betalactams antibiotic inactivation
cmeA Multidrug antibiotic efflux

cmeB Multidrug antibiotic efflux

cmlA Chloramphenicol antibiotic efflux

cmr Multidrug antibiotic efflux

cmrA Chloramphenicol antibiotic efflux

CmMxA Chloramphenicol antibiotic efflux

CMY-1 Betalactams antibioticinactivation
CMY-10 Betalactams antibiotic inactivation
CMY-100 Betalactams antibiotic inactivation
CMY-102 Betalactams antibiotic inactivation
CMY-103 Betalactams antibiotic inactivation
CMY-11 Betalactams antibiotic inactivation
CMY-111 Betalactams antibiotic inactivation
CMY-13 Betalactams antibiotic inactivation
CMY-16 Betalactams antibiotic inactivation
CMY-18 Betalactams antibiotic inactivation
CMY-19 Betalactams antibiotic inactivation
CMY-2 Betalactams antibiotic inactivation
CMY-21 Betalactams antibiotic inactivation
CMY-22 Betalactams antibiotic inactivation
CMY-23 Betalactams antibiotic inactivation
CMY-25 Betalactams antibiotic inactivation
CMY-26 Betalactams antibioticinactivation
CMY-29 Betalactams antibiotic inactivation
CMY-30 Betalactams antibiotic inactivation
CMY-31 Betalactams antibiotic inactivation
CMY-32 Betalactams antibiotic inactivation
CMY-33 Betalactams antibiotic inactivation
CMY-37 Betalactams antibiotic inactivation
CMY-39 Betalactams antibiotic inactivation
CMY-4 Betalactams antibiotic inactivation
CMY-40 Betalactams antibiotic inactivation
CMY-41 Betalactams antibiotic inactivation
CMY-43 Betalactams antibiotic inactivation
CMY-44 Betalactams antibiotic inactivation
CMY-51 Betalactams antibiotic inactivation
CMY-54 Betalactams antibiotic inactivation
CMY-55 Betalactams antibiotic inactivation
CMY-56 Betalactams antibioticinactivation
CMY-6 Betalactams antibiotic inactivation
CMY-60 Betalactams antibiotic inactivation
CMY-61 Betalactams antibiotic inactivation
CMY-62 Betalactams antibiotic inactivation
CMY-64 Betalactams antibiotic inactivation
CMY-65 Betalactams antibiotic inactivation
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ARG Name

Classification

Resistance Mechanism

CMY-69
CMY-73
CMY-74
CMY-78
CMY-79
CMY-80
CMY-87
CMY-9
CMY-98
CMY-99
CMY-MOX
COB(l)®
CphA

CpxR
CTX-M
CTX-M-1
CTX-M-10
CTX-M-101
CTX-M-102
CTX-M-103
CTX-M-105
CTX-M-106
CTX-M-110
CTX-M-111
CTX-M-112
CTX-M-113
CTX-M-114
CTX-M-12
CTX-M-121
CTX-M-122
CTX-M-125
CTX-M-126
CTX-M-129
CTX-M-130
CTX-M-131
CTX-M-132
CTX-M-134
CTX-M-137
CTX-M-14
CTX-M-141
CTX-M-142
CTX-M-147
CTX-M-15
CTX-M-152
CTX-M-16
CTX-M-17
CTX-M-19

Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Unclassified
Betalactams
Multidrug

Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams

antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
other/unknown

antibiotic inactivation
antibiotic efflux

antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
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ARG Name

Classification

Resistance Mechanism

CTX-M-2

CTX-M-20
CTX-M-22
CTX-M-24
CTX-M-25
CTX-M-26
CTX-M-28
CTX-M-29
CTX-M-31
CTX-M-32
CTX-M-34
CTX-M-35
CTX-M-36
CTX-M-37
CTX-M-38
CTX-M-4

CTX-M-40
CTX-M-41
CTX-M-42
CTX-M-43
CTX-M-5

CTX-M-51
CTX-M-52
CTX-M-53
CTX-M-54
CTX-M-55
CTX-M-56
CTX-M-58
CTX-M-59
CTX-M-60
CTX-M-61
CTX-M-62
CTX-M-63
CTX-M-65
CTX-M-68
CTX-M-69
CTX-M-7

CTX-M-74
CTX-M-75
CTX-M-78
CTX-M-79
CTX-M-82
CTX-M-83
CTX-M-84
CTX-M-85
CTX-M-86
CTX-M-89

Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams

antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
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CTX-M-90
CTX-M-91
CTX-M-92
CTX-M-94
CTX-M-99
dfrAl
dfrA10
dfrAl2
dfrA13
dfrAl4
dfrA15
dfrA16
dfrAl7
dfrA19
dfrA20
dfrA21
dfrA22
dfrA23
dfrA24
dfrA25
dfrA5
dfrA7
dfrB1
dfrB2
dfrB3
dfrB6
DHA-12
DHA-2
DHA-5
DHA-6
DHA-7
emrA
emrB
EmrB/QacA
emrD
emrE
emrK
eptA

EreA

EreB
Erm(31)
Erm(33)
Erm(34)
Erm(35)
Erm(36)
Erm(38)
Erm(39)

Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Trimethoprim
Trimethoprim
Trimethoprim
Trimethoprim
Trimethoprim
Trimethoprim
Trimethoprim
Trimethoprim
Trimethoprim
Trimethoprim
Trimethoprim
Trimethoprim
Trimethoprim
Trimethoprim
Trimethoprim
Trimethoprim
Trimethoprim
Trimethoprim
Trimethoprim
Trimethoprim
Trimethoprim
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Multidrug
Multidrug
Multidrug
Multidrug
Multidrug
Multidrug
Polymyxin
MLS'

MLS

MLS

MLS

MLS

MLS

MLS

MLS

MLS

antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic target replacement
antibiotic targeteplacement
antibiotic target replacement
antibiotic target replacement
antibiotic target replacement
antibiotic target replacement
antibiotic target replacement
antibiotic target replacement
antibiotic target replacement
antibiotic target replacement
antibiotic target replacement
antibiotic target replacement
antibiotic target replacement
antibiotic target replacement
antibiotic target replacement
antibiotic target replacement
antibiotic target replacement
antibiotic target replacement
antibiotic target replacement
antibiotic target replacement
antibiotic targeteplacement
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic efflux

antibiotic efflux

antibiotic efflux

antibiotic efflux

antibiotic efflux

antibiotic efflux

antibiotic targetlteration
antibiotic inactivation
antibiotic inactivation
antibiotic target alteration
antibiotic target alteration
antibiotic target alteration
antibiotic targetlteration
antibiotic target alteration
antibiotic target alteration
antibiotic target alteration
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Erm(41) MLS antibiotic target alteration
ErmA MLS antibiotic target alteration
ErmB MLS antibiotic targetlteration
ErmC MLS antibiotic target alteration
ErmD MLS antibiotic target alteration
ErmE MLS antibiotic target alteration
ErmF MLS antibiotic target alteration
ErmG MLS antibiotic target alteration
ErmH MLS antibiotic target alteration
ErmK MLS antibiotic target alteration
ErmN MLS antibiotic target alteration
ermO MLS antibiotic target alteration
ErmS MLS antibiotic target alteration
ErmT MLS antibiotic target alteration
ermTR MLS antibiotic target alteration
ErmX MLS antibiotic target alteration
ErmY MLS antibiotic target alteration
evgA Multidrug antibiotic efflux

fabK Other antibiotic inactivation
fexA Chloramphenicol antibiotic inactivation
fexB Chloramphenicol antibiotic inactivation
FEZ-1 Betalactams antibiotic inactivation
floR Chloramphenicol antibiotic efflux

fmtC Betalactams antibiotic inactivation
FolA Sulfonamides antibiotic inactivation
FONA-6 Betalactams antibiotic inactivation
fosA Fosfomycin antibioticinactivation
FosB Fosfomycin antibiotic inactivation
FosC Fosfomycin antibiotic inactivation
FosX Fosfomycin antibiotic inactivation
FOX-1 Betalactams antibiotic inactivation
FOX-2 Betalactams antibiotic inactivation
FOX-3 Betalactams antibiotic inactivation
FOX-4 Betalactams antibiotic inactivation
FOX-5 Betalactams antibiotic inactivation
FOX-7 Betalactams antibiotic inactivation
FOX-8 Betalactams antibiotic inactivation
FOX-9 Betalactams antibiotic inactivation
fusB Fusariecacid antibiotic target protection
fusH Fusidicacid antibiotic inactivation
gadX Unclassified antibiotic efflux

GES1 Betalactams antibiotic inactivation
GES10 Betalactams antibiotic inactivation
GES11 Betalactams antibioticinactivation
GES12 Betalactams antibiotic inactivation
GES13 Betalactams antibiotic inactivation
GES14 Betalactams antibiotic inactivation
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GES15
GES17
GES18
GES19
GES20
GES21
GES23
GES3
GES4
GES5
GES9
GIM-1
GOB-1
hns
IBC-2
ICR-Mc
ICR-Mo
IMI -1
IMI -2
IMI -3
IMI -4
imiR
IMP
IMP-1
IMP-10
IMP-11
IMP-12
IMP-13
IMP-14
IMP-15
IMP-16
IMP-18
IMP-19
IMP-2
IMP-20
IMP-21
IMP-22
IMP-24
IMP-25
IMP-27
IMP-28
IMP-29
IMP-31
IMP-32
IMP-33
IMP-35
IMP-37

Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Unclassified
Betalactams
Polymyxin
Polymyxin
Betalactams
Betalactams
Betalactams
Betalactams
Other
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams

antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic efflux

antibiotic inactivation

antibiotic target alteration
antibiotic target alteration

antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
other/unknown

antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
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IMP-38
IMP-4
IMP-40
IMP-41
IMP-42
IMP-43
IMP-44
IMP-5
IMP-6
IMP-7
IMP-8
IMP-9
IND-1
IND-10
IND-11
IND-12
IND-14
IND-15
IND-3
IND-4
IND-5
IND-6
IND-7
IND-8
IND-9
JOHN1
KHM-1
KLUG-1
KLUY -2
KLUY -3
KLUY -4
KPC-1
KPC-1
KPC-10
KPC-11
KPC-12
KPC-13
KPC-15
KPC-16
KPC-17
KPC-3
KPC-4
KPC-5
KPC-6
KPC-7
KPC-8
ksgA

Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Kasugamycin

antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
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L1 Betalactams antibioticinactivation
LCR-1 Betalactams antibiotic inactivation
LEN-1 Betalactams antibiotic inactivation
LEN-15 Betalactams antibiotic inactivation
LEN-16 Betalactams antibiotic inactivation
LEN-17 Betalactams antibiotic inactivation
LEN-18 Betalactams antibiotic inactivation
LEN-19 Betalactams antibiotic inactivation
LEN-2 Betalactams antibiotic inactivation
LEN-20 Betalactams antibiotic inactivation
LEN-21 Betalactams antibiotic inactivation
LEN-23 Betalactams antibiotic inactivation
LEN-24 Betalactams antibiotic inactivation
LEN-5 Betalactams antibiotic inactivation
ImrA MLS antibiotic efflux

ImrB MLS antibiotic efflux

ImrP MLS antibiotic efflux

INnuA MLS antibiotic inactivation
InuB MLS antibiotic inactivation
InuC MLS antibiotic inactivation
LRA-1 Betalactams antibiotic inactivation
LRA-12 Betalactams antibiotic inactivation
LRA-13 Betalactams antibiotic inactivation
LRA-17 Betalactams antibiotic inactivation
LRA-19 Betalactams antibiotic inactivation
LRA-2 Betalactams antibiotic inactivation
LRA-3 Betalactams antibiotic inactivation
LRA-5 Betalactams antibiotic inactivation
LRA-8 Betalactams antibiotic inactivation
LRA-9 Betalactams antibioticinactivation
LSA MLS antibiotic target protection
macA MLS antibiotic efflux

macB MLS antibiotic efflux

marR Multidrug antibiotic efflux

MCR-1 Polymyxin antibiotic target alteration
MCR-1.2 Polymyxin antibiotic target alteration
MCR-1.3 Polymyxin antibiotic target alteration
MCR-1.4 Polymyxin antibiotic target alteration
MCR-1.5 Polymyxin antibiotic target alteration
MCR-1.6 Polymyxin antibiotic target alteration
MCR-1.7 Polymyxin antibiotic target alteration
MCR-1.8 Polymyxin antibiotic target alteration
MCR-1.9 Polymyxin antibiotic target alteration
MCR-2 Polymyxin antibiotic target alteration
MCR-2.2 Polymyxin antibiotic target alteration
MCR-3 Polymyxin antibiotic target alteration
MCR-4 Polymyxin antibiotic target alteration
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MCR-5 Polymyxin antibiotic target alteration
mdfA Multidrug antibiotic efflux

mdtA Multidrug antibiotic efflux

mdtB Multidrug antibiotic efflux

mdtC Multidrug antibiotic efflux

mdtD Multidrug antibiotic efflux

mdtE Multidrug antibiotic efflux

mdtF Multidrug antibiotic efflux

mdtG Multidrug antibiotic efflux

mdtH Multidrug antibiotic efflux

mdtK Multidrug antibiotic efflux

mdtL Multidrug antibiotic efflux

mdtM Multidrug antibiotic efflux

mdtN Multidrug antibiotic efflux

mdtO Multidrug antibiotic efflux

mdtP Multidrug antibiotic efflux

mecA Betalactams antibiotic target replacement
mecC Betalactams antibiotic target replacement
mecl Betalactams antibiotic target replacement
mecR1 Betalactams antibiotic target replacement
mefa MLS antibiotic efflux

mel MLS antibiotic efflux

mepA Multidrug antibiotic efflux
Metallo-betalactamase Betalactams antibiotic inactivation
MexA Multidrug antibiotic efflux

MexB Multidrug antibiotic efflux

MexC Multidrug antibiotic efflux

MexD Multidrug antibiotic efflux

MexE Multidrug antibiotic efflux

MexF Multidrug antibiotic efflux

mexG Multidrug antibiotic efflux

mexH Multidrug antibiotic efflux

mexI Multidrug antibiotic efflux

MexT Multidrug antibiotic efflux

mexW Multidrug antibiotic efflux

mexyY Multidrug antibiotic efflux

mfpA Quinolone antibiotic target protection
mfs Multidrug antibiotic efflux

mgtA MLS antibiotic inactivation
MIR-1 Betalactams antibiotic inactivation
MIR-2 Betalactams antibiotic inactivation
MIR-3 Betalactams antibiotic inactivation
MIR-6 Betalactams antibiotic inactivation
miR-8 Betalactams antibiotic inactivation
MOX-1 Betalactams antibioticinactivation
MOX-2 Betalactams antibiotic inactivation
MOX-3 Betalactams antibiotic inactivation

196



ARG Name
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MOX-4
MOX-5
MOX-6
MOX-7
mphA
mphB
mphC
msrA
msrC
mtrC
mtrD
mtrE
MAT?Y
MTh
MUS-1
myrB
NDM-1
NDM-10
NDM-11
NDM-12
NDM-13
NDM-14
NDM-15
NDM-16
NDM-17
NDM-18
NDM-19
NDM-2
NDM-20
NDM-3
NDM-4
NDM-5
NDM-6
NDM-7
NDM-8
NDM-9
nime
nisB
nmcA
NnorA
norB
NPS1
OCH
OCH-2
OCH4
OCH-5
OCH-8

Betalactams
Betalactams
Betalactams
Betalactams
MLS

MLS

MLS

MLS

MLS
Multidrug
Multidrug
Multidrug
Multidrug
Multidrug
Betalactams
Unclassified
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Other

Other
Betalactams
Multidrug
Quinolone
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams

antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation

antibiotic target protection
antibiotic target protection

antibiotic efflux
antibiotic efflux
antibiotic efflux
antibiotic efflux
antibiotic efflux
antibiotic inactivation

antibiotic target alteration

antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
other/unknown

other/unknown

antibiotic inactivation
antibiotic efflux

antibiotic efflux

antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
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OKP
OKP-A
OKP-B
oleB
oleC
oleD
opcM
opmD
oprA
OprC
OprD
Oprd
OprM
OprN
otrA
OXA-1
OXA-10
OXA-101
OXA-104
OXA-106
OXA-107
OXA-108
OXA-109
OXA-11
OXA-110
OXA-111
OXA-112
OXA-113
OXA-114
OXA-115
OXA-116
OXA-117
OXA-118
OXA-119
OXA-12
OXA-120
OXA-121
OXA-128
OXA-129
OXA-13
OXA-130
OXA-131
OXA-132
OXA-134
OXA-136
OXA-137
OXA-139

Betalactams
Betalactams
Betalactams
MLS

MLS

MLS
Multidrug
Multidrug
Multidrug
Multidrug
Multidrug
Multidrug
Multidrug
Multidrug
Tetracyclines
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams

antibiotic inactivation
antibiotic inactivation
antibiotic inactivation

antibiotic target protection

antibiotic efflux
antibiotic inactivation
antibiotic efflux
antibiotic efflux
antibiotic efflux
antibiotic efflux
antibiotic efflux
antibiotic efflux
antibiotic efflux
antibiotic efflux

antibiotic target protection

antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
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OXA-141
OXA-142
OXA-144
OXA-145
OXA-146
OXA-147
OXA-148
OXA-149
OXA-15
OXA-150
OXA-161
OXA-162
OXA-163
OXA-164
OXA-165
OXA-166
OXA-167
OXA-168
OXA-169
OXA-17
OXA-170
OXA-171
OXA-172
OXA-173
OXA-174
OXA-175
OXA-176
OXA-177
OXA-178
OXA-179
OXA-18
OXA-180
OXA-181
OXA-183
OXA-184
OXA-19
OXA-192
OXA-194
OXA-195
OXA-196
OXA-197
OXA-2
OXA-20
OXA-200
OXA-201
OXA-202
OXA-203

Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams

antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
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OXA-205
OXA-206
OXA-207
OXA-208
OXA-209
OXA-21
OXA-210
OXA-211
OXA-212
OXA-213
OXA-214
OXA-215
OXA-216
OXA-217
OXA-219
OXA-22
OXA-223
OXA-225
OXA-226
OXA-228
OXA-229
OXA-23
OXA-230
OXA-232
OXA-236
OXA-237
OXA-239
OXA-24
OXA-240
OXA-241
OXA-242
OXA-243
OXA-244
OXA-247
OXA-248
OXA-25
OXA-250
OXA-251
OXA-254
OXA-257
OXA-258
OXA-26
OXA-27
OXA-278
OXA-28
OXA-29
OXA-3

Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams

antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
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OXA-309
OXA-312
OXA-313
OXA-314
OXA-315
OXA-316
OXA-317
OXA-32

OXA-322
OXA-323
OXA-324
OXA-325
OXA-326
OXA-327
OXA-328
OXA-329
OXA-330
OXA-331
OXA-332
OXA-333
OXA-334
OXA-335
OXA-34

OXA-348
OXA-349
OXA-35

OXA-350
OXA-351
OXA-352
OXA-353
OXA-354
OXA-355
OXA-356
OXA-357
OXA-358
OXA-359
OXA-36

OXA-360
OXA-361
OXA-365
OXA-37

OXA-370
OXA-374
OXA-375
OXA-376
OXA-377
OXA-378

Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams

antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation

201



ARG Name

Classification

Resistance Mechanism

OXA-379
OXA-380
OXA-381
OXA-382
OXA-383
OXA-384
OXA-385
OXA-386
OXA-387
OXA-388
OXA-390
OXA-391
OXA-4
OXA-42
OXA-43
OXA-46
OXA-47
OXA-48
OXA-49
OXA-5
OXA-50
OXA-51
OXA-53
OXA-54
OXA-55
OXA-56
OXA-57
OXA-58
OXA-59
OXA-60
OXA-61
OXA-62
OXA-63
OXA-64
OXA-65
OXA-66
OXA-67
OXA-68
OXA-69
OXA-7
OXA-70
OXA-71
OXA-72
OXA-73
OXA-74
OXA-75
OXA-76

Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams

antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
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OXA-77 Betalactams antibiotic inactivation
OXA-78 Betalactams antibiotic inactivation
OXA-79 Betalactams antibiotic inactivation
OXA-80 Betalactams antibiotic inactivation
OXA-82 Betalactams antibiotic inactivation
OXA-83 Betalactams antibiotic inactivation
OXA-84 Betalactams antibiotic inactivation
OXA-85 Betalactams antibiotic inactivation
OXA-86 Betalactams antibiotic inactivation
OXA-87 Betalactams antibiotic inactivation
OXA-88 Betalactams antibiotic inactivation
OXA-89 Betalactams antibiotic inactivation
OXA-9 Betalactams antibiotic inactivation
OXA-90 Betalactams antibioticinactivation
OXA-91 Betalactams antibiotic inactivation
OXA-92 Betalactams antibiotic inactivation
OXA-93 Betalactams antibiotic inactivation
OXA-94 Betalactams antibiotic inactivation
OXA-95 Betalactams antibiotic inactivation
OXA-96 Betalactams antibiotic inactivation
OXA-97 Betalactams antibiotic inactivation
OXA-98 Betalactams antibiotic inactivation
OXA-99 Betalactams antibiotic inactivation
OXY-1 Betalactams antibiotic inactivation
OXY-2 Betalactams antibioticinactivation
OXY-3 Betalactams antibiotic inactivation
OXY-4 Betalactams antibiotic inactivation
OXY-5 Betalactams antibiotic inactivation
patB Unclassified antibiotic efflux

PBP Betalactams antibiotic target protection
PBR1A Betalactams antibiotic target protection
PBR1B Betalactams antibiotic target protection
PBR-2B Betalactams antibiotic target replacement
PBR-2X Betalactams antibiotic target alteration
PBP5 Betalactams antibiotic target alteration
PDCG1 Betalactams antibiotic inactivation
PDC10 Betalactams antibiotic inactivation
PDG2 Betalactams antibiotic inactivation
PDG3 Betalactams antibiotic inactivation
PDCG4 Betalactams antibiotic inactivation
PDG5 Betalactams antibioticinactivation
PDC6 Betalactams antibiotic inactivation
PDCG7 Betalactams antibiotic inactivation
PDC8 Betalactams antibiotic inactivation
PDC9 Betalactams antibiotic inactivation
penA Betalactams antibiotic inactivation
PER1 Betalactams antibiotic inactivation
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PER2 Betalactams antibiotic inactivation
PER3 Betalactams antibiotic inactivation
PER4 Betalactams antibiotic inactivation
PERS5 Betalactams antibiotic inactivation
PER6 Betalactams antibioticinactivation
PER7 Betalactams antibiotic inactivation
PIKR1 MLS antibiotic target alteration
PIKR2 MLS antibiotic target alteration
pmrA Multidrug antibiotic efflux

pncA Other antibiotic target alteration
PSE1l Betalactams antibioticinactivation
PSE4 Betalactams antibiotic inactivation
pur8 Puromycin antibiotic efflux

gac Multidrug antibiotic efflux

gacA Multidrug antibiotic efflux

gacB Multidrug antibiotic efflux
gacEdeltal Multidrug antibiotic efflux

gacG Multidrug antibiotic efflux

gacH Multidrug antibiotic efflux

QepA Quinolone antibiotic efflux

gnra Quinolone antibiotic target protection
QnrB Quinolone antibiotic target protection
Qnrs Quinolone antibiotic target protection
ramA Multidrug antibiotic efflux

rarD Multidrug antibiotic efflux

RIFMO Rifamycin antibiotic inactivation
rmtA Aminoglycoside antibiotic target alteration
rmtB Aminoglycoside antibiotic target alteration
rmtC Aminoglycoside antibiotic target alteration
rmtD Aminoglycoside antibiotic target alteration
rmtF Aminoglycoside antibiotic target alteration
rmtG Aminoglycoside antibiotic target alteration
ROB-1 Betalactams antibiotic inactivation
rosA Fosmidomycin antibiotic efflux

rosB Fosmidomycin antibiotic efflux

rpoB Rifamycin antibiotic target alteration
RTG-4 Betalactams antibiotic inactivation
RTG-5 Betalactams antibiotic inactivation

sat Aminoglycoside antibiotic inactivation
sdeB Multidrug antibiotic efflux

sdeY Multidrug antibiotic efflux

sdiA Unclassified antibiotic efflux

SHV Betalactams antibiotic inactivation
SHV-1 Betalactams antibiotic inactivation
SHV-100 Betalactams antibiotic inactivation
SHV-101 Betalactams antibiotic inactivation
SHV-102 Betalactams antibiotic inactivation
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SHV-105
SHV-109
SHV-112
SHV-12
SHV-120
SHV-121
SHV-128
SHV-13
SHV-133
SHV-134
SHV-135
SHV-137
SHV-14
SHV-140
SHV-141
SHV-142
SHV-143
SHV-145
SHV-147
SHV-148
SHV-149
SHV-150
SHV-151
SHV-152
SHV-153
SHV-154
SHV-155
SHV-157
SHV-158
SHV-159
SHV-160
SHV-161
SHV-162
SHV-164
SHV-165
SHV-167
SHV-168
SHV-172
SHV-173
SHV-178
SHV-179
SHV-2
SHV-24
SHV-27
SHV-28
SHV-29
SHV-3

Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams

antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
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SHV-34
SHV-35
SHV-36
SHV-37
SHV-38
SHV-39
SHV-4
SHV-40
SHV-41
SHV-42
SHV-44
SHV-46
SHV-48
SHV-5
SHV-50
SHV-51
SHV-52
SHV-53
SHV-55
SHV-56
SHV-59
SHV-6
SHV-60
SHV-61
SHV-62
SHV-63
SHV-64
SHV-65
SHV-66
SHV-67
SHV-69
SHV-70
SHV-71
SHV-77
SHV-8
SHV-85
SHV-86
SHV-93
SHV-94
SHV-95
SHV-96
SHV-97
SIM-1
SMB-1
SME-1
SME-2
SME-3

Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams

antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
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SME-4 Betalactams antibioticinactivation
SME-5 Betalactams antibiotic inactivation
smeB Multidrug antibiotic efflux

smeC Multidrug antibiotic efflux

smeD Multidrug antibiotic efflux

smeE Multidrug antibiotic efflux

smeF Multidrug antibiotic efflux

spcN Spectinomycin antibiotic inactivation
speA Other other/unknown

speeaph Aminoglycoside antibiotic inactivation
srmB MLS antibiotic target protection
SRT-1 Betalactams antibiotic inactivation
SRT-2 Betalactams antibiotic inactivation

str Aminoglycoside antibiotic inactivation

sull Sulfonamides antibiotic target replacement
sul2 Sulfonamides antibiotic target replacement
sul3 Sulfonamides antibiotic target replacement
sul4 Sulfonamides antibiotic target replacement
sulA/folP Sulfonamides antibiotic target protection
ter3 Tetracyclines antibiotic efflux

TEM-1 Betalactams antibiotic inactivation
TEM-10 Betalactams antibiotic inactivation
TEM-101 Betalactams antibiotic inactivation
TEM-102 Betalactams antibiotic inactivation
TEM-104 Betalactams antibiotic inactivation
TEM-105 Betalactams antibiotic inactivation
TEM-106 Betalactams antibiotic inactivation
TEM-107 Betalactams antibiotic inactivation
TEM-108 Betalactams antibioticinactivation
TEM-109 Betalactams antibiotic inactivation
TEM-11 Betalactams antibiotic inactivation
TEM-110 Betalactams antibiotic inactivation
TEM-111 Betalactams antibiotic inactivation
TEM-112 Betalactams antibiotic inactivation
TEM-113 Betalactams antibiotic inactivation
TEM-114 Betalactams antibiotic inactivation
TEM-115 Betalactams antibiotic inactivation
TEM-117 Betalactams antibiotic inactivation
TEM-118 Betalactams antibiotic inactivation
TEM-120 Betalactams antibiotic inactivation
TEM-121 Betalactams antibiotic inactivation
TEM-123 Betalactams antibiotic inactivation
TEM-124 Betalactams antibiotic inactivation
TEM-125 Betalactams antibiotic inactivation
TEM-126 Betalactams antibiotic inactivation
TEM-127 Betalactams antibiotic inactivation
TEM-128 Betalactams antibiotic inactivation
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TEM-129
TEM-130
TEM-131
TEM-132
TEM-133
TEM-134
TEM-135
TEM-136
TEM-137
TEM-138
TEM-139
TEM-141
TEM-142
TEM-143
TEM-144
TEM-145
TEM-146
TEM-147
TEM-148
TEM-149
TEM-15

TEM-151
TEM-152
TEM-153
TEM-154
TEM-155
TEM-156
TEM-157
TEM-158
TEM-159
TEM-160
TEM-162
TEM-163
TEM-166
TEM-167
TEM-168
TEM-169
TEM-17

TEM-171
TEM-176
TEM-177
TEM-178
TEM-182
TEM-183
TEM-184
TEM-185
TEM-186

Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams

antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
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TEM-187
TEM-188
TEM-189
TEM-19
TEM-190
TEM-193
TEM-194
TEM-195
TEM-197
TEM-198
TEM-2
TEM-20
TEM-201
TEM-205
TEM-208
TEM-209
TEM-21
TEM-211
TEM-213
TEM-216
TEM-22
TEM-28
TEM-29
TEM-3
TEM-30
TEM-33
TEM-34
TEM-40
TEM-43
TEM-45
TEM-47
TEM-48
TEM-49
TEM-52
TEM-53
TEM-54
TEM-55
TEM-57
TEM-6
TEM-60
TEM-63
TEM-67
TEM-68
TEM-70
TEM-72
TEM-75
TEM-76

Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams

antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
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TEM-77
TEM-78
TEM-79
TEM-80
TEM-81
TEM-82
TEM-83
TEM-84
TEM-85
TEM-86
TEM-87
TEM-88
TEM-89
TEM-90
TEM-91
TEM-92
TEM-93
TEM-94
TEM-95
TEM-96
tet31
tet32
tet34
tet35
tet36
tet37
tet39
tet40
tet4l
tet43
tetd4
teta
tetA
tetA(P)
tetb
tetB(P)
tetC
tetD
tetE
tetG
tetH
tetJ
tetk
tetL
tetM
tetO
tetP

Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines
Tetracyclines

antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic efflux

antibiotic target protection

antibiotic inactivation
other/unknown

antibiotic target protection

antibioticinactivation
antibiotic efflux
antibiotic efflux
antibiotic efflux
antibiotic efflux
antibiotic efflux
antibiotic efflux
antibiotic efflux
antibiotic efflux
antibiotic efflux

antibiotic target protection

antibiotic efflux
antibiotic efflux
antibiotic efflux
antibiotic efflux
antibiotic efflux
antibiotic efflux
antibiotic efflux
antibiotic efflux

antibiotic target protection
antibiotic target protection

antibiotic efflux
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tetQ Tetracyclines antibiotic target protection
tetR Tetracyclines antibiotic efflux

tetS Tetracyclines antibiotic targeprotection
tetT Tetracyclines antibiotic target protection
tetU Tetracyclines antibiotic efflux

tetv Tetracyclines antibiotic efflux

tetw Tetracyclines antibiotic target protection
tetX Tetracyclines antibiotic inactivation
tetX1 Tetracyclines antibiotic inactivation
tetX2 Tetracyclines antibiotic inactivation
tetX3 Tetracyclines antibiotic inactivation
tetx4 Tetracyclines antibiotic inactivation
tetx5 Tetracyclines antibiotic inactivation
tetX6 Tetracyclines antibiotic inactivation
tetY Tetracyclines antibiotic efflux

tetz Tetracyclines antibiotic efflux

THIN-B Betalactams antibiotic inactivation
TLA Betalactams antibiotic inactivation
ticC MLS antibiotic efflux

tmrB Aminoglycoside antibioticinactivation
tmrB Unclassified antibiotic efflux

Toho 1 Betalactams antibiotic inactivation
tolC Multidrug antibiotic efflux

tsnR Peptide antibiotic antibiotic target alteration
ttgA Multidrug antibiotic efflux

ttgB Multidrug antibiotic efflux

TUS1 Betalactams antibiotic inactivation
vanA Vancomycin antibiotic target alteration
vanB Vancomycin antibiotic target alteration
vanC Vancomycin antibiotic target alteration
vanC1l Vancomycin antibiotic target alteration
vanC2/3 Vancomycin antibiotic target alteration
vanD Vancomycin antibiotic target alteration
vank Vancomycin antibiotic target alteration
vanG Vancomycin antibiotic target alteration
vanH Vancomycin antibiotic target alteration
vanHB Vancomycin antibiotic target alteration
vanHD Vancomycin antibiotic target alteration
vanM Vancomycin antibiotic target alteration
vanN Vancomycin antibiotic target alteration
vanR Vancomycin antibiotic target alteration
vanRA Vancomycin antibiotic targeslteration
vanRB Vancomycin antibiotic target alteration
vanRC Vancomycin antibiotic target alteration
vanRC4 Vancomycin antibiotic target alteration
vanRD Vancomycin antibiotic target alteration
vanS Vancomycin antibiotic target alteration
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vanSA
vanSB
vanSC
vanSE
vanT
vanTC
vanTE
vanTG
vanU
vanW
vanWB
vanWG
vanX
vanXA
vanXB
vanXD
vanY
vanYB
vanYD
vanZ
vatA
vatB
vatC
vatD
vatE
vatG
VEB-1
VEB-2
VEB-3
VEB-4
VEB-5
VEB-6
VEB-7
VEB-8
vgaA
vgaB
vgaD
vgaE
vgb
VgbA
VgbB
VIM
VIM -1
VIM-10
VIM-12
VIM-13
VIM -14

Vancomycin
Vancomycin
Vancomycin
Vancomycin
Vancomycin
Vancomycin
Vancomycin
Vancomycin
Vancomycin
Vancomycin
Vancomycin
Vancomycin
Vancomycin
Vancomycin
Vancomycin
Vancomycin
Vancomycin
Vancomycin
Vancomycin
Vancomycin
MLS

MLS

MLS

MLS

MLS

MLS

Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
MLS

MLS

MLS

MLS

MLS

MLS

MLS

Betalactams
Betalactams
Betalactams
Betalactams
Betalactams
Betalactams

antibiotic target alteration
antibiotic target alteration
antibiotic target alteration
antibiotic target alteration
antibiotic target alteration
antibiotic target alteration
antibiotic target alteration
antibiotic target alteration
antibiotic target alteration
antibiotic target alteration
antibiotic target alteration
antibiotic target alteration
antibiotic target alteration
antibiotic target alteration
antibiotic target alteration
antibiotictarget alteration
antibiotic target alteration
antibiotic target alteration
antibiotic target alteration
antibiotic target alteration
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic target protection
antibiotic target protection
antibiotic target protection
antibiotic target protection
antibiotic inactivation
antibioticinactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
antibiotic inactivation
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