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Pendant quelques décennies après leur introduction, les antibiotiques semblent avoir 

résolu le problème des maladies infectieuses bactériennes pour toujours (Berglund, 2015). 

Néanmoins, le miracle de ces médicaments a été de plus en plus menacé par l'apparition, la 

dissémination et la persistance des souches résistantes. L’émergence des bactéries résistantes 

a conduit à une utilisation parfois anarchique et/ou abusive des antibiotiques de dernier 

recours à savoir les carbapénèmes et la colistine concernant les bactéries à Gram négatif. Par 

conséquent, cette utilisation inappropriée a conduit à l’émergence des souches résistantes aux 

antibiotiques de dernier recours (Maltezou, 2009).  

La résistance aux antibiotiques constitue aujourd’hui l’une des plus graves menaces 

pesant sur la santé mondiale, la sécurité alimentaire et le développement (Zhang et al., 2019). 

La commission européenne a affirmé que les coûts liés aux infections bactériennes résistantes 

s'élevaient à 1,5 milliards d'euros par an. Ainsi, les systèmes de santé aux États-Unis estiment 

que le coût supplémentaire des infections résistantes aux antimicrobiens s'élèverait à 20 

milliards de dollar Américain par an et que les pertes de productivité s’élèveraient à 35 

milliards de dollar Américain par an. D’autre part, une étude réalisée au Royaume-Uni sur la 

résistance aux antimicrobiens, a estimé que 10 millions de personnes décéderaient chaque 

année (au niveau mondial) d’infections résistantes aux antimicrobiens d’ici à 2050, dont les 

coûts totaux s'élèveraient à 100 trillions de dollars Américain (Maestre-Carballa et al., 

2019). La discussion sur ce phénomène de résistance aux antimicrobiens est souvent axée sur 

les résultats pour la santé humaine. Cependant, une prise en compte plus large des impacts sur 

la santé animale et l'environnement est essentielle. 

Bien que la résistance aux antibiotiques soit l'une des plus grandes menaces de santé 

publique, sa surveillance a longtemps été focalisée sur les milieux cliniques (Manaia et al., 

2016). Cependant, depuis que Pruden et al. (2006) considéraient les gènes de résistance aux 

antibiotiques comme des polluants biologiques émergents, la contamination de 

l'environnement par les gènes de résistance et les bactéries résistantes aux antibiotiques a 

suscité une prise de conscience considérable.  

La préservation de l’environnement est devenue une préoccupation mondiale majeure. 

Elle consiste à prendre des mesures strictes pour réduire voire supprimer l'impact négatif des 

activités humaines polluantes. Cette action est avant tout une action scientifique car elle 

nécessite d’identifier d’abord les différents types de polluants qui peuvent être d’origine 

chimique, physique ou biologique (Hernando-Amado et al., 2019). Parmi les polluants 
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biologiques on trouve les microorganismes y compris les bactéries pathogènes présentant 

différents niveaux de virulence et de résistance aux antibiotiques. Ces dernières peuvent 

présenter un vrai danger surtout lorsqu’elles disposent de mécanismes leur conférant un 

niveau élevé de résistance aux antibiotiques particulièrement ceux de dernier recours. Ces 

mécanismes peuvent être portés par des éléments génétiques mobiles facilitant leur large 

dissémination (Diene et Rolain, 2014). 

En effet, les milieux aquatiques représentent l'un des habitats microbiens les plus 

importants sur notre planète jouant ainsi le rôle de réservoirs et de vecteurs à travers lesquels 

les microorganismes y compris ceux présentant des niveaux élevés de résistance aux 

antibiotiques sont largement disséminés entre l'environnement naturel, les humains et les 

animaux (Manaia et al., 2016; Vaz-Moreira et al., 2014; Zhang et al., 2009). Ce 

phénomène est amplifié suite aux déversements dans l’environnement des eaux usées de 

différentes provenances, à savoir celles liées aux milieux cliniques où l’utilisation des 

antibiotiques est parfois abusive et au domaine agrovétérinaire connu par l’utilisation massive 

de ces molécules. D’autre part, l'un des grands défis auxquels l'humanité est confrontée est la 

pénurie d'eau. Ce problème affecte particulièrement les régions arides et semi-arides dans de 

nombreuses régions du monde telles que le Moyen-Orient, l'Afrique, l'Asie du Sud et l'Europe 

du Sud. Malheureusement, l'eau douce dans ces régions est insuffisante pour l'irrigation et la 

réutilisation des eaux usées traitées ou même non traitées reste la seule solution (Gatica et 

Cytryn, 2013), contribuant ainsi à la dissémination des bactéries résistantes.  

De plus, ces milieux représentent un environnement idéal pour les échanges 

génétiques horizontaux des mécanismes responsables de l’antibiorésistance (Manaia et al., 

2016). Ce phénomène est aujourd’hui considéré comme un problème écologique et un sujet 

extrêmement complexe à la croisée des chemins entre la santé humaine, la santé des animaux, 

la préservation des végétaux, la sécurité alimentaire et la protection de l’environnement 

(Huijbers et al., 2019).  

Étant donné que les efforts d’un seul secteur ne peuvent pas contenir ce problème, 

récemment en Septembre 2017 l’organisation mondiale de la santé a annoncé l’approche « un 

monde, une santé » dans laquelle la lutte contre la résistance aux antimicrobiens est l’un de 

ses domaines les plus pertinents. Dans cette approche, de nombreux professionnels aux 

compétences multiples de différents secteurs tels que la santé et l’environnement devraient 
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mettre en œuvre des interventions conjointes pour répondre à cette menace qui pèse sur la 

santé mondiale (One Health Commission, 2019).  

Dans le contexte de cette approche, et au vu de la rareté d’informations concernant la 

dissémination de tels organismes dans l’environnement en Algérie en général, et 

particulièrement dans la région de Batna, nous nous sommes intéressés par l’étude de la 

résistance aux antibiotiques de dernier recours chez les bacilles à Gram négatif dans l’eau de 

différentes sources. Ce travail a pour objectif de définir la vraie situation de 

l’antibiorésistance ainsi qu’identifier ses principaux mécanismes en question au niveau de 

certains milieux aquatiques de la ville de Batna (eau souterraine, eau de robinet, eaux usées 

hospitalières et eaux usées déchargées dans l’environnement). 

Ainsi ce manuscrit s’articule sur trois chapitres présentés comme suit : 

Chapitre I : consacré à une revue de littérature (Article 1) sur les mécanismes et 

l’épidémiologie mondiale de la résistance aux carbapénèmes via la production de 

carbapénémases chez les bactéries à Gram négatif dans les milieux aquatiques. Cette revue 

résume les données en question de tous les travaux scientifiques réalisés dans ce contexte et 

publiés jusqu’au 30 Avril 2020.  

Chapitre II : consacré à une deuxième revue de littérature (Article 2) sur le principe et 

l’épidémiologie mondiale de la résistance à la colistine à médiation plasmidique (mcr) chez 

les bactéries à Gram négatif dans les milieux aquatiques. Cette revue rassemble les données 

en question de toutes les publications scientifiques réalisées dans ce contexte et parues avant 

le 28 Février 2021. 

Chapitre III : consacré à la présentation de notre étude expérimentale portée sur la recherche 

des bactéries à Gram négatif résistantes aux carbapénèmes et à la colistine dans l’eau de 

différentes provenances au niveau de la ville de Batna. Cette étude a fait l’objet de trois 

publications (Article 3, Article 4 et Article 5).   
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Suite au développement inquiétant du phénomène de la résistance aux antibiotiques, en 

2016, l'Organisation Mondiale de la Santé (OMS) a été appelée par ses États membres à classer 

par ordre de priorité les bactéries résistantes aux antibiotiques nécessitant la recherche de 

nouvelles molécules efficaces. Ce qui est intéressant de noter, est que la priorité critique était 

réservée aux Acinetobacter baumannii, Pseudomonas aeruginosa et Enterobacteriaceae 

résistants aux carbapénèmes, en plus des Enterobacteriaceae résistantes aux céphalosporines 

de troisième génération (Tacconelli et al., 2018). Les carbapénèmes sont les β-lactamines 

présentant le spectre d'activité le plus large. L'imipénème, commercialisé pour la première fois 

en 1985, a été le premier carbapénème disponible pour le traitement des infections bactériennes 

(Papp-Wallace et al., 2011). Par la suite, plusieurs carbapénèmes ont été développés au cours 

des deux décennies suivantes. De nos jours, les plus utilisés cliniquement sont l'ertapénème, le 

méropénème, le doripénème et l'imipénème (Potter et al., 2016). Cependant, en moins d'une 

décennie après leur utilisation, les bactéries à Gram négatif (BGN) résistantes aux 

carbapénèmes sont apparues (Maltezou, 2009). Du fait que les carbapénèmes sont les 

antibiotiques de choix et, dans de nombreux cas, le traitement de dernier recours de plusieurs 

infections bactériennes, l'émergence et la propagation de BGN résistantes aux carbapénèmes 

constituent une crise majeure de santé publique (Diene et Rolain, 2014). La résistance aux 

carbapénèmes chez les BGN peut être conférée par divers mécanismes, notamment des 

changements quantitatifs et/ou qualitatifs de la perméabilité membranaire ou la modification de 

l'expression et/ou la fonction des porines via des mutations chromosomiques dans les gènes 

codant pour les pompes à efflux, l'association d'imperméabilité avec la production des β-

lactamases à spectre élargie ou une surexpression des β-lactamases de classe C, ou via la 

production d'enzymes hydrolysant les carbapénèmes « carbapénémases », ce dernier représente 

le mécanisme le plus préoccupant de résistance aux carbapénèmes. Ces enzymes possèdent une 

capacité hydrolytique polyvalente et confèrent une résistance à la plupart des β-lactamines 

(Bakthavatchalam et al., 2016; Jean et al., 2015; Nordmann et al., 2012; Papp-Wallace et 

al., 2011; Potter et al., 2016). 

Dans l’objectif de faciliter la mise en œuvre des stratégies de contrôle et de prévention 

contre la propagation dans l’environnement et à grande échelle des BGN productrices des 

carbapénémases via les milieux aquatiques, ce chapitre a été consacré à la réalisation d’une 

revue de littérature présentant les connaissances actuelles concernant les mécanismes 

responsables de la production des carbapénémases chez les BGN et leur épidémiologie 

mondiale dans les différents environnements aquatiques.  
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a b s t r a c t 

Antibiotic resistance is one of the greatest public-health challenges worldwide, especially with regard 

to Gram-negative bacteria (GNB). Carbapenems are the β-lactam antibiotics of choice with the broad- 

est spectrum of activity and, in many cases, are the last-resort treatment for several bacterial infections. 

Carbapenemase-encoding genes, mainly carried by mobile genetic elements, are the main mechanism of 

resistance against carbapenems in GNB. These enzymes exhibit a versatile hydrolytic capacity and confer 

resistance to most β-lactam antibiotics. After being considered a clinical issue, increasing attention is be- 

ing giving to the dissemination of such resistance mechanisms in the environment and especially through 

water. Aquatic environments are among the most significant microbial habitats on our planet, known as 

a favourable medium for antibiotic gene transfer, and they play a crucial role in the huge spread of drug 

resistance in the environment and the community. In this review, we present current knowledge regard- 

ing the spread of carbapenemase-producing isolates in different aquatic environments, which may help 

the implementation of control and prevention strategies against the spread of such dangerous resistant 

agents in the environment. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of International Society for Antimicrobial 

Chemotherapy. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

1. Introduction 

Antibiotic resistance is one of the greatest public-health chal- 

lenges worldwide, especially with regard to Gram-negative bac- 

teria (GNB). In 2016, the World Health Organization (WHO) was 

called on by its member states to name a priority list of drug- 

resistant bacteria that require the development of new effective 

medicines. Interestingly, the critical priority level was reserved 

for carbapenem-resistant Acinetobacter baumannii, Pseudomonas 

aeruginosa and Enterobacteriaceae as well as third-generation 

cephalosporin-resistant Enterobacteriaceae [1] . Carbapenems are 

the β-lactam antibiotics with the broadest spectrum of activity. 

Imipenem, first marketed in 1985, was the first carbapenem avail- 

able for the treatment of bacterial infections [2] . Thereafter, sev- 

eral carbapenems were developed in the subsequent two decades. 

∗ Corresponding author. Tel.: + 213 5 40 92 54 00. 

E-mail address: lotfiloucif@hotmail.fr (L. Loucif). 

Nowadays, the most clinically used carbapenems are ertapenem, 

meropenem, doripenem and imipenem [3] . However, in less than 

a decade after their use, carbapenem-resistant GNB have emerged 

[4] . Owing to the fact that carbapenems are the antibiotics of 

choice and, in many cases, the last-resort treatment for several 

bacterial infections, the emergence and spread of carbapenem- 

resistant GNB are currently a major global public-health crisis 

[5] . Carbapenem resistance in GNB may be conferred by various 

mechanisms, including quantitative and/or qualitative changes in 

membrane permeability owing to chromosomal mutations in efflux 

pump-encoding genes or alterations in the expression and/or func- 

tion of porins, the association of impermeability with extended- 

spectrum β-lactamases (ESBLs) or overexpression of AmpC β- 

lactamases or by the production of carbapenem-hydrolysing en- 

zymes (‘carbapenemases’), which represent the most worrying 

mechanism of carbapenem resistance. These enzymes exhibit a 

versatile hydrolytic capacity and confer resistance to most β- 

lactam antibiotics [ 2 , 3 , 6–8 ]. 

https://doi.org/10.1016/j.jgar.2021.03.024 
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BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

https://doi.org/10.1016/j.jgar.2021.03.024
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jgar
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jgar.2021.03.024&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lotfiloucif@hotmail.fr
https://doi.org/10.1016/j.jgar.2021.03.024
http://creativecommons.org/licenses/by-nc-nd/4.0/


Z. Cherak, L. Loucif, A. Moussi et al. Journal of Global Antimicrobial Resistance 25 (2021) 287–309 

Classically, antibiotic resistance has been known to be restricted 

to clinical settings [9] . However, several studies have demonstrated 

the dissemination of resistant organisms in the environment, par- 

ticularly in water. Indeed, water is one of the most significant mi- 

crobial habitats on our planet and it has been proven that antibi- 

otic resistance genes are common in different water ecosystems, 

which may play a crucial role in the propagation of antibiotic re- 

sistance between the natural environment and humans and other 

animals [10–12] . 

In this review, we present current knowledge regarding the 

spread of carbapenemase-producing isolates in different aquatic 

environments, which may help the implementation of control and 

prevention strategies against the spread of such dangerous resis- 

tant agents in the environment. 

For this purpose, we carried out a comprehensive literature 

search on PubMed and Google Scholar websites. We included pa- 

pers published in English language up to April 2020 using the fol- 

lowing search terms and/or phrases: ‘Gram negative bacilli’, ‘Enter- 

obacteriaceae’, ‘ Pseudomonas aeruginosa ’, ‘ Acinetobacter baumannii ’, 

and ‘carbapenemases’, ‘metallo- β-lactamases’, ‘KPC’, ‘GES’, ‘IMI’, 

‘VIM’, ‘NDM’, ‘IMP’, ‘OXA-48’, and ‘water environments’, ‘aquatic 

environments’, ‘water’, ‘wastewater’, ‘sewage’, ‘hospital wastewa- 

ter’, ‘hospital sewage’, ‘wastewater treatment plants’, ‘surface wa- 

ter’, ‘ground water’. Search terms were separated by the ‘AND’ 

Boolean operator. 

2. Carbapenemases in Gram-negative bacteria 

Carbapenemases constitute a large variety of enzymes that are 

categorised either functionally (Bush classification) or genetically 

(Ambler molecular classification) [5] . However, the most common 

classification is the molecular one based on the Ambler classi- 

fication scheme [13] in which carbapenemases are assigned to 

three of the four Ambler classes (A, B and D). According to 

the functional classification, they fall under the functional groups 

2df, 2f, 3a and 3b [14] . Despite the great number of carbapene- 

mase enzymes identified in GNB, the five major and most preva- 

lent carbapenemases are KPC ( Klebsiella pneumoniae carbapene- 

mase), NDM (New Delhi metallo- β-lactamase), IMP (imipenem- 

resistant Pseudomonas ), VIM (Verona integron-encoded metallo- β- 

lactamase) and OXA-48 (oxacillinase) [ 15 , 16 ]. Carbapenemases are 

either chromosomally encoded, such as SME ( Serratia marcescens 

enzyme) and NMC-A (non-metallo-carbapenemase-A), which are 

usually reported on the chromosome of some Enterobacterales 

species including S. marcescens and Enterobacter cloacae , or more 

frequently are encoded by mobile genetic elements including plas- 

mids, integrons and transposons [ 5 , 17 ]. 

3. Epidemiology of carbapenemase-producing Gram-negative 

bacteria in aquatic environments 

Carbapenemases of the three Ambler classes have been 

detected in aquatic environments whether using culture or 

culture-independent methods. The worldwide epidemiology of 

carbapenemase-producers isolated from various aquatic environ- 

ments is summarised in Fig. 1 and presented below by Ambler 

class. 

3.1. Class A carbapenemases 

The first reported class A carbapenem-hydrolysing β-lactamase 

(SME) was from the UK in a S. marcescens isolate in 1990 [3] . En- 

zymes in this β-lactamase class are serine proteins (using a ser- 

ine residue for their activity) and are inhibited by clavulanic acid, 

tazobactam and boronic acid compounds [ 6 , 18 ]. They have a broad 

spectrum of activity including penicillins, cephalosporins, aztre- 

onam and carbapenems [18] . The most prevalent and clinically sig- 

nificant enzyme among the class A carbapenemases is KPC, which 

is commonly identified in Enterobacterales species but also occa- 

sionally in P. aeruginosa and A. baumannii [ 13 , 19 ]. 

3.1.1. Enterobacterales 

Class A carbapenemase-producing Enterobacterales have been 

widely isolated from aquatic environments worldwide ( Table 1 ; 

Fig. 2 ). In 2004, Henriques et al. characterised a new class A 

carbapenemase-encoding gene designated as SFC-1 (for Serratia 

fonticola carbapenemase) on the chromosome of a S. fonticola iso- 

late obtained from untreated drinking water in Portugal [20] . Fur- 

thermore, IMI-2-producing Enterobacter asburiae isolates were re- 

covered from rivers and lake water in the USA and France [21–

23] . In addition, Piedra-Carrasco et al. have reported the isolation 

of IMI-2-producing E. cloacae from river water in Spain [24] . An- 

other Ambler class A enzyme that is commonly reported among 

members of the Enterobacterales is KPC, whose variants are the 

most detected class A carbapenemases in Enterobacterales isolated 

from aquatic environments. KPC-producing Enterobacter spp., Kleb- 

siella spp., Citrobacter spp., Kluyvera spp., Escherichia coli, E. cloacae, 

Enterobacter kobei, E. asburiae, K. pneumoniae, Klebsiella oxytoca and 

Citrobacter freundii complex have been isolated from river water, 

seawater, hospital sewage, wastewater treatment plants (WWTPs), 

drinking water and a hospital water dispenser [25–35] . KPC-2- 

producing Citrobacter spp., Enterobacter spp., Klebsiella spp., Serratia 

spp., Raoultella spp., Kluyvera spp., Shigella spp., Escherichia spp., E. 

coli, K. pneumoniae, Klebsiella quasipneumoniae, K. oxytoca, E. cloa- 

cae complex, E. cloacae, E. kobei, E. asburiae, C. freundii, Citrobacter 

braakii, Citrobacter farmeri, Kluyvera georgiana, Kluyvera ascorbata, 

Kluyvera cryocrescens, Raoultella ornithinolytica, Raoultella planticola 

and Raoultella terrigena have been isolated from rivers, hospital 

sewage, WWTPs, seawater and wells [ 24 , 36–57 ]. Another KPC vari- 

ant, namely KPC-3, has been detected in K. pneumoniae isolated 

from wells and WWTPs in Italy [ 45 , 58 ], in K. pneumoniae cultivated 

from a Portuguese river [59] , and in E. coli and C. freundii isolates 

obtained from WWTPs in the USA [57] . In addition, the new vari- 

ant KPC-26 was first identified in Klebsiella spp. and Enterobacter 

spp. isolates obtained from seawater in Brazil [48] . Other Ambler 

class A enzymes that have been shown to possess carbapenemase 

activity are some GES variants (for Guiana extended spectrum). The 

GES-5 enzyme has been detected in K. pneumoniae isolated from 

stream water [60] , in R. ornithinolytica and Citrobacter sp. recovered 

from river water [ 57 , 59 ], in Enterobacter spp. isolates obtained from 

seawater [ 25 , 48 ], in Citrobacter spp., E. coli, K. pneumoniae, K. oxy- 

toca and E. cloacae obtained from hospital sewage [ 53 , 61 , 62 ], in E. 

cloacae complex, in K. pneumoniae and in R. ornithinolytica isolated 

from WWTPs [ 53 , 57 , 63 ]. GES-6-producing Citrobacter spp., E. coli 

and K. quasipneumoniae have been isolated from hospital sewage 

in Taiwan [53] . In addition, the GES-16 enzyme has been detected 

in Enterobacter spp. and Klebsiella spp. isolates recovered from sea- 

water [ 25 , 48 ] and in K. pneumoniae obtained from river water [42] . 

GES-20-producing K. oxytoca and E. kobei were isolated from river 

water in the Philippines [64] . Finally, a GES-24-producing Klebsiella 

variicola was isolated from a WWTP in Japan [53] . 

3.1.2. Other Gram-negative bacilli 

Compared with Enterobacterales, few published reports have 

documented the isolation of class A carbapenemase-producing 

glucose-non-fermenting GNB from aqueous ecosystems. KPC-, KPC- 

2-, GES-5- and GES-16-producing Acinetobacter spp. and Aeromonas 

spp. isolates were recovered from WWTPs, hospital sewage, 

and river and seawater samples in the USA, Brazil and China 

[ 25 , 29 , 40 , 43 , 48 , 65 ]. In addition, the GES-31 carbapenemase was 

first described in an Aeromonas punctata isolate recovered from a 
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Table 1 

Epidemiology of class A carbapenemase-producers detected in aquatic environments 

Carbapenemase Country Source Host(s) ( n ) ST Plasmid group Reference 

GES-5 Brazil Hospital sewage Klebsiella 

pneumoniae (1) 

Klebsiella oxytoca 

(1) 

– – [62] 

Seawater Enterobacter (2) – – [25] 

Aeromonas (1), 

Acinetobacter (1) 

– – [48] 

Japan WWTP Raoultella 

ornithinolytica (1) 

– – [53] 

Klebsiella 

pneumoniae (1) 

ST2791 –

Portugal River Citrobacter sp. (1) – Inc3-16 [59] 

Stream water Klebsiella 

pneumoniae (4) 

ST961 – [60] 

Taiwan Hospital sewage Klebsiella 

pneumoniae (11) 

ST11, ST15, ST19, 

ST16, ST844, 

ST2791, ST2785 

– [53] 

Enterobacter 

cloacae (1) 

ST928 –

Escherichia coli (6) ST744, ST49 –

Citrobacter (1) – –

UK Hospital sewage Klebsiella oxytoca 

(6) Enterobacter 

cloacae complex 

(5) 

– – [61] 

WWTP Klebsiella 

pneumoniae (1) 

– – [63] 

USA River Raoultella 

ornithinolytica (1) 

– – [57] 

WWTP Enterobacter 

cloacae complex 

(1) 

ST595 –

GES-6 Taiwan Hospital sewage Escherichia coli (1) ST540 – [53] 

Klebsiella 

quasipneumoniae 

(5) 

ST1584, ST367 –

Citrobacter (1) – –

GES-7 (BIC-1) France River Pseudomonas 

fluorescens (1) 

– – [67] 

GES-16 Brazil River Enterobacter kobei 

(1), Aeromonas (1), 

Acinetobacter (1) 

– – [42] 

Klebsiella 

pneumoniae (2) 

ST1793, ST1794 –

Seawater Enterobacter (2), 

Klebsiella (1) 

– – [25] 

GES-20 Philippines River Klebsiella oxytoca 

(1), Enterobacter 

kobei (1) 

– – [64] 

GES-24 Japan WWTP Klebsiella variicola 

(1) 

ST2790 – [53] 

GES-31 Brazil River Aeromonas 

punctata (1) 

– – [42] 

IMI-2 France River Enterobacter 

asburiae (1) 

– – [23] 

Spain River Enterobacter 

cloacae (1) 

ST822 IncFIB [24] 

USA River Enterobacter 

asburiae (1) 

– – [22] 

Lake Enterobacter 

asburiae (7) 

– –

IMI-18 Philippines River Enterobacter 

cloacae (1) 

– – [64] 

KPC Brazil Hospital sewage Pseudomonas 

aeruginosa (14) 

– – [117] 

Egypt Drinking water Klebsiella 

pneumoniae (5) 

– – [27] 

Ireland Hospital sewage Citrobacter freundii 

(4) 

– – [32] 

Jordan Drinking water Escherichia coli (5) [34] 

Korea Water dispenser Escherichia coli (1) – – [35] 

Singapore Hospital sewage Enterobacter 

cloacae (1), 

Enterobacter kobei 

(1), Enterobacter 

asburiae (1) 

– – [74] 

( continued on next page ) 
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Table 1 ( continued ) 

Carbapenemase Country Source Host(s) ( n ) ST Plasmid group Reference 

Klebsiella 

pneumoniae (8), 

Citrobacter (1), 

Enterobacter (9), 

Pseudomonas (4) 

– – [28] 

USA Hospital sewage Citrobacter freundii, 

Escherichia coli, 

Klebsiella 

pneumoniae, 

Klebsiella oxytoca, 

Aeromonas, 

Acinetobacter (total, 

40) 

– IncN [92] 

Aeromonas (23), 

Serratia marcescens 

(70), Klebsiella 

pneumoniae (1), 

Klebsiella oxytoca 

(6), Enterobacter 

cloacae complex 

(15), Kluyvera 

intermedia (1), 

Pantoea (3), 

Citrobacter freundii 

(12), Raoultella (4), 

other 

Enterobacteriaceae 

(6) 

– – [25] 

WWTP Escherichia coli (21) – – [31] 

Escherichia coli (2) – – [30] 

KPC-2 Austria WWTP Klebsiella 

pneumoniae (1) 

ST1245 – [39] 

Brazil Hospital sewage Klebsiella 

pneumoniae (2) 

– – [37] 

Enterobacter (1), 

Enterobacter 

cloacae (1), 

Klebsiella 

pneumoniae (11) 

– – [47] 

Hospital sewage, 

WWTP 

Klebsiella (25), 

Enterobacter (26), 

Serratia (3), 

Raoultella (4), 

Kluyvera (5) 

– – [40] 

Mangroves Pseudomonas 

putida (2), 

Stenotrophomonas 

maltophilia (4) 

– – [68] 

Brazil River Klebsiella 

pneumoniae (3) 

ST437, ST340 IncN [41] 

Aeromonas 

hydrophila (1), 

Aeromonas 

punctata (2) 

– – [42] 

Klebsiella 

pneumoniae (7) 

ST1792, ST1791, 

ST1245, ST1793, 

ST1794, ST1795 

–

Enterobacter 

cloacae (3), 

Enterobacter kobei 

(12) Enterobacter 

asburiae (6) 

– –

Klebsiella 

pneumoniae (1), 

Enterobacter 

cloacae (1) 

Enterobacter (9), 

Citrobacter (1), 

Kluyvera (2) 

– – [47] 

Seawater Aeromonas (1), 

Enterobacter (9), 

Citrobacter (1), 

Kluyvera (2) 

– – [25] 

( continued on next page ) 
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Table 1 ( continued ) 

Carbapenemase Country Source Host(s) ( n ) ST Plasmid group Reference 

Citrobacter (1), 

Enterobacter (65), 

Klebsiella (17), 

Kluyvera (2), 

Serratia (7), 

Aeromonas sp. (5) 

– – [48] 

WWTP Aeromonas (4) – – [40] 

Bulgaria River Enterobacter 

asburiae (1) 

– – [44] 

China Hospital sewage Enterobacter 

cloacae (3), 

Citrobacter freundii 

(5) 

– IncA/C [38] 

Citrobacter freundii 

(1) 

ST88 – [85] 

Citrobacter freundii 

(1) 

ST14 – [52] 

Enterobacter 

cloacae (4) 

ST911, ST910, 

ST25, ST669 

–

China Hospital sewage Klebsiella 

pneumoniae (4) 

ST11, ST12 – [52] 

Klebsiella 

pneumoniae (3), 

Escherichia coli (1), 

Citrobacter sp. (1), 

Citrobacter braakii 

(1), Raoultella 

planticola (2), 

Enterobacter sp. 

(1), Enterobacter 

kobei (1) 

– – [96] 

River Aeromonas 

hydrophila (3) 

– – [49] 

Citrobacter braakii 

(2), Citrobacter 

freundii (2) 

– IncF 

Escherichia coli (4), 

Kluyvera georgiana 

(1) 

– – [50] 

Wells Raoultella 

ornithinolytica (1) 

– – [51] 

WWTP Klebsiella (10), 

Shigella (17), 

Escherichia (12) 

– IncF [43] 

Acinetobacter (19), 

Stenotrophomonas 

(10), Wautersiella 

(9) 

– –

Raoultella terrigena 

(1), Escherichia coli 

(8), Kluyvera 

georgiana (2), 

Acinetobacter 

seohaensis (3), 

Shigella sonnei (1) 

– – [50] 

Croatia River Klebsiella 

pneumoniae (4) 

ST258 IncFII [56] 

Italy WWTP Klebsiella 

pneumoniae (1) 

ST307 IncFIIK [45] 

Japan WWTP Klebsiella 

pneumoniae (1) 

ST11 IncFII, IncN [54] 

Aeromonas caviae 

(1) 

ST13 IncP6 [66] 

Aeromonas 

hydrophila (1) 

ST 558 IncP6 

Philippines Hospital sewage Citrobacter freundii 

(1), Klebsiella 

pneumoniae (2) 

– – [64] 

River Escherichia coli (2), 

Klebsiella 

pneumoniae (2) 

– –

Portugal River Escherichia coli (1) ST410 IncF [36] 

Romania Hospital sewage Klebsiella 

pneumoniae (9) 

– – [97] 

( continued on next page ) 
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Table 1 ( continued ) 

Carbapenemase Country Source Host(s) ( n ) ST Plasmid group Reference 

River Klebsiella 

pneumoniae (1) 

– – [44] 

Spain River Enterobacter 

cloacae (1) 

ST823 IncN, IncR, IncFIIK [24] 

Klebsiella 

pneumoniae (1) 

ST634 IncN, IncR, IncFIIK 

Klebsiella oxytoca 

(1) 

– IncN, IncR, IncFIIK 

Escherichia coli (3) ST1434, ST5001, 

ST216 

IncN, IncR, IncFIIK 

WWTP Citrobacter freundii 

(5), Citrobacter 

braakii (1), 

Citrobacter farmeri 

(1), Enterobacter 

cloacae / asburiae 

(5), Klebsiella 

oxytoca (6), 

Klebsiella 

pneumoniae (1), 

Kluyvera ascorbata 

(1), Kluyvera 

cryocrescens (2), 

Raoultella 

ornithinolytica (3) 

– IncP/6 [55] 

Switzerland WWTP Klebsiella 

pneumoniae (1) 

ST258 – [46] 

Hospital sewage Klebsiella 

pneumoniae (4) 

ST2256, ST512, 

ST258 

–

Taiwan Hospital sewage Enterobacter kobei 

(1) 

ST910 IncP6 [53] 

Klebsiella 

quasipneumoniae 

(1) 

ST2786 IncP6 

USA River Enterobacter 

cloacae (2) 

ST1121, ST1122 – [57] 

Enterobacter 

cloacae complex 

(2) 

ST595, ST1028 –

Klebsiella 

pneumoniae (3) 

ST3539, ST872, 

ST2793 

–

Klebsiella 

quasipneumoniae 

(1) 

ST138 –

Klebsiella oxytoca 

(2) 

ST88, ST127 –

Aeromonas caviae 

(2) 

ST560, ST561, 

ST563 

–

Raoultella 

ornithinolytica (1) 

– –

WWTP Aeromonas caviae 

(2) 

ST564, ST562 –

Enterobacter 

cloacae complex 

(3) 

ST131, ST928, 

ST595 

–

Enterobacter 

cloacae (1) 

ST41 –

Enterobacter 

asburiae (1) 

ST24 –

Citrobacter freundii 

(1) 

ST8 –

KPC-3 Italy Wells Klebsiella 

pneumoniae (1) 

ST258 IncFIIK [45] 

WWTP Klebsiella 

pneumoniae (20) 

ST512 – [58] 

Portugal River Klebsiella 

pneumoniae (9) 

– IncFIA-FII [59] 

USA WWTP Citrobacter freundii 

(2) 

ST413, ST11 – [57] 

Escherichia coli (1) ST607 –

KPC-26 Brazil Seawater Enterobacter (2), 

Klebsiella (1) 

– – [25] 

SFC-1 Portugal Drinking water Serratia fonticola 

(1) 

– – [20] 

VCC-1 Germany Seawater Vibrio cholerae (3) ST516 – [69] 

n , number of strains, ST, sequence type; WWTP, wastewater treatment plant. 
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Fig. 1. Worldwide distribution of carbapenemase-producing Gram-negative bacteria in aquatic environments. 

Brazilian river [42] . de Araujo et al. and Xu et al. have reported the 

isolation of KPC-2-producing Aeromonas hydrophila from rivers in 

Brazil and China, respectively [ 42 , 49 ]. Recently, KPC-2-producing A. 

hydrophilia and Aeromonas caviae were recovered from river water 

and WWTP effluents [ 57 , 66 ]. 

Although rarely identified, Haller et al. have reported the iso- 

lation of KPC-producing Pseudomonas spp. from hospital sewage in 

Singapore [28] . Furthermore, BIC-1 (GES-7)-producing Pseudomonas 

fluorescens was obtained from a river in France [67] . More recently, 

Neto et al. have detected KPC-2-producing Pseudomonas putida in 

mangroves in Brazil [68] . 

In addition, KPC-2-producing Stenotrophomonas spp. and 

Wautersiella spp. isolates were recovered from a WWTP in China 

[43] and KPC-2-producing Stenotrophomonas maltophilia was re- 

covered from mangroves in Brazil [68] . Finally, Hammerl et al. 

have documented the isolation of VCC-1 (for Vibrio cholerae 

carbapenemase)-producing V. cholerae from seawater in Germany 

[69] . 

3.2. Class B carbapenemases 

Unlike class A carbapenemases, which were first reported in En- 

terobacterales, the first acquired class B β-lactamase (BCII) was 

detected in a Bacillus cereus isolate in 1966 [70] . Owing to the 

fact that they use one or two zinc (Zn 

2 + ) ions for their activ- 

ity, these enzymes are also called metallo- β-lactamases (MBLs) 

[71] and this property makes them susceptible to inhibition by 

metallic ion chelators such as ethylene diamine tetra-acetic acid 

(EDTA) [72] . However, they are resistant to the commercially avail- 

able β-lactamase inhibitors (clavulanic acid, tazobactam and sul- 

bactam) [42] . MBLs breakdown all β-lactams except monobactams 

(aztreonam), with VIM, IMP and NDM groups being the most com- 

monly identified acquired MBLs [15] . The global epidemiology of 

class B carbapenemases in aquatic environments is presented in 

Table 2 and Fig. 3 . 

3.2.1. Enterobacterales 

NDM enzymes are among the most newly characterised MBLs, 

which are widely distributed in Enterobacterales species [73] . The 

bla NDM 

genes have been detected in E. cloacae, E. coli, C. freundii, 

C. braakii, C. farmeri, K. pneumoniae, K. oxytoca and Shigella boy- 

dii isolated from municipal and hospital sewage [ 32 , 33 , 61 , 74–76 ]. 

Mahon et al. have reported the isolation of NDM-producing E. coli 

from recreational freshwater and wastewater [77] . Furthermore, 

NDM-producing K. pneumoniae and K. quasipneumoniae could also 

be isolated from sewage and seawater [ 76 , 77 ]. More worryingly, 

two studies have reported the isolation of NDM-producing K. 

pneumoniae and E. coli from drinking water in Egypt and Jor- 

dan, respectively [ 27 , 34 ]. Several NDM variants have been de- 

tected in Enterobacterales species isolated from aqueous ecosys- 
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Fig. 2. Phylogenetic tree of class A carbapenemase variants detected in different aquatic environments. The evolutionary history was inferred using the neighbour-joining 

method. Evolutionary distances were computed using the Kimura 2-parameter method. The number above the nodes is the level of bootstrap from 10 0 0 replicates. 

Fig. 3. Phylogenetic tree of class B carbapenemase variants detected in different aquatic environments. The evolutionary history was inferred using the neighbour-joining 

method. Evolutionary distances were computed using the Kimura 2-parameter method. The number above the nodes is the level of bootstrap from 10 0 0 replicates. 
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Table 2 

Epidemiology of class B carbapenemase-producers detected in aquatic environments 

Carbapenemase Country Source Host(s) ( n ) ST Plasmid group Reference 

GIM Germany Clinical and urban 

WW 

Enterobacter 

cloacae complex 

(1) 

– – [76] 

IMP Ireland Hospital sewage Klebsiella 

pneumoniae (2) 

ST3146 – [32] 

Enterobacter 

cloacae complex 

(3) 

– – [76] 

Singapore Hospital sewage Aeromonas caviae 

(1) 

– – [74] 

USA WWTP Escherichia coli (1) – – [30] 

IMP-1 Brazil Seawater Acinetobacter (3) – – [48] 

UK WWTP Enterobacter 

cloacae (1) 

– – [63] 

IMP-4 Australia Hospital sink water Serratia marcescens 

(4) 

– – [104] 

China Incubator water Klebsiella 

pneumoniae (1) 

ST105 IncFI [83] 

Hospital sewage Citrobacter freundii 

(1) 

– – [38] 

IMP-7 Brazil Seawater Acinetobacter (1) – – [48] 

IMP-8 Portugal River Escherichia coli (2) ST2612 IncFIB [106] 

Spain Hospital WW 

drainage system 

Klebsiella oxytoca 

(1) 

– – [105] 

Taiwan Hospital sewage Enterobacter 

hormaechei (2) 

ST90 – [53] 

Citrobacter (1) – –

IMP-16 Brazil Seawater Acinetobacter (4) – – [48] 

IMP-19 Taiwan Hospital sewage Klebsiella 

quasipneumoniae 

(1) 

ST2789 – [53] 

IMP-25 China Hospital sewage Pseudomonas (1) – – [116] 

IMP-29 Sweden WWTP Klebsiella oxytoca 

(1) 

ST192 – [107] 

KHM-1 Japan WWTP Klebsiella 

quasipneumoniae 

(1) 

– IncA/C2 [111] 

NDM Egypt DW Klebsiella 

pneumoniae (6) 

– – [27] 

Germany Clinical WW Enterobacter 

cloacae complex 

(2), Klebsiella 

oxytoca (1) 

– – [76] 

Clinical and urban 

WW 

Klebsiella 

quasivariicola (1), 

Klebsiella 

pneumoniae (3) 

– –

Ireland Hospital sewage Escherichia coli (1) ST617 – [32] 

FSW, WW Escherichia coli (5) – – [77] 

Seawater Klebsiella 

pneumoniae (11) 

– –

Jordan DW Escherichia coli (12) – – [34] 

Singapore Hospital sewage Enterobacter 

cloacae (1), 

Escherichia coli (1), 

Citrobacter freundii 

(1) 

– – [74] 

UK Hospital sewage Enterobacter 

cloacae complex 

(2), Citrobacter 

freundii (4) 

– – [61] 

NDM-1 Bangladesh Hospital sewage Klebsiella 

pneumoniae (46), 

Escherichia coli 

(30), Citrobacter 

freundii (2), 

Providencia rettgeri 

(1), Enterobacter 

(9), Acinetobacter 

baumannii (8), 

Acinetobacter pittii 

(4), Acinetobacter 

baylyi (1), 

Acinetobacter spp . 

(3) 

– – [89] 

( continued on next page ) 
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Table 2 ( continued ) 

Carbapenemase Country Source Host(s) ( n ) ST Plasmid group Reference 

Bangladesh Wastewater Escherichia coli (49) ST101, ST648, 

ST405 

IncX, IncFII [81] 

Klebsiella 

pneumoniae (76), 

Citrobacter freundii 

(10) 

– –

Pseudomonas spp. 

(2), Pseudomonas 

aeruginosa (4), 

Pseudomonas 

putida (24), 

Pseudomonas 

otitidis (10), 

Pseudomonas 

monteilii (3), 

Pseudomonas 

mendocina (8), 

Pseudomonas fulva 

(3), Pseudomonas 

oleovorans (7), 

Pseudomonas 

alcaligenes (1), 

Pseudomonas 

pseudoalcaligenes 

(3), Aeromonas 

caviae (1), 

Acinetobacter 

baumannii (2), 

Acinetobacter 

tandoii (4), 

Acinetobacter 

towneri (5), 

unidentified (15) 

– –

Brazil Seawater Klebsiella 

pneumoniae (1) 

ST11 IncA/C [84] 

Klebsiella (1) – – [48] 

China Animal waste Escherichia coli (1) – – [93] 

Citrobacter freundii 

(2) 

ST416 – [98] 

Cronobacter 

sakazakii (1) 

– IncX3 

Klebsiella 

pneumoniae (1) 

ST3410 IncA/C 

Providencia rettgeri 

(1) 

– –

Enterobacter 

cloacae (1) 

ST591 IncA/C 

Hospital sewage Acinetobacter 

johnsonii (2) 

– – [113] 

China Hospital sewage Acinetobacter 

baumannii (10) 

– – [114] 

Citrobacter freundii 

(1) 

ST88 IncX4 [85] 

Enterobacter 

cloacae (2) 

ST910 IncX3 [52] 

Citrobacter freundii 

(2) 

ST19, ST22 

Acinetobacter 

chinensis (2) 

– – [115] 

Kluyvera 

cryocrescens (1) 

– – [94] 

Raoultella 

planticola (1), 

Escherichia coli (3), 

Citrobacter sp. (1), 

Acinetobacter (11) 

– – [96] 

Incubator water Klebsiella 

pneumoniae (1) 

ST105 IncFI [83] 

River Acinetobacter 

seohaensis (2), 

Stenotrophomonas 

maltophilia (1) 

– IncA/C [86] 

Escherichia coli (1), 

Acinetobacter (1) 

– – [96] 

( continued on next page ) 
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Table 2 ( continued ) 

Carbapenemase Country Source Host(s) ( n ) ST Plasmid group Reference 

WWTP Achromobacter sp. 

(1) 

– – [122] 

Escherichia coli (3), 

Shigella sonnei (2), 

Acinetobacter 

seohaensis (4), 

Wautersiella falsenii 

(1) 

– IncA/C [43] 

India Hospital sewage Escherichia coli (1) – – [80] 

Escherichia coli (1), 

Citrobacter freundii 

(7) 

– IncFIC, IncHI1, 

IncFIA, IncP, InkI1 

[75] 

Acinetobacter 

baumannii (11), 

Acinetobacter 

calcoaceticus (1), 

Acinetobacter junii 

(1), Aeromonas 

hydrophila (2) 

– – [95] 

India Hospital sewage Aeromonas veronii 

(2), Cronobacter 

malonaticus (1), 

Enterobacter 

cancerogenus (1), 

Enterobacter 

cloacae (1), 

Enterobacter kobei 

(1), Enterobacter 

ludwigii (1), 

Escherichia coli 

(14), Klebsiella 

pneumoniae (10), 

Klebsiella aerogenes 

(1) 

– – [95] 

River, lake, DW Klebsiella 

pneumoniae (3), 

Shigella (2), 

Escherichia coli (1), 

Citrobacter freundii 

(1), Pseudomonas 

(3) 

– – [79] 

Seawater Pseudomonas 

putida (2), 

Pseudomonas 

pseudoalcaligenes 

(2), Pseudomonas 

oryzihabitans (1), 

Suttonella 

indologenes (1), 

Aeromonas caviae 

(1), 

Stenotrophomonas 

maltophilia (1), 

Vibrio cholerae (1) 

– IncA/C [78] 

Tap water Achromobacter spp. 

(2), Kingella 

denitrificans (1), 

Pseudomonas 

aeruginosa (1) 

– –

WWTP Escherichia coli (2) – IncA/C, IncFIIK [87] 

Lebanon Hospital sewage Enterobacter 

cloacae (2) 

– – [90] 

Myanmar Hospital sewage Citrobacter freundii 

(1) 

– IncX3 [91] 

Klebsiella 

pneumoniae (1) 

ST147 IncX3 

Nigeria Seawater Vibrio 

parahaemolyticus 

(1), Vibrio 

vulnificus (5) 

– – [123] 

( continued on next page ) 
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Table 2 ( continued ) 

Carbapenemase Country Source Host(s) ( n ) ST Plasmid group Reference 

Philippines Hospital sewage Klebsiella 

pneumoniae (4), 

Klebsiella oxytoca 

(1), Enterobacter 

cloacae (4), 

Enterobacter 

xiangfangensis (1), 

Citrobacter 

amalonaticus (1), 

Serratia marcescens 

(1), Kluyvera 

ascorbata (1) 

– – [64] 

River Escherichia coli (1), 

Klebsiella 

pneumoniae (1), 

Enterobacter 

cloacae (1), 

Enterobacter tabaci 

(1), Enterobacter 

xiangfangensis (1), 

Enterobacter 

hormaechei (1), 

Citrobacter freundii 

(1) 

– –

Portugal River Enterobacter spp. 

(3) 

– IncA/C2 [59] 

Romania Hospital sewage Klebsiella 

pneumoniae (7) 

– – [97] 

River Klebsiella 

pneumoniae (1) 

– – [44] 

Saudi Arabia WWTP Escherichia coli (1) ST101 IncF [82] 

Singapore Hospital sewage Klebsiella 

pneumoniae (3), 

Enterobacter (3), 

Citrobacter (6) 

Pseudomonas (9), 

Acinetobacter (4), 

Aeromonas 

hydrophila (1) 

– – [28] 

South Korea Hospital sinks Enterobacter 

cloacae (1), 

Citrobacter freundii 

(1) 

– – [35] 

Switzerland Hospital sewage Citrobacter sp. (1) – – [46] 

WWTP Citrobacter sp. (1) – –

Taiwan Hospital sewage Klebsiella 

pneumoniae (1) 

ST11 – [53] 

USA River Escherichia coli (1) ST410 – [57] 

Vietnam River Klebsiella 

pneumoniae (3) 

– – [99] 

UK WWTP Klebsiella 

pneumoniae (1) 

– – [63] 

NDM-3 Bangladesh Wastewater Escherichia coli (3) ST101 IncFII [81] 

NDM-4 Escherichia coli (1) ST648 IncX, IncFII 

India Hospital sewage Escherichia coli (1) – IncK [100] 

Escherichia coli (8), 

Citrobacter braakii 

(2), Citrobacter 

farmeri (1) 

– IncFIA, IncP, IncY, 

IncFIB, IncFIC, 

IncHI1, IncI1 

[75] 

Myanmar Hospital sewage Enterobacter 

asburiae (1), 

Leclercia 

adecarboxylata (1), 

Citrobacter freundii 

(2), Klebsiella 

quasipneumoniae 

(1) 

– IncX3 [91] 

NDM-5 China Animal waste Klebsiella 

pneumoniae (3) 

ST37, ST726 IncX3 [98] 

( continued on next page ) 
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Table 2 ( continued ) 

Carbapenemase Country Source Host(s) ( n ) ST Plasmid group Reference 

Klebsiella oxytoca 

(1) 

ST158 

Enterobacter 

cloacae (4) 

ST1 

Cronobacter 

sakazakii (1) 

–

Citrobacter freundii 

(9) 

ST109 

Escherichia coli (6) ST6751, ST746 

Hospital sewage Escherichia coli (1) ST410 IncX3 [101] 

China Hospital sewage Klebsiella 

pneumoniae (3), 

Escherichia coli (9), 

Acinetobacter (1), 

Klebsiella variicola 

(1) 

– – [96] 

River Klebsiella 

pneumoniae (1), 

Escherichia coli (1), 

Citrobacter freundii 

(1) 

– –

India Hospital sewage Escherichia coli (6), 

Shigella boydii (4) 

– IncFIA, IncFIB, 

IncI1, IncFIC, IncP, 

IncY 

[75] 

WWTP, rivers Escherichia coli (7) – IncFII [87] 

Japan WWTP Escherichia coli (1) ST542 IncX3 [102] 

Myanmar Hospital sewage Klebsiella 

pneumoniae (1) 

– IncFII [91] 

Escherichia coli (4) ST8453 

Philippines River Escherichia coli (1) – – [64] 

Switzerland WWTP Escherichia coli (1) ST617 – [46] 

Taiwan Hospital sewage Escherichia coli (1) ST10, ST216, 

ST2914 

IncX3 [53] 

UK WWTP Escherichia coli (1) – – [63] 

USA WWTP Escherichia coli (1) ST167 – [57] 

NDM-7 India Hospital sewage Escherichia coli (1), 

Citrobacter freundii 

(1) 

– IncFIA, IncFIB, IncP [75] 

WWTP, rivers Escherichia coli (5) – IncA/C [87] 

Myanmar Hospital sewage Escherichia coli (1) – IncX3 [91] 

Philippines Hospital sewage Escherichia coli (2), 

Klebsiella 

pneumoniae (1), 

Enterobacter 

cloacae (3), 

Citrobacter freundii 

(4) 

– – [64] 

River Escherichia coli (3), 

Klebsiella 

pneumoniae (1), 

Klebsiella oxytoca 

(1), Citrobacter 

amalonaticus (1), 

Raoultella 

ornithinolytica (1) 

– –

USA River Klebsiella 

pneumoniae (1) 

ST19 – [57] 

NDM-9 South Korea River Klebsiella variicola 

(3) 

– IncFII(Y) [103] 

Switzerland Hospital sewage Klebsiella 

pneumoniae (1) 

ST147 – [46] 

Sfh-1 Portugal DW Serratia fonticola 

(1) 

– – [110] 

SPM Brazil Hospital sewage Pseudomonas 

aeruginosa (6) 

– – [117] 

SPM-1 Brazil Seawater Pseudomonas (1) – – [48] 

VIM Brazil Hospital sewage Pseudomonas 

aeruginosa (14) 

– – [117] 

Germany Hospital sewage Enterobacter 

cloacae complex 

(1), Enterobacter 

(1), Pseudomonas 

aeruginosa (8) 

– – [76] 

( continued on next page ) 
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Table 2 ( continued ) 

Carbapenemase Country Source Host(s) ( n ) ST Plasmid group Reference 

Germany WWTP Pseudomonas 

aeruginosa (1), 

Escherichia coli (3) 

– – [108] 

Ireland Hospital sewage Klebsiella oxytoca 

(1) 

ST202 – [32] 

Enterobacter 

cloacae complex 

(1) 

– –

Jordan DW Escherichia coli (75) – – [34] 

Switzerland WWTP Enterobacter 

aerogenes (1) 

– – [46] 

USA WWTP Escherichia coli (36) – – [30] 

VIM-1 Austria River Enterobacter 

cloacae (1) 

– IncHI2 [88] 

Portugal River Escherichia coli (1) ST167 IncFIB [106] 

Spain River Raoultella 

ornithinolytica (1) 

– IncR [24] 

Sweden River Klebsiella oxytoca 

(1) 

ST172 – [107] 

Switzerland Hospital sewage Citrobacter (1), 

Citrobacter freundii 

(1) 

– – [46] 

Escherichia coli (1) ST393 –

River Klebsiella 

pneumoniae (1) 

– – [109] 

Taiwan Hospital sewage Klebsiella 

quasipneumoniae 

(1) 

ST2788 – [53] 

USA River Raoultella 

planticola (1) 

– – [57] 

VIM-2 Brazil Seawater Pseudomonas (2) – – [48] 

China Hospital sewage Pseudomonas (1) – – [116] 

Portugal River Pseudomonas 

putida (1), 

Pseudomonas 

geniculata (1), 

Pseudomonas 

monteilii (1) 

Pseudomonas sp . 

(2) 

– – [119] 

Wastewater Pseudomonas 

pseudoalcaligenes 

(1) 

– – [118] 

Serbia River Acinetobacter 

baumannii (2) 

– – [120] 

VIM-5 Nigeria Wetlands Pseudomonas 

plecoglossicida (6), 

Pseudomonas 

guariconensis (4) 

– – [121] 

VIM-34 Portugal River Escherichia coli (1) ST354 – [106] 

n , number of strains; ST, sequence type; WW, wastewater; WWTP, wastewater treatment plant; DW, drinking water; FSW, fresh surface water. 

tems. NDM-1-producing Enterobacter spp., Klebsiella spp., Citrobac- 

ter spp., Shigella spp., E. coli, C. freundii, Citrobacter amalonaticus, 

Cronobacter malonaticus, Cronobacter sakazakii, S. boydii, K. pneu- 

moniae, K. oxytoca, Klebsiella aerogenes, Kluyvera cryocrescens, K. 

ascorbata, Shigella sonnei, Providencia rettgeri, Enterobacter xiang- 

fangensis, E. cloacae, Enterobacter tabaci, Enterobacter hormaechei, 

Enterobacter cancerogenus, Enterobacter ludwigii, S. marcescens and 

R. planticola have been isolated from seawater, drinking water, 

rivers, lakes, hospital sewage, wastewater, WWTPs, irrigation wa- 

ter and animal sewage [ 28 , 35 , 44 , 46 , 48 , 52 , 53 , 57 , 59 , 63 , 64 , 75 , 78–99 ]. 

Only one study reported the isolation of an NDM-3-producer from 

an aquatic environment. The isolate was obtained from wastewa- 

ter and was identified as E. coli sequence type 101 (ST101) [81] . 

In addition, an NDM-4 variant was detected in E. coli, K. quasip- 

neumoniae, C. freundii, C. braakii, C. farmeri, Leclercia adecarboxy- 

lata and E. asburiae isolates obtained from hospital sewage and 

wastewater [ 75 , 81 , 91 , 100 ]. The NDM-5 enzyme was detected in E. 

coli, K. pneumoniae, K. variicola, K. oxytoca, C. freundii, C. sakazakii, E. 

cloacae and S. boydii isolates obtained from WWTPs, rivers, animal 

waste and hospital sewage [ 28 , 46 , 57 , 63 , 64 , 87 , 91 , 96 , 98 , 101 , 102 ]. In 

addition, NDM-7-producers, namely E. coli, C. freundii, C. amalonati- 

cus, E. cloacae, K. pneumoniae, K. oxytoca and R. ornithinolytica , 

have been recovered from WWTPs, rivers and hospital sewage 

[ 57 , 64 , 75 , 87 , 91 ]. Finally, NDM-9-producing E. coli and K. variicola 

have been isolated from WWTPs and river water, respectively 

[ 46 , 103 ]. 

Other important MBLs in GNB are the IMP enzymes. IMP- 

producing E. coli, E. cloacae complex and K. pneumoniae isolates 

have been recovered from US WWTPs and from Irish hospital 

sewage [ 30 , 32 ]. In addition, IMP-1-producing E. cloacae has been 

detected in WWTPs in the UK [63] . IMP-4-producing C. freundii 

and S. marcescens were isolated from hospital wastewater [ 38 , 104 ]. 

In China, an IMP-4-producing K. pneumoniae strain co-producing 

NDM-1 was isolated from incubator water in a neonatal intensive 

care unit (NICU). This strain was clonally related to NDM-1- and 

IMP-4-producing K. pneumoniae recovered from an outbreak in the 

same NICU, and the authors suggested that the incubator water 

may be a reservoir for the diffusion of such MBL-producing GNB 
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[83] . Furthermore, IMP-8-producing K. oxytoca, Citrobacter spp. and 

E. hormaechei and IMP-19-producing K. quasipneumoniae have been 

isolated from hospital wastewater [ 53 , 105 ]. In addition, Kieffer 

et al. have reported the isolation of IMP-8-producing E. coli from 

river water [106] . Recently, IMP-29-producing K. oxytoca ST192 was 

isolated from sewage of a WWTP in Sweden [107] . 

Further studies reported the detection of other MBLs among En- 

terobacterales isolated from water habitats. VIM-producing E. coli, 

K. pneumoniae, K. oxytoca, Enterobacter aerogenes, E. cloacae com- 

plex and Enterobacter spp. have been detected in drinking wa- 

ter, WWTPs and hospital sewage [ 30 , 32–34 , 46 , 76 , 108 ]. In addition, 

bla VIM-1 -harbouring K. pneumoniae, K. variicola, E. coli, E. cloacae, R. 

planticola and R. ornithinolytica and VIM-34-producing E. coli have 

been recovered from rivers [ 24 , 57 , 88 , 106 , 109 ]. Furthermore, VIM- 

1-producing Citrobacter spp., E. coli, C. freundii and K. quasipneumo- 

niae have been isolated from hospital sewage [ 46 , 53 ]. In addition, 

a VIM-1-producing K. oxytoca ST172 isolate was recovered from a 

river in Sweden [107] . 

Other less common carbapenemases were also detected in wa- 

ter environments. This is the case with Sfh-1-producing S. fonti- 

cola isolated from drinking water in Portugal [110] and with GIM- 

producing E. cloacae complex (for Germany IMipenemase) isolated 

from urban and clinical wastewater in Germany [76] . In addition, 

the KHM-1 (Kyorin Health Science MBL-1) enzyme first described 

in a clinical isolate in Korea was detected in a K. quasipneumoniae 

isolated from a WWTP in Japan [ 111 , 112 ]. 

3.2.2. Other Gram-negative bacilli 

Several studies have reported the detection of MBL-producing 

Acinetobacter and Pseudomonas species in environmental wa- 

ter habitats. NDM-1-producing Acinetobacter spp., A. baumannii, 

Acinetobacter calcoaceticus, Acinetobacter junii, Acinetobacter john- 

sonii and Pseudomonas spp. have been recovered from hos- 

pital sewage in Bangladesh, China, Singapore and the Philip- 

pines [ 28 , 64 , 89 , 96 , 113 , 114 ]. The occurrence of such superbugs in 

WWTPs was also described in some studies. NDM-1-producing 

Pseudomonas spp., Acinetobacter spp. and Acinetobacter seohaensis 

were detected in WWTPs in Bangladesh and China [ 81 , 86 ]. NDM- 

producing Pseudomonas and Acinetobacter species were also de- 

scribed in surface water. NDM-producing Pseudomonas spp. were 

isolated from rivers and lakes in India in 2013 [79] . In addition, 

NDM-1 producing Acinetobacter spp. and A. seohaensis were iso- 

lated from river water in China [ 86 , 96 ] and NDM-1-producing 

P. putida, Pseudomonas pseudoalcaligenes and Pseudomonas oryzi- 

habitans were obtained from seawater in India [78] . Recently, Hu 

et al. have reported the description of NDM-1-producing Acineto- 

bacter chinensis , a novel Acinetobacter species isolated from hospi- 

tal sewage in China [115] . In addition, the NDM-5 variant was de- 

tected in Acinetobacter sp. isolated from hospital sewage in China 

[96] . Regarding IMP carbapenemases, four variants were detected 

in Acinetobacter and Pseudomonas species isolated from water. IMP- 

1, IMP-7 and IMP-16 variants were detected in Acinetobacter spp. 

isolates obtained from seawater in Brazil [48] , and the IMP-25 

variant was detected in Pseudomonas sp. recovered from hospital 

sewage in China [116] . VIM enzymes were also detected. Miranda 

et al. have reported the detection of VIM-producing Pseudomonas 

sp. in hospital sewage [117] . The VIM-2 carbapenemase was also 

detected in Pseudomonas sp., P. pseudoalcaligenes and P. aeruginosa 

from hospital sewage [ 76 , 116 , 118 ], in Pseudomonas spp., P. putida, 

Pseudomonas monteilii and Pseudomonas geniculata from river wa- 

ter [119] , in Pseudomonas spp. from seawater [48] and in A. bau- 

mannii in river water [120] . Recently, VIM-5-producing P. putida 

group, namely Pseudomonas plecoglossicida and Pseudomonas guari- 

conensis , were obtained from wetlands in Nigeria [121] . In addition, 

SPM (Sao Paulo metallo- β-lactamase)-producing P. aeruginosa and 

SPM-1-producing Pseudomonas spp. were recovered from hospital 

sewage and seawater, respectively [ 48 , 117 ]. 

On the other hand, carbapenemase-producers belonging to sev- 

eral GNB genera, other than Pseudomonas and Acinetobacter , could 

also be detected in different aquatic habitats. NDM-1-producing 

A. hydrophila and A. caviae were recovered from hospital sewage 

in Singapore and the Philippines and from seawater in India 

[ 28 , 64 , 78 ]. In addition, bla IMP -harbouring A. caviae was isolated 

from hospital wastewater in India [78] . Luo et al. have reported 

the isolation of NDM-1-producing Achromobacter sp. from a WWTP 

in China [122] . Isolates of V. cholerae, Vibrio parahaemolyticus and 

Vibrio vulnificus isolated from seawater in India and Nigeria were 

found to be NDM-1-producers [ 78 , 123 ]. NDM-1-producing S. mal- 

tophilia isolates were obtained from river and seawater in China 

and India, respectively [ 78 , 86 ]. Finally, NDM-1-producing Suttonella 

indologenes and Wautersiella falsenii were isolated from seawater 

and a WWTP, respectively [ 78 , 86 ]. 

3.3. Class D carbapenemases 

Only some variants of the class D β-lactamases possess car- 

bapenemase activity, the so-called carbapenem-hydrolysing class D 

β-lactamases (CHDLs) [19] . The first identified class D carbapen- 

emase was the OXA-23 enzyme, which was detected in an A. 

baumannii isolate from the UK in 1985 [3] . Subsequently, sev- 

eral CHDLs have been reported, mostly in Acinetobacter spp. How- 

ever, the most prevalent CHDL in Enterobacterales, OXA-48, was 

reported in 2001 in Turkey from a clinical K. pneumoniae isolate 

[ 3 , 13 ]. Class D carbapenemases are serine enzymes that are resis- 

tant to inhibition by the commercially available β-lactamase in- 

hibitors (clavulanic acid, tazobactam and sulbactam), although they 

are inhibited in vitro by NaCl [124] . Notably, despite their signif- 

icant activity, all class D carbapenemases do not confer a high 

level of carbapenem resistance owing to their weak carbapenem- 

hydrolysing activity [ 19 , 124 ]. 

3.3.1. Enterobacterales 

The most reported CHDL among Enterobacterales isolated from 

different aqueous environments is the phantom menace, the OXA- 

48 enzyme ( Table 3 ; Fig. 4 ). OXA-48-producers belonging to dif- 

ferent Enterobacterales genera and species including Citrobacter 

spp., E. coli, K. pneumoniae, K. oxytoca, C. freundii, C. braakii, Cit- 

robacter youngae, C. farmeri, E. cloacae, E. aerogenes, E. kobei, S. 

marcescens, P. rettgeri, R. ornithinolytica and C. malonaticus have 

been cultivated from wastewater and WWTPs, hospital sewage, 

puddles, rivers, estuaries, spring water, irrigation water, fountain 

water, seawater, water dam and drinking water in different parts 

of the world [ 27 , 32 , 39 , 46 , 63 , 75 , 92 , 97 , 108 , 125–130 ]. Although OXA- 

48-type is the most prevalent, other variants were reported among 

different Enterobacterales. OXA-48-like-producing K. oxytoca has 

been isolated from hospital sewage in Algeria [131] . More recently, 

the bla OXA-48-like gene was detected in K. pneumoniae and E. coli 

strains isolated from seawater in Ireland [132] . In addition, An- 

tonelli et al. have reported the isolation of OXA-372-producing C. 

freundii from hospital sewage in Italy [133] . Furthermore, OXA-370- 

producing Citrobacter sp. was recovered from seawater in Brazil. 

OXA-181-producing E. coli and K. pneumoniae were cultivated from 

hospital sewage in Switzerland and from a WWTP in the UK, re- 

spectively [ 46 , 63 ]. In addition, OXA-181-producing E. coli has been 

isolated from drinking water in the USA [128] . Another OXA-48- 

like variant, namely OXA-204, has been detected in a C. braakii iso- 

late recovered from a WWTP in Tunisia [134] . Furthermore, OXA- 

244-producing E. coli isolates were obtained from river water in Al- 

geria and from estuaries in Lebanon [ 126 , 127 ]. In China, Xin et al. 

reported the isolation of OXA-58-producing Raoultella from seawa- 

ter [135] . More recently, OXA-655- and OXA-656-producing E. coli 
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Table 3 

Epidemiology of class D carbapenemase-producers detected in aquatic environments 

Carbapenemase Country Source Host(s) ( n ) ST 

Plasmid 

group Reference 

OXA-23 Algeria Hospital 

sewage 

Acinetobacter baumannii (2) – – [131] 

Brazil Hospital 

sewage 

Acinetobacter baumannii (3) – – [138] 

Seawater Acinetobacter spp. (11) – – [48] 

Croatia Hospital 

sewage 

Acinetobacter baumannii (2) – – [139] 

Liquid 

manure 

Acinetobacter baumannii (2) ST195 – [147] 

WWTP Acinetobacter baumannii (10) – – [141] 

Acinetobacter baumannii (1) – – [143] 

Acinetobacter baumannii (10) ST2 – [145] 

France River Acinetobacter baumannii (1) – – [137] 

Romania River Acinetobacter baumannii (2) – – [120] 

Serbia River Acinetobacter baumannii (2) – – [119] 

OXA-24/40 Brazil Seawater Acinetobacter spp. (6) – – [48] 

Croatia WWTP Acinetobacter baumannii (3) – – [141] 

Nigeria Surface 

water 

Acinetobacter baumannii (1) – – [146] 

Serbia River Acinetobacter baumannii (1) – – [119] 

OXA-48 Algeria Fountain 

water 

Raoultella ornithinolytica (1) – IncL [129] 

Irrigation 

water 

Klebsiella pneumoniae (1) ST1393 

Algeria River Klebsiella pneumoniae (3) ST133, 

ST2055, 

ST2192 

– [126] 

Raoultella ornithinolytica (3), 

Citrobacter braakii (1), 

Citrobacter freundii (1) 

–

Escherichia coli (9) ST559, 

ST38, 

ST212, 

ST1972, 

ST2142 

Klebsiella pneumoniae (1) ST13 IncL [129] 

Escherichia coli (2) ST5, 

ST19 

Raoultella ornithinolytica (1) –

Seawater Cronobacter malonaticus (1) –

Spring 

water 

Cronobacter malonaticus (1) –

Dam water Klebsiella pneumoniae (1) ST1878 

WW Klebsiella pneumoniae (2) ST1393, 

ST13 

Enterobacter cloacae (1) ST527 

WWTP Klebsiella pneumoniae (1) ST35 

Austria WWTP Escherichia coli (1) ST38 – [39] 

Klebsiella pneumoniae (1) ST15 –

Belgium Hospital 

WW 

(sinks) 

Citrobacter freundii (5) – – [130] 

Egypt DW Klebsiella pneumoniae (2) – – [27] 

Germany Clinical 

and urban 

WW 

Klebsiella pneumoniae (3) ST253, 

ST11 

– [76] 

WWTP Escherichia coli (3) – – [108] 

India Hospital 

sewage 

Citrobacter braakii (2), 

Citrobacter farmeri (1) 

– IncFIC, 

IncP, 

IncHI1 

[75] 

Ireland Hospital 

sewage 

Enterobacter cloacae complex 

(6), Citrobacter freundii (3) 

– – [32] 

Klebsiella pneumoniae (2) ST3145, 

ST323 

–

Klebsiella oxytoca (1) ST95 –

Lebanon Estuaries Escherichia coli (1) ST354 IncL [127] 

Klebsiella pneumoniae (1) ST16 IncL 

Morocco Puddles Serratia marcescens (2) – – [125] 

Philippines River Escherichia coli (1) – – [64] 

Portugal River Shewanella xiamenensis (1) – – [140] 

Romania Hospital 

sewage 

Klebsiella pneumoniae (12) – – [97] 

( continued on next page ) 
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Table 3 ( continued ) 

Carbapenemase Country Source Host(s) ( n ) ST Plasmid 

group 

Reference 

Switzerland 

Hospital 

sewage 

Escherichia coli (5) ST215, 

ST38, 

ST393 

– [46] 

Klebsiella pneumoniae (3) ST437, 

ST258 

–

Enterobacter cloacae (1), 

Citrobacter freundii (6), 

Citrobacter youngae (1), 

Citrobacter spp. (2) 

– –

WWTP Escherichia coli (9) ST38, 

ST10, 

ST354, 

ST215 

–

Klebsiella pneumoniae (3) ST485, 

ST395, 

ST29 

–

Citrobacter freundii (3), 

Citrobacter sp. (1) 

– –

UK WWTP Raoultella ornithinolytica (2), 

Klebsiella oxytoca (1), 

Enterobacter kobei (1) 

– IncL/M [63] 

USA DW Escherichia coli (1), Providencia 

rettgeri (1) Shewanella (2), 

Pandoraea sputorum (1), 

Pseudomonas (1) 

– – [128] 

OXA-48-like Algeria Hospital 

sewage 

Klebsiella oxytoca (2) – – [131] 

Ireland Seawater Escherichia coli (1) ST131 – [132] 

Klebsiella pneumoniae (1) ST101 –

Singapore Hospital 

sewage 

Aeromonas caviae (1) – – [74] 

OXA-58 Brazil Seawater Acinetobacter spp. (13) – – [48] 

China Hospital 

sewage 

Acinetobacter spp. (7) – – [96] 

Seawater Pseudomonas (3), 

Stenotrophomonas (1), 

Rheinheimera (2), Shewanella 

(1), Pseudoalteromonas (1), 

Algoriphagus (1), Bowmanella 

(1), Thalassospira (1), Raoultella 

(1), Vibrio (1) 

– – [135] 

Germany WWTP Acinetobacter lwoffii (1), 

Enterobacter cloacae (1) 

– – [108] 

OXA-72 Croatia WWTP Acinetobacter baumannii (2) ST1 – [145] 

OXA-143 Brazil Seawater Acinetobacter spp. (38) – – [48] 

OXA-181 Algeria River Shewanella xiamenensis (1) – – [144] 

Philippines Hospital 

sewage 

Escherichia coli (1) – – [64] 

Switzerland 

WWTP Escherichia coli (3) ST940, 

ST410 

– [46] 

UK WWTP Klebsiella pneumoniae (1) – – [63] 

USA DW Escherichia coli (1) – – [128] 

Acinetobacter baumannii 

complex (1) 

– –

OXA-199 Algeria River Shewanella xiamenensis (1) – – [144] 

OXA-204 Tunisia WWTP Citrobacter braakii (1) – – [134] 

Portugal River Shewanella xiamenensis (1) – – [140] 

OXA-244 Algeria River Escherichia coli (3) ST3541 – [126] 

Lebanon Estuaries Escherichia coli (2) ST38 IncHI2 [127] 

OXA-252 USA DW Shewanella (1), Pseudomonas 

(1), Pseudomonas putida (1) 

– – [128] 

OXA-370 Brazil Seawater Citrobacter sp. (1) – – [48] 

OXA-372 Italy Hospital 

sewage 

Citrobacter freundii (1) – IncA/C, 

IncN 

[133] 

OXA-416 Algeria Hospital 

sewage 

Shewanella xiamenensis (1) – – [141] 

OXA-538 Algeria River Shewanella xiamenensis (1) – – [144] 

OXA-655 Brazil Hospital 

waste 

Escherichia coli (1) ST401 IncQ1 [136] 

OXA-656 Enterobacter cloacae (1) ST24 IncQ1 

OXA-894 China Animal 

waste 

Shewanella xiamenensis (1) – – [148] 

n , number of strains; ST, sequence type; WWTP, wastewater treatment plant; WW, wastewater; DW, drinking water. 
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Fig. 4. Phylogenetic tree of class D carbapenemase variants detected in different aquatic environments. The evolutionary history was inferred using the neighbour-joining 

method. Evolutionary distances were computed using the Kimura 2-parameter method. The number above the nodes is the level of bootstrap from 10 0 0 replicates. 

and E. cloacae were isolated from hospital waste in Brazil [136] . 

Although mainly reported in Acinetobacter species, the OXA-58 car- 

bapenemase was detected in an E. cloacae isolate recovered from a 

WWTP in Germany [108] . 

3.3.2. Other Gram-negative bacilli 

The first OXA-23-producing A. baumannii environmental iso- 

late was obtained from the Seine river in downtown Paris. The 

bla OXA-23 gene was chromosomally encoded and pulse-field gel 

electrophoresis (PFGE) revealed that the isolate was clonally re- 

lated to a previously identified human isolate obtained in New 

Caledonia in June 2004 [137] . Thereafter, OXA-23-producing A. 

baumannii isolates were recovered from hospital sewage in Brazil 

[138] and Croatia [139] . Subsequently, different studies have re- 

ported the detection of CHDLs in different water habitats. OXA-48- 

and OXA-204-producing Shewanella xiamenensis isolates were ob- 

tained from a Portuguese river in 2013 [140] . In 2015, Koh et al. re- 

ported the isolation of an OXA-48-type carbapenemase-producing 

A. caviae from hospital sewage in Singapore [74] . In addition, OXA- 

23- and OXA-40/24-producing A. baumannii isolates were obtained 

from a WWTP in Croatia in 2016 [141] . In the same year, Yousfi

et al. reported the isolation of OXA-416-producing S. xiamenensis 

from hospital sewage in Algeria [142] . In 2017, OXA-23- and OXA- 

24/40-producing A. baumannii isolates were obtained from river 

water in Romania and Serbia [120] . In the same year, Goic-Barisic 

et al. described the detection of OXA-23-producing A. baumannii 

in a WWTP in Croatia [143] . In another study published in 2017, 

OXA-23-, OXA-24/40-, OXA-51-, OXA-58- and OXA-143-producing 

Acinetobacter spp. were isolated from seawater in Brazil [48] . 

In 2018, only three studies reported the detection of CHDL- 

producing glucose-non-fermenting GNB in a water environment. 

The first report described the isolation of S. xiamenensis isolates 

producing OXA-181, OXA-199 and a new variant, OXA-538, from 

river water in Algeria [144] . The second report documented the 

isolation of OXA-23-producing A. baumannii from hospital sewage 

also in Algeria [131] . The third study was from Croatia where 

the authors have reported the isolation of OXA-23- and OXA-72- 

producing A. baumannii isolates from a WWTP [145] . 

Recently, OXA-58-producing isolates belonging to differ- 

ent genera, namely Pseudomonas spp., Rheinheimera spp., 

Stenotrophomonas spp., Shewanella spp., Vibrio, Pseudoalteromonas, 

Algoriphagus, Bowmanella and Thalassospira , were obtained from 

seawater in China [135] . In addition, Tacão et al. reported the 

isolation of OXA-48-producing Shewanella spp., Pseudomonas 

spp. and Pandoraea sputorum , OXA-181-producing A. baumannii 

complex and OXA-252-producing Shewanella sp. from drinking 

water in the USA [140] . Recently, OXA-40-producing A. baumannii , 

OXA-58-producing Acinetobacter spp. and Acinetobacter lwoffii 

were detected in surface water, hospital sewage and a WWTP, 

respectively [ 96 , 108 , 146 ]. 

Animal waste has also been reported as a reservoir of 

carbapenemase-producing isolates. Hrenovic et al. reported the iso- 

lation of OXA-23-producing A. baumannii ST195 from liquid ma- 

nure in Croatia [147] . Furthermore, the new OXA-48-like variant 

OXA-894 was first described in a S. xiamenensis isolated from pig 

wastewater [148] . 

3.4. Carbapenemase-encoding genes detected by culture-independent 

methods 

In addition to culture-based techniques, culture-independent 

methods such as quantitative real-time PCR and metagenomics are 

increasingly used in studying antibiotic resistance in the environ- 

ment [149] . With regard to carbapenemase determinants, the bla 

genes encoding carbapenemases of Ambler classes A, B and D were 

detected in different water environments worldwide. Regarding 
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class A carbapenemases, bla KPC was detected in hospital sewage 

in Spain [150] , Tunisia [151] , Germany [76] , Belgium [152] and 

India [153] . The KPC-encoding gene was also detected in rivers 

in Spain [150] , India [154] , Brazil [ 26 , 155 ], China [156] and Bel- 

gium [152] , streams and lagoon water in Brazil [ 26 , 42 ], lake wa- 

ter in Poland [157] and Brazil [158] , a fishpond and pig wastewa- 

ter in China [ 159 , 160 ], municipal wastewater in India [154] , Ger- 

many [161] and Belgium [152] , and drinking water from a first 

nation community in Canada [162] and Brazil [155] . The bla GES-5 

and bla GES-16 carbapenemase-encoding genes were also detected by 

culture-independent methods in WWTP and lagoon water, respec- 

tively [ 42 , 161 ]. In addition, bla IMI was detected in lake water in 

Poland [157] and in river sediments in China [163] . Finally, bla SFC-1 

was detected in lake water in Sweden [164] . 

Among the class B carbapenemase determinants, bla GIM 

, bla NDM 

, 

bla IMP , bla SPM 

and bla VIM 

genes were detected in different water 

habitats, including hospital sewage, wastewater and WWTPs, an- 

imal waste, rivers, lakes, rice field, drinking water and drinking 

water treatment plants. Detection of these MBL-encoding genes in 

the abovementioned environments was reported from many coun- 

tries, namely Spain [150] , Tunisia [151] , China [ 43 , 156 , 165–168 ], 

India [ 153 , 154 , 169 , 170 ], Italy [171] , Brazil [ 26 , 42 , 155 , 158 ], Canada 

[ 162 , 172 ], Switzerland [173] , Belgium [152] , Singapore [174] , the 

USA [158] , Poland [ 157 , 175 ], Germany [176] and Sweden [164] . 

Regarding class D carbapenemases, bla OXA-48 determinants were 

detected by culture-independent methods in hospital sewage, 

wastewater and WWTPs, rivers, creeks, lakes, rice field and drink- 

ing water from Spain [150] , Germany [176] , Tunisia [151] , India 

[ 153 , 154 ], Brazil [ 26 , 158 ], Belgium [152] , Canada [ 162 , 172 ], Portu- 

gal [177] , Poland [175] and Sweden [ 164 , 178 ]. In addition, the OXA- 

23-encoding gene has been detected in hospital sewage in Sweden 

[164] . Recently, bla OXA-58 was detected in drinking water in Ger- 

many [179] and hospital sewage in India [153] . 

4. Multilocus sequence typing (MLST) analysis 

MLST is a widely used method for typing bacterial strains. It 

was described in 1998 and consists of the examination of nu- 

cleotide sequences of seven housekeeping gene fragments of ap- 

proximately 500 nucleotides. Since then, this method has been 

used for different purposes including epidemiological surveillance 

and population analysis [ 180 , 181 ]. 

Among carbapenemase-producing bacteria isolated from 

aquatic environments, K. pneumoniae, E. coli and E. cloacae are the 

most characterised species by MLST. PHYLOViZ Online [182] was 

used for conducting phylogenetic analysis of sequence types 

(STs) of K. pneumoniae, E. coli and E. cloacae detected in aquatic 

environments. Our analysis revealed a remarkable diversity of STs 

detected, especially regarding K. pneumoniae and E. coli . Phylo- 

genetic analysis of K. pneumoniae, E. coli and E. cloacae STs with 

the harboured carbapenemase class and their geographical areas 

are presented in Fig. 5 . Regarding K. pneumoniae , all of the major 

epidemic high-risk international clones, namely ST11, ST15, ST101, 

ST147 and ST258 [183] , have been detected in different countries. 

Of note, carbapenemases of Ambler classes A and D have been 

detected in ST258, known to be the most globally disseminated. 

Regarding E. coli , several international high-risk clones such as 

ST38, ST131, ST410 and ST648 [184] have been detected in water 

environments. ST38 has been largely associated with Ambler class 

D carbapenemases (OXA-48). This was also the case in water 

isolates, where all E. coli ST38 isolates harboured the bla OXA-48 

gene as shown in Fig. 5 . In contrast, STs of E. cloacae are mostly 

associated with Ambler class A carbapenemases and, unlike K. 

pneumoniae and E. coli , none of the most prevalent and widespread 

E. cloacae clones were detected in aquatic environments. 

In addition, we investigated the isolation of carbapenemase- 

producing K. pneumoniae, E. coli and E. cloacae clones detected 

in water environments from human infections in the respec- 

tive countries and the results are also shown in Fig. 5 . Several 

carbapenemase-producing clones of K. pneumoniae and E. coli have 

been reported to cause human infections in countries where they 

were detected in aquatic environments [ 83 , 185–199 ]. Indeed, de- 

tection of the same clones with the same resistance mechanism 

in the same geographical area both in clinical and water isolates 

might be of great importance. This foretells the danger that the 

presence of these organisms in water can cause and suggests the 

potential participation of aquatic environments in the dissemina- 

tion of these bacteria. 

5. Conclusion 

Carbapenems are among our last-resort antibiotics against 

drug-resistant pathogens, making carbapenem resistance a great 

health concern, especially that due to carbapenemase produc- 

tion. Knowledge of environmental reservoirs of resistant organ- 

isms and resistance genes is crucial in our quest to control 

their dissemination. The data presented here confirm the wide 

dissemination of carbapenemase-producers and carbapenemase- 

encoding genes in the natural environment and other water habi- 

tats, presenting a serious problem for human and animal health. 

In this review, we aimed to give an overview of the state of 

the art regarding the spread of carbapenemase-producing bac- 

teria in different aquatic environments, which may help in im- 

plementing prevention and control strategies. Indeed, the inter- 

connectedness between the environment and the health of hu- 

mans, animals and plants makes the surveillance and control 

of the antibiotic resistance phenomenon a very difficult task. 

Hence the urgent need for an interdisciplinary collaboration to 

establish effective control and prevention strategies against the 

spread of carbapenemase-producing bacteria. In this context, the 

US National Action Plan for Combating Antibiotic-Resistant Bac- 

teria (CARB) was created and will be followed over 5 years 

(2020–2025) in order to change the course of antibiotic resis- 

tance [https://aspe.hhs.gov/system/files/pdf/264126/CARB-National- 

Action-Plan-2020-2025.pdf]. The main goals of CARB are (i) slow- 

ing the emergence of resistant bacteria and preventing the spread 

of resistant infections, (ii) strengthening ‘One Health’ surveillance 

effort s to combat bacterial resistance, (iii) development and use of 

rapid and innovative diagnostic tools, (iv) development of new an- 

tibiotics, other therapies and vaccines and (v) improving interna- 

tional collaboration for prevention, surveillance, control, research 

and development of antibiotics. This plan integrates in parallel 

a ‘One Health’ approach with special emphasis on understanding 

antibiotic resistance in the environment. The application of such 

plans in other countries could help in the control of spread of 

drug-resistant bacteria. On the other hand, the application of oblig- 

atory reporting of antibiotic resistance in veterinary and human 

clinical settings, and possibly in water treatment facilities, will en- 

able countries that do not have such surveillance plans assess con- 

temporary prevention measures and target the areas of greatest 

concern [200] . In addition, it seems clear that wastewater, what- 

ever its origin, is the main reservoir of resistant bacteria among 

all aquatic environments. Consequently, it should be a primary tar- 

get for control and prevention effort s. Thus, developing effective 

wastewater treatment methods for removing or at least decreasing 

antibiotic-resistant bacteria and antibiotic resistance genes in the 

final effluent is strongly recommended. 
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Fig. 5. Multilocus sequence typing (MLST) data set generated using PHYLOViZ Online, indicating the sequence types (STs) of carbapenemase-producing Klebsiella pneumoniae, 

Escherichia coli and Enterobacter cloacae detected in aquatic environments with the respective carbapenemase class and geographical area. 
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La dissémination rapide des BGN résistantes aux antibiotiques particulièrement aux 

carbapénèmes, ainsi que le ralentissement du développement de nouveaux antibiotiques 

efficaces ont conduit au retour obligatoire à l’utilisation de la polymyxine E ou colistine face à 

ces agents (Dhariwal et Tullu, 2013). La colistine a été introduite pour la première fois en 

thérapeutique en 1959, mais en raison de sa toxicité et de l'introduction d'autres antibiotiques 

efficaces et potentiellement moins toxiques, l'utilisation de la colistine a été restreinte du début 

des années 70 jusqu'au début du 21ième siècle (Biswas et al., 2012). Malgré sa toxicité, la 

colistine est aujourd'hui considérée comme le traitement de dernier recours des infections 

causées par les BGN résistantes aux carbapénèmes (Caniaux et al., 2017). Néanmoins, outre 

les mécanismes classiques connus de la résistance à la colistine résultant des mutations 

chromosomiques, un mécanisme plasmidique de résistance à cet antibiotique a été rapporté chez 

Escherichia coli initialement en Chine fin 2015 (Liu et al., 2016), par la suite il a été identifié 

dans de nombreuses espèces de différentes sources et pays de cinq continents, porté par des 

plasmides diversifiés et des environnements génétiques complexes (Baron et al., 2016; Feng, 

2018). L'émergence et la propagation d'un tel mécanisme de résistance à la colistine 

représentent une nouvelle étape vers une résistance pratiquement totale aux antibiotiques chez 

les BGN, mettant ainsi notre arsenal thérapeutique en risque (Caniaux et al., 2017). 

Ce nouveau mécanisme codé par un ensemble de gènes appelés mcr, est une 

phosphoéthanolamine transférase qui agisse en diminuant l'affinité de la colistine pour le 

lipopolysaccharide (LPS) bactérien par l'ajout de groupements phosphoéthanolamine au lipide 

A du LPS (Nordmann et Poirel, 2016).  

En effet, des preuves récentes ont considéré le sol et l'eau comme des sources, des 

réservoirs et des récepteurs de niveaux de résistance aux antibiotiques cliniquement pertinents 

(Pruden et al., 2013). Récemment, dans une étude publiée dans la revue Scientific Reports, 

suite à l’analyse de plus de 60 000 génomes bactériens dans l’objectif de mieux comprendre les 

origines et les réservoirs des gènes mcr, les auteurs ont signalé que presque tous les gènes mcr 

décrits semblaient provenir de bactéries environnementales, en particulier d’origine aquatique. 

Par conséquent, il a été suggéré que les environnements aquatiques représentent le principal 

réservoir et source des gènes du type mcr (Khedher et al., 2020). De plus, des études visant à 

déterminer les origines des gènes de résistance à médiation plasmidique à la colistine 

récemment identifiés ont proposé des espèces environnementales des genres Moraxella et 

Shewanella comme origines de ce mécanisme (Kieffer et al., 2017; Snesrud et al., 2018; 

Zhang et al., 2019a; Zhang et al., 2019b). 
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Dans ce chapitre, une revue de littérature a été réalisée pour présenter le rôle des 

différents milieux aquatiques (y compris les eaux usées, l’eau d’aquaculture, les eaux de 

surface, les eaux souterraines et l'eau potable) en tant que réservoirs et/ou voies de propagation 

de la résistance aux antibiotiques. Ainsi que pour donner un aperçu sur l'occurrence et la 

distribution mondiales des gènes de résistance à la colistine à médiation plasmidique (mcr) dans 

les différents environnements aquatiques. 
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a b s t r a c t 

Colistin is one of the last-line therapies against multidrug-resistant Gram-negative pathogens, especially 

carbapenemase-producing isolates, making resistance to this compound a major global public-health cri- 

sis. Until recently, colistin resistance in Gram-negative bacteria was known to arise only by chromoso- 

mal mutations. However, a plasmid-mediated colistin resistance mechanism was described in late 2015. 

This mechanism is encoded by different mobile colistin resistance ( mcr ) genes that encode phospho- 

ethanolamine (pEtN) transferases. These enzymes catalyse the addition of a pEtN moiety to lipid A in the 

bacterial outer membrane leading to colistin resistance. MCR-producing Gram-negative bacteria have been 

largely disseminated worldwide. However, their environmental dissemination has been underestimated. 

Indeed, water environments act as a connecting medium between different environments, allowing them 

to play a crucial role in the spread of antibiotic resistance between the natural environment and humans 

and other animals. For a better understanding of the role of such environments as reservoirs and/or dis- 

semination routes of mcr genes, this review discusses primarily the various water habitats contributing 

to the spread of antibiotic resistance. Thereafter, we provide an overview of existing knowledge regarding 

the global epidemiology of mcr genes in water environments. This review confirms the global distribu- 

tion of mcr genes in several water environments, including wastewater from different origins, surface 

water and tap water, making these environments reservoirs and dissemination routes of concern for this 

resistance mechanism. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of International Society for Antimicrobial 

Chemotherapy. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

1. Introduction 

One of the greatest achievements of the 20th century was 

the discovery of antibacterial drugs [1] . Antibiotics are undoubt- 

edly lifesaving compounds that have significantly reduced mortal- 

ity rates due to bacterial infections [2] . For several years after their 

therapeutic use, these compounds appeared to have tackled the 

challenge of bacterial infections [3] , thus preserving their efficacy 

remained a top priority [4] . However, bacterial resistance to these 

compounds nowadays represents an international fear since it is 

estimated that the number of deaths from infections caused by 

∗ Corresponding author. Tel.: + 213 5 40 92 54 00. 

E-mail address: lotfiloucif@hotmail.fr (L. Loucif). 

resistant organisms may reach 10 million by 2050 [ 5 , 6 ]. Antibi- 

otic resistance represents an inevitable consequence of the esca- 

lating use of antibacterial drugs [6] . This phenomenon was pre- 

dicted early in 1945 by Sir Alexander Fleming when he said ‘There 

is the danger that the ignorant man may easily underdose him- 

self and by exposing his microbes to nonlethal quantities of the 

drug make them resistant’ [7] . The emergence and massive spread 

of antibiotic-resistant organisms has jeopardised the capability of 

these drugs and reversed advances in antibacterial therapy, limit- 

ing our treatment options and bringing us into a post-antibiotic era 

[ 7 , 8 ]. Nowadays, antibiotic resistance represents one of the most 

worrying health challenges at a global level [9] , with multidrug- 

resistant Gram-negative bacteria being the most relevant actors. 

The rapid dissemination of such pathogens along with the slow 

development of newer effective antibiotics have led to the re- 

https://doi.org/10.1016/j.jgar.2021.07.021 
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emergence of the old ‘forgotten’ drug polymyxin E (colistin) [10] . 

Colistin was first introduced into therapeutic use in 1959; how- 

ever, due to its toxicity and the introduction of other potentially 

less toxic antibiotics, use of colistin was restricted from the be- 

ginning of the 1970s until the early 21st century [11] . Despite 

its toxicity, colistin is nowadays considered the last-resort treat- 

ment option for infections caused by carbapenem-resistant Gram- 

negative bacteria [12] . Nevertheless, besides the known classical 

colistin resistance mechanisms resulting from chromosomal muta- 

tions, a transferable plasmid-mediated colistin resistance mecha- 

nism has been reported, initially in Escherichia coli from China in 

late 2015 [13] . It has subsequently been identified in many species 

from different sources and countries in five continents and is har- 

boured by diverse plasmid types and with complex genetic en- 

vironments [ 14 , 15 ]. The emergence and spread of such a colistin 

resistance mechanism represent a new step towards virtual pan- 

drug resistance among Gram-negative bacteria, thus jeopardising 

our therapeutic arsenal [12] . 

Historically, antibiotic resistance has been considered a clinical 

problem and has therefore been studied in nosocomial settings [3] . 

However, the large application of antibiotics in human medicine as 

well as in veterinary settings for treatment and prophylactic pur- 

poses or as growth promoters in animal farming has led to a huge 

dissemination of drug-resistant organisms worldwide [16] . There- 

fore, bacteria resistant to even last-resort antibiotics have been iso- 

lated from different sources, including water environments [17–19] . 

Indeed, water acts as a connecting medium between different en- 

vironments, enabling it to play a key role in the widespread dis- 

semination of antibiotic resistance [20] . Furthermore, direct trans- 

mission of clinically relevant bacteria presenting a high antibiotic 

resistance level to humans by exposure to river water has been 

reported [21] . On the one hand, water represents an important 

means for the introduction and dissemination of drug-resistant or- 

ganisms and antibiotic resistance genes (ARGs) into the natural en- 

vironment and, on the other hand, is an ideal environment for the 

horizontal exchange of ARGs [ 1 , 3 , 22 ]. In this regard, and in or- 

der to contain the problem of antibiotic resistance and to reduce 

the risk to public health presented by the widespread dissemina- 

tion of multidrug-resistant organisms, much more attention is cur- 

rently directed at determining their potential reservoirs and dis- 

semination routes and growing interest is given to water contami- 

nation since it can lead to an unlimited diffusion of drug resistance 

mechanisms. This review provides an overview on the occurrence 

and distribution of mobile colistin resistance ( mcr ) genes carried 

by Gram-negative bacteria in various aquatic environments, which 

may help to gain insights on the worldwide epidemiology of these 

organisms and elucidate the role of aqueous ecosystems as a reser- 

voir of such a mechanism of drug resistance, thus highlighting the 

link between the environment and clinics. 

For this purpose, we performed a comprehensive literature 

search of the PubMed database using the following search terms 

and/or phrases: ‘ mcr genes’ and ‘water’, ‘wastewater’, ‘sewage’, 

‘hospital sewage’, ‘aquatic environments’. Only research articles 

published in the English language until February 2021 were in- 

cluded. Search terms were separated by the ‘AND’ Boolean oper- 

ator. 

2. Aquatic ecosystems and antibiotic resistance: reservoirs and 

dissemination routes 

The worldwide dissemination of antibiotic resistance is a grave 

issue both for human and animal health, where the main drivers of 

its spread are both the excessive and inappropriate use of antibi- 

otics [23] . Indeed, recent evidence has considered soil and water 

environments as sources, reservoirs and recipients of clinically rel- 

evant antibiotic resistance [24] . A recent study analysed more than 

60 0 0 0 bacterial genomes in order to better understand the ori- 

gins and reservoirs of mcr genes [25] . Interestingly, almost all de- 

scribed mcr genes appeared to originate from environmental bac- 

teria, especially from water sources. The authors suggested water 

environments as the main reservoir and source of mcr -like genes 

[25] . Moreover, studies to determine the origins of recently iden- 

tified plasmid-mediated colistin resistance genes have proposed 

Moraxella and Shewanella species as the origin of this mechanism 

[26–29] . 

In this section, the role of different water environments (i.e. 

wastewater, aquaculture, surface water, groundwater and drinking 

water) as reservoirs and/or dissemination pathways of antibiotic 

resistance will be discussed. 

2.1. Hospital effluent 

Hospitals and healthcare units are considered hotspots for an- 

tibiotic resistance where the most dramatic selection pressure 

is expected due to the intensive use of antibiotic therapy [30] . 

Colonised patients and wastewater are the main pathways by 

which antibiotic-resistant bacteria (ARB) and ARGs exit hospitals 

[23] . Several studies have demonstrated the role of hospital efflu- 

ent as a reservoir of relevant ARB carrying ARGs encoding resis- 

tance even to last-resort antibiotics [ 31 , 32 ]. Additionally, hospital 

waste contains large amounts of antibiotics and disinfectants that 

are known to exert a selection pressure contributing to the evolu- 

tion of antibiotic resistance. These contaminants favour ARB com- 

pared with susceptible isolates and, on the other hand, positively 

enhance the horizontal exchange of antibiotic resistance determi- 

nants between resistant and susceptible bacteria [33] . In fact, only 

a few countries recommend pre-treatment of hospital waste before 

its discharge into treatment plants since it is categorised as domes- 

tic effluent [ 23 , 30 ]. Therefore, effluents from hospitals may repre- 

sent an important reservoir of clinically relevant ARB and ARGs and 

a privileged pathway for their entry into the environment. How- 

ever, it seems that they are not the main source of resistant bacte- 

ria release in municipal effluents [ 30 , 33 ]. 

2.2. Animal waste 

Antibiotic consumption is not restricted to the human popula- 

tion; these compounds are largely used in animals for the treat- 

ment and prevention of bacterial diseases or as growth promoters. 

For the two latter purposes, they are used at subinhibitory concen- 

trations [ 34 , 35 ]. In fact, the relative link between the use of an- 

tibacterial drugs on farms and antibiotic resistance is still disputed 

[36] . Whatever its cause, the spread of antibiotic resistance in an- 

imals is today a fact that poses a serious threat to human health. 

Several studies have reported the detection of highly-resistant bac- 

teria in faecal samples from farm animals [37] , which eventually 

end up in the environment. This has become more important as 

liquid manure from farms is frequently used as an organic fertiliser 

after stabilisation [35] . Among the proposed strategies that have 

been shown to be effective in reducing resistance to colistin ow- 

ing to mcr genes is banning the use of colistin in animal feed. This 

strategy has been applied in China and Japan and it has shown its 

effectiveness with a rapid and significant decrease in the preva- 

lence of the mcr-1 gene and colistin-resistant E. coli from animals 

as well as human colonisation and infections [38–41] . This strategy 

is recommended to be implemented in all countries in order to re- 

duce colistin resistance and thus conserve the effectiveness of this 

crucial antibiotic. 
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2.3. Wastewater treatment plants (WWTPs) 

As mentioned above, almost all hospital wastewater world- 

wide is released into receiving WWTPs without any pre-treatment 

aimed at reducing the levels of antibiotic resistance. Therefore, 

hospitals are expected to be the most important source of antibi- 

otic resistance release into the environment [33] . However, taking 

into consideration (i) the dilution factor due to the very low per- 

centage of hospital waste in WWTP effluent, (ii) the emergence 

and spread of ARB in the community, (iii) the large-scale use of an- 

tibiotics in households since the majority of antibiotics prescribed 

to humans are used at home and (iv) finally, the detection of ARB 

and ARGs in WWTPs not receiving hospital waste, we can conclude 

that the community is probably the main source responsible for 

antibiotic resistance release into WWTPs [ 1 , 42 ]. 

Urban wastewater and WWTP effluent are among the most im- 

portant sources of ARB and ARG dissemination [ 43 , 44 ]. WWTPs 

are man-made environments that receive bacteria from different 

sources and environments [ 45 , 46 ]. They receive wastewater from 

hospitals, animal husbandry and urban citizens [47] . To the best of 

our knowledge, all known kinds of mechanisms involved in bacte- 

rial resistance to antibiotics have been detected in WWTPs, high- 

lighting the important role of these facilities as reservoirs and dis- 

semination pathways of antibiotic resistance. In addition, several 

studies have suggested that treatment processes may positively af- 

fect the selection and spread of ARB and ARGs [43] . Several factors 

make WWTPs an ideal environment for bacterial proliferation and 

horizontal exchange of ARGs, including the abundance of nutrient 

sources, the stable pH and temperature, the high bacterial density, 

biofilm formation and the stress exposure due to the different pol- 

lutants present including antibiotics, disinfectants and heavy met- 

als [ 30 , 45 , 48 ]. Furthermore, some resistance types have been found 

to be more prevalent in treated effluent than in the raw influent 

[30] . Thus, WWTPs can be considered as critical control points for 

the emergence and spread of drug resistance [24] . 

2.4. Aquaculture 

As with farming, aquaculture is the rearing of aquatic animals 

in a controlled environment such as the sea, a lake or river [49] . 

This industry is growing worldwide and antibiotic use in this field 

is rising, mainly for prophylactic purposes, where they are added 

directly to the water body [ 46 , 50 ]. Although the introduction of 

new vaccines has significantly reduced the use of antibiotics in de- 

veloped countries, aquaculture management systems are still con- 

tributing to the development of antibiotic resistance in develop- 

ing countries [24] . Several studies have defined these systems as 

hotspots for antibiotic resistance [50] . Indeed, the emergence and 

spread of ARB and ARGs in aquaculture results in contamination 

of the human food chain [46] . However, the greatest threat to hu- 

man health is the risk that aquaculture turns into a reservoir of 

ARB, where transferable ARGs can be easily disseminated between 

aquatic bacteria and ultimately transferred to human pathogens 

[24] . Concerningly, a study by Cabello et al. reported that the emer- 

gence of the recently described plasmid-mediated mcr genes is the 

result of aquaculture activities that still contribute to its spread 

and evolution [ 28 , 51 , 52 ]. 

2.5. Surface water 

Antibiotics as well as bacteria presenting different antibiotic re- 

sistance levels are present in surface water. Surface water receives 

ARB and ARG input from several sources, including runoff water, 

aquaculture, WWTPs, agriculture and animal waste [ 42 , 47 ]. Several 

studies have reported the detection of ARB in rivers [53] , lakes 

[54] , estuaries [55] and seawater [56] , suggesting that waterways 

could be a source of ARB and ARGs. However, unlike in the water 

habitats discussed above, antibiotic concentrations in such water 

systems are very low to alter bacterial populations [33] . 

2.6. Groundwater 

Antibiotics are rarely detected in groundwater and, if they ex- 

ist, they are found at very low concentrations [33] . However, a 

number of studies have detected the presence of ARB and ARGs in 

groundwater [57] . ARB and ARGs can reach groundwater via sev- 

eral means, including infiltration from surface water or soil after 

improving farm land with animal manure or the use WWTP efflu- 

ent and sludge as fertilisers [ 47 , 58 ]. In addition, runoff from farms 

and broken sewage pipes are also possible routes for the input of 

antibiotic resistance into groundwater [42] . 

2.7. Drinking water 

Drinking water commonly originates from surface water and 

groundwater. Because ARB and ARGs could be present in these two 

sources, they could therefore pass upon drinking water treatment 

processes and end up in water distribution systems [58] . Despite 

the scare information regarding antibiotic resistance in these types 

of water habitats, bacteria presenting relevant antibiotic resistance 

levels have been detected in drinking water [ 59 , 60 ] and there are 

suggestions that water treatment and its subsequent distribution 

could play an important role in antibiotic resistance selection [33] . 

Indeed, it seems difficult to assess the origin of antibiotic-resistant 

organisms found in drinking water as well as to evaluate the risk 

to human health associated with their presence. However, the de- 

tection of these organisms in drinking water is of great importance 

because drinking water is one of the potential routes of transmis- 

sion of antibiotic resistance to humans [30] . 

3. Horizontal gene transfer (HGT) 

Bacteria can influence the effect of an antibiotic via the acquisi- 

tion of foreign resistance genes through different mechanisms in- 

volving bacterial transformation, transduction or conjugation [61] . 

Horizontal transfer of ARGs is one of the key factors in the spread 

of antibiotic resistance [62] ; interestingly, all of these mechanisms 

have been proven to occur in aquatic environments. 

3.1. Transformation 

Bacterial transformation is the process by which a recipient 

bacterium takes up a foreign naked DNA molecule from its en- 

vironment and integrates it into its chromosome by homologous 

recombination or converts it into an autonomously replicating ele- 

ment [63] . Considering the vulnerability of DNA to degradation, the 

dilution effect in water environments and limited naturally com- 

petent bacteria, transformation may be considered a rare event 

[ 3 , 58 ]. However, Baur et al. have reported that E. coli is able to 

develop natural competence in freshwater habitats (river water, 

spring water and bottled mineral water) in the presence of differ- 

ent Ca 2 + concentrations [64] . 

3.2. Transduction 

Bacteriophages (viruses that infect bacteria) can act as natu- 

ral vectors of genes between bacteria [65] . In transduction, a DNA 

fragment is transferred from an infected host and delivered into a 

new bacterium via phage particles [63] . Unlike in transformation 

where naked DNA is very susceptible to alteration, phage particles 

are more resistant in the environment [3] . Although transduction 

is less frequently associated with horizontal transfer of resistance 
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genes than other HGT mechanisms [66] , several factors, such as the 

stability of viral particles in the environment, their high number 

in marine and fresh water estimated to be approximately 10-fold 

higher than bacterial counts, and the broad host range of some 

bacteriophages, make transduction ideal for horizontal gene ex- 

change in the water environment between even spatially distant 

bacteria [ 3 , 63 ]. In a study investigating the occurrence of ARGs in 

bacteriophages in hospital wastewater, the authors demonstrated 

using a metagenomic approach that the abundance of ARGs in the 

viral DNA fraction was higher than in the bacterial DNA fraction 

[67] . In addition, it has been reported that antibiotics (commonly 

found in aquatic ecosystems) enhance phage production from lyso- 

gens [68] . These findings highlight the important role of phages as 

reservoirs and vehicles of resistance genes in the environment. 

3.3. Conjugation 

The most important and most prevalent mechanism of resis- 

tance gene transmission in bacteria is conjugation, which is also 

considered as the main facilitator of resistance sharing between 

bacteria [ 3 , 69 ]. Conjugation involves the transfer of a plasmid 

or conjugative transposon from a donor bacterium to a recipient 

strain via sexual pili that are present only in the donor cell [63] . 

This phenomenon has been observed in several environments and 

requires tight cell-to-cell contact [ 3 , 65 ]. Several studies have re- 

ported the presence of conjugative plasmids carrying significant 

ARGs in bacterial isolates obtained from different aquatic ecosys- 

tems [70–72] . 

It is worth noting that several experiments have suggested that 

conjugative transmission frequencies in nature are probably more 

important than those in the laboratory [68] . In aquatic environ- 

ments, several factors may play a significant role as drivers of 

ARG transfer. First, as mentioned in the previous section, except 

drinking water, aquatic ecosystems receive antibiotic contamina- 

tion from various sources. The presence of antibiotics in water ex- 

erts a high selective pressure that increases bacterial fitness, se- 

lects for resistant bacteria and facilitates ARG acquisition as an 

adaptation response [ 58 , 62 , 73 ]. Additionally, it has been proven 

that subinhibitory antibiotic concentrations, commonly detected in 

water environments, promote the horizontal exchange of resistance 

genes [45] . Moreover, other contaminants present in water ecosys- 

tems, such as metals and heavy metals, can also increase gene ex- 

change between bacteria, and several studies have demonstrated 

that HGT appears to be easier in metal-contaminated environments 

[ 58 , 74 ]. 

In the case of WWTPs, the situation gets more complicated, 

where the high bacterial density may provide an ideal environ- 

ment for resistance gene transfer [45] . Several studies have sug- 

gested that wastewater treatment processes may positively affect 

HGT [43] . In addition, some studies have reported that chlorina- 

tion (the most widely used disinfection process) does not affect 

plasmid DNA [1] . 

4. Colistin and colistin resistance 

Colistin (polymyxin E) is a polycationic antimicrobial peptide 

belonging to the polymyxin family [14] . Produced by the Gram- 

positive bacterium Paenibacillus polymyxa subspecies colistinus , col- 

istin was discovered in 1949 and was introduced to our antibac- 

terial armamentarium in 1959; it was among the earliest an- 

timicrobials exhibiting significant activity against Gram-negative 

pathogens [ 75 , 76 ]. Colistin has a narrow spectrum, which in- 

cludes most Gram-negative rods except for Campylobacter, Le- 

gionella, Chromobacterium, Neisseria, Proteus, Serratia, Providencia, 

Vibrio, Brucella, Burkholderia and Edwardsiella species, Morganella 

morganii, Aeromonas jandaei and Pseudomonas mallei . Polymyxins 

are inactive against Gram-positive bacteria, all cocci and anaerobes 

[75–77] . Colistin is a concentration-dependent antibiotic that acts 

on the bacterial outer cell membrane [10] . Due to its high positive 

charge and hydrophobic acyl chain, colistin interacts electrostati- 

cally with lipopolysaccharide (LPS) molecules and displaces their 

divalent cations, resulting in cell membrane rupture. This process 

leads to an increase in cell permeability and leakage of cell content 

resulting in cell death [75] . 

Acquired colistin resistance was classically related to chromoso- 

mal mutations leading to LPS modification with 4-amino-4-deoxy- 

l -arabinose ( l -Ara4N) and/or phosphoethanolamine (pEtN), efflux 

pump regulation or the complete loss of LPS [14] . However, un- 

fortunately, in late 2015 bad news was reported from China when 

Liu et al. described the first mobile colistin resistance ( mcr ) mech- 

anism in E. coli [13] . Nowadays, ten mcr genes have been described 

belonging to multiple distinct clades ( Fig. 1 ) and conferring moder- 

ate levels of colistin resistance [78] . This recent colistin resistance 

mechanism encoded by plasmid-borne mcr genes is a pEtN trans- 

ferase decreasing the affinity of colistin for LPS by the addition of 

a pEtN group to lipid A [79] . 

5. Epidemiology of plasmid-mediated colistin resistance 

gene-carrying Gram-negative bacteria in aquatic environments 

In the following, we will present the worldwide epidemiol- 

ogy of mcr genes detected in aqueous environments ( Tables 1 and 

2 ). Nowadays, all described mcr genes with several variants have 

been detected in aquatic environments by culture and/or culture- 

independent methods ( Fig. 1 ). 

5.1. Enterobacterales 

In a relatively short period after its first description, the mcr-1 

gene has successfully disseminated worldwide and this dissemina- 

tion was accompanied by the emergence of new variants. Although 

the mcr genes were primarily found in E. coli , these genes are now 

prevalent in multiple bacterial species. Several studies have re- 

ported the isolation of mcr -harbouring Enterobacterales from non- 

clinical sources, including different water habitats ( Fig. 2 ). In 2016, 

two studies detected the occurrence of mcr-1 carrying E. coli in 

river and pond water in Switzerland and Malaysia, respectively 

[ 80 , 81 ]. The Swiss isolate belonged to sequence type 359 (ST359) 

and co-produced the SHV-12 (for sulfhydryl variable) extended- 

spectrum β-lactamase (ESBL) [80] . However, the pond water iso- 

late obtained from Malaysia belonged to ST410 [ 81 , 82 ]. In the same 

year, an mcr-1 -harbouring Kluyvera ascorbata isolate was recovered 

from hospital sewage in China [83] . Interestingly, the mcr-1 gene 

was located on an IncI2 conjugative plasmid and the isolate co- 

produced CTX-M-185 (for cefotaximase-Munich) ESBL. 

In 2017, several studies were published describing the emer- 

gence of mcr-1 -harbouring enterobacteria in water environments 

in different countries and it is noteworthy that 6 of the 12 stud- 

ies were from China. mcr-1 -harbouring E. coli belonging to differ- 

ent STs were recovered from wastewater from canals in Thailand 

(ST5951 and ST6624) [84] , from urban sludge in Bangladesh [85] , 

from stream water in Italy (ST10) [57] and from beaches in Brazil 

(ST10, ST46 and ST1638) [71] and Norway (ST10) [19] . In Spain, 

Ovejero et al. reported the isolation of MCR-1-producing E. coli 

ST1196 and ST224 and Klebsiella pneumoniae ST526 from WWTPs 

[86] . The colistin resistance genes were located on IncI2 plasmids 

and the worrying association of an ESBL and MCR was also de- 

tected as the isolates were CTX-M-55-producers [86] . 

In the case of China, six reports were published in 2017 re- 

porting the detection of MCR-1 (including MCR-1.4 and MCR-1.7)- 

producing Enterobacterales in water environments. Chen et al. re- 

ported the isolation of MCR-1-producing E. coli, K. pneumoniae and 
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Fig. 1. Phylogeny of mcr variants detected in aquatic environments. The evolutionary history was inferred using the neighbour-joining method. Evolutionary distances were 

computed using the Kimura two-parameter method. The number above the nodes is the level of bootstrap from 10 0 0 replicates. Variants in bold were detected by culture 

techniques. 

Table 1 

Mobile colistin resistance ( mcr ) genes detected in different aquatic environments 

mcr 

gene 

Aquatic habitat 

AW DW DWTP FSW GW HS IW SW TW WW WWTPs 

C CIM C CIM C CIM C CIM C CIM C CIM C CIM C CIM C CIM C CIM C CIM 

mcr-1 x x x x x x x x x x x x x x x x x 

mcr-2 x x x 

mcr-3 x x x x x x x x x 

mcr-4 x x x 

mcr-5 x x x x x x x 

mcr-6 x x 

mcr-7 x x x 

mcr-8 x x 

mcr-9 x x 

mcr-10 x 

AW, animal waste; DW, drinking water; DWTP, drinking water treatment plant; FSW, fresh surface water; GW, groundwater; HS, hospital sewage; IW, 

irrigation water; SW, seawater; TW, tap water; WW, wastewater; WWTP, wastewater treatment plant; C, culture; CIM, culture-independent method. 

Klebsiella variicola from WWTPs as well as mcr-1 -harbouring E. 

coli from seawater [87] . The mcr-1 gene in E. coli isolates was 

encoded on conjugative IncI2 and IncX4 plasmids. Fresh surface 

water ecosystems are also reservoirs for MCR-1-producers. In a 

study conducted to isolate colistin-resistant bacteria from environ- 

mental water samples, mcr-1 -harbouring Enterobacterales were ob- 

tained from rivers, creeks, lakes, canals and wetlands [88] . MCR- 

1-producing E. coli were isolated from all water types. However, 

Citrobacter freundii, Citrobacter braakii and Klebsiella oxytoca were 

isolated from lakes only. In addition, Enterobacter cloacae was ob- 

tained only from canals. mcr-1 was chromosomally encoded in sev- 

eral E. coli isolates and the association of an ESBL and MCR-1 was 

also observed in this study. 

Hospital sewage was also proposed as a reservoir and dis- 

semination pathway of mcr-1 -harbouring bacteria to the environ- 

ment. Three studies from China reported the isolation of MCR- 

1-producing E. coli ST10, ST349, ST2016, ST410, ST6756, ST7122, 

ST101, ST7087, ST7086, ST1196, ST34 and ST48 [ 31 , 89 ] and K. pneu- 

moniae ST313 [90] from hospital sewage. Worryingly, one of the E. 

coli isolates belonging to ST7087 was found to co-harbour mcr-1 

55 



Z. Cherak, L. Loucif, A. Moussi et al. Journal of Global Antimicrobial Resistance 27 (2021) 51–62 

Table 2 

mcr -harbouring isolates from aquatic environments 

mcr gene Species (n) Sequence type (ST) Country Water source 

Gene location 

(P/Ch) Reference 

mcr-1 Aeromonas dhakensis 

(1) 

– India WWTP P [106] 

mcr-1 Aeromonas veronii (1) – India WWTP P [106] 

mcr-1 Citrobacter braakii (2) – China Lake P [88] 

mcr-1 Citrobacter freundii (2) – China Lake P [88] 

mcr-1 Enterobacter cloacae (1) – China Canal – [88] 

mcr-1 E. cloacae (1) – China Animal waste – [101] 

mcr-1 E. cloacae (1) – China River – [92] 

mcr-1 Escherichia coli (1) ST345 Algeria Irrigation water – [121] 

mcr-1 E. coli (2) ST23, ST115 Algeria Seawater P [56] 

mcr-1 E. coli (2) – Bangladesh Hand rinse – [107] 

mcr-1 E. coli (4) – Bangladesh Surface water – [107] 

mcr-1 E. coli (1) – Bangladesh Urban wastewater – [85] 

mcr-1 E. coli (1) ST58 Brazil Mangrove P (IncX4) [93] 

mcr-1 E. coli (3) ST1638, ST46, ST10 Brazil Seawater P (IncX4) [71] 

mcr-1 E. coli (3) ST10, ST1011, ST165 China Aquaculture P (IncI2, IncX4) [114] 

mcr-1 E. coli (1) ST101 China Canal P [88] 

mcr-1 E. coli (1) ST181 China Creek P [88] 

mcr-1 E. coli (1) ST48 China Drinking water P [102] 

mcr-1 E. coli (9) ST10, ST349, ST2016, 

ST410, ST101, ST6756, 

ST7122 

China Hospital sewage P (IncX4) [89] 

mcr-1 E. coli (7) ST10, ST48, ST34, ST7086, 

ST7087 

China Hospital sewage P (IncHI2, IncN, 

IncX4, IncP) 

[31] 

mcr-1 E. coli (4) ST10, ST101 China Lake P [88] 

mcr-1 E. coli (1) ST744 China Pharmaceutical 

wastewater 

P (IncY) [97] 

mcr-1 E. coli (84) – China River P [105] 

mcr-1 E. coli (6) ST43, ST181, ST10, ST1638 China River P [88] 

mcr-1 E. coli (2) – China River – [91] 

mcr-1 E. coli (17) – China River – [92] 

mcr-1 E. coli (25) – China Seawater P [87] 

mcr-1 E. coli (4) ST10, ST515 China Wastewater Ch/P (IncI2) [102] 

mcr-1 E. coli (2) ST10, ST48 China Well water – [72] 

mcr-1 E. coli (4) ST206, ST1638 China Wetland P [88] 

mcr-1 E. coli (52) – China WWTP P [87] 

mcr-1 E. coli (2) – Egypt Surface water – [109] 

mcr-1 E. coli (18) – Germany Slaughterhouse – [110] 

mcr-1 E. coli (31) – Germany Slaughterhouses P (IncF, IncX4, 

IncI1, IncHI2, 

IncI2) 

[112] 

mcr-1 E. coli (8) – Germany Slaughterhouses – [111] 

mcr-1 E. coli (2) ST10, ST155 Germany Surface water – [96] 

mcr-1 E. coli (3) – India WWTP P [106] 

mcr-1 E. coli (7) ST131, ST871, ST767, ST10, 

ST135, ST457, ST453 

Japan WWTP P (IncX4, IncI2) [98] 

mcr-1 E. coli (1) ST2936 Lebanon Drinking water – [120] 

mcr-1 E. coli (22) – Lebanon Irrigation water P [118] 

mcr-1 E. coli (1) ST1638 Lebanon Well water – [120] 

mcr-1 E. coli (1) ST410 Malaysia Water pond P (IncI2) [ 81 , 82 ] 

mcr-1 E. coli (2) ST10 Norway Seawater P [19] 

mcr-1 E. coli (1) ST10 Singapore Lake P [108] 

mcr-1 E. coli (31) – South Africa WWTP – [99] 

mcr-1 E. coli (1) – Spain Slaughterhouse – [113] 

mcr-1 E. coli (29) ST1196, ST224 Spain WWTP P (IncI2) [86] 

mcr-1 E. coli (1) ST359 Switzerland River – [80] 

mcr-1 E. coli (2) ST5951, ST6624 Thailand Canals P [84] 

mcr-1 E. coli (1) ST8900 Tunisia WWTP – [100] 

mcr-1 Kluyvera ascorbata (1) – China Animal waste – [101] 

mcr-1 K. ascorbata (1) – China Hospital sewage IncI2 [83] 

mcr-1 Klebsiella oxytoca (2) – China Lake – [88] 

mcr-1 Klebsiella pneumoniae 

(1) 

ST313 China Hospital sewage P (IncP) [90] 

mcr-1 K. pneumoniae (4) – China WWTP – [87] 

mcr-1 K. pneumoniae (1) – Egypt Surface water – [109] 

mcr-1 K. pneumoniae (3) – Germany Slaughterhouse – [110] 

mcr-1 K. pneumoniae (7) – Germany Slaughterhouse P (IncI1, IncX4) [112] 

mcr-1 K. pneumoniae (1) ST526 Spain WWTP P (IncI2) [86] 

mcr-1 Klebsiella variicola (3) – China WWTP – [87] 

mcr-1 Proteus mirabilis (3) – Lebanon Drinking water P [119] 

mcr-1 P. mirabilis (2) – Lebanon Sewage P [119] 

( continued on next page ) 
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Table 2 ( continued ) 

mcr gene Species (n) Sequence type (ST) Country Water source Gene location 

(P/Ch) 

Reference 

mcr-1 P. mirabilis (3) – Lebanon Well water P [119] 

mcr-1.1 

and 

mcr-1.7 

E. coli (1) ST1196 China Hospital sewage P (IncX4, IncI2) [31] 

mcr-1.1 

and 

mcr-3.5 

E. coli (1) ST410 China Hospital sewage P 

(IncHI2(ST3)/IncN, 

IncP) 

[94] 

mcr-1.2 E. coli (1) ST10 Italy Stream P (IncX4) [57] 

mcr-1.4 E. coli (1) ST7087 China Hospital sewage P (IncX4) [31] 

mcr-1.6 E. coli (1) ST10 China Drinking water P (IncX4) [102] 

mcr-1.6 E. coli (2) ST10, ST1434 China River P [102] 

mcr-2 E. coli (1) – Egypt Surface water – [109] 

mcr-2 K. pneumoniae (1) – Egypt Surface water – [109] 

mcr-3 Aeromonas hydrophila 

(4) 

– China River – [92] 

mcr-3 Aeromonas salmonicida 

(1) 

ST601 China Tap water – [124] 

mcr-3 Aeromonas veronii (2) – China River – [92] 

mcr-3 E. coli (1) ST1730 Singapore Lake – [108] 

mcr-3.1 E. coli (1) ST393 Japan Wastewater P (IncF) [115] 

mcr-3.13 

and 

mcr-3.18 

Aeromonas caviae (2) – China River – [122] 

mcr-3.14 Aeromonas bivalvium 

(2) 

– China River – [122] 

mcr-5 Enterobacter sp. (1) – China Hospital sewage P [116] 

mcr-5.3 

and 

mcr-8.2 

Stenotrophomonas sp. 

(1) 

– China Animal waste Ch [123] 

mcr-8 K. pneumoniae (1) ST3410 China Animal waste P (IncA/C2) [104] 

mcr-10 Enterobacter 

roggenkampii (3) 

ST595, ST1237, ST1059 China Hospital sewage P (IncFIB–FII) [117] 

WWTP, wastewater treatment plant; P, plasmid; Ch, Chromosome; (n), isolates number. 

and mcr-1.4 on the same conjugative IncX4 plasmid. In addition, 

another E. coli isolate belonging to ST1169 was found to co-express 

MCR-1.7 on an additional plasmid (IncI2) [31] . 

MCR-1 detection is not confined to wastewater and surface wa- 

ter but is also observed from groundwater. Sun et al. have docu- 

mented the isolation of mcr-1 -harbouring E. coli ST10 co-producing 

CTX-M-65 and ST48 co-producing CTX-M-14 from well water [72] . 

In 2018, four studies were published describing the detection of 

MCR-1-producing Enterobacterales in water, two from China, one 

from Algeria and one from Brazil. Wu et al. reported the isola- 

tion of mcr-1 -harbouring E. coli from the Jin River [91] . In addi- 

tion, Tuo et al. described the isolation of MCR-1-producing E. coli 

and E. cloacae from the Funan River [92] . The first African MCR- 

1-producing environmental E. coli isolates, belonging to ST23 and 

ST115, were obtained from seawater in Algeria [56] . Furthermore, 

an mcr-1 -positive, ESBL-producing E. coli ST58 isolate was recov- 

ered from a mangrove in Brazil [93] . 

More recently, a Chinese study reported the isolation of E. coli 

co-harbouring mcr-1 and mcr-3.5 genes on IncHI2/IncN and IncP 

plasmids, respectively [94] . The isolate was obtained from hospi- 

tal sewage and belonged to ST410. Interestingly, the abovemen- 

tioned strain co-produced NDM-5 carbapenemase, CTX-M-65 ESBL 

and the 16S rRNA methylase gene rmtB . In addition, the authors 

highlighted that although their encoding genes were located on 

different plasmids, the mcr-1, mcr-3.5, bla NDM-5 and rmtB genes 

were horizontally transferred together. In addition, mcr-1 -positive 

E. coli isolates were also obtained from WWTPs and surface wa- 

ter (ST10) in Germany [ 95 , 96 ], China [97] , Japan [98] , South Africa 

[99] and Tunisia [100] , from sewage of poultry and pig farms [101–

104] , from drinking water (ST10 and ST48) and river water (ST10 

and ST1434) in China [ 102 , 105 ], from urban sewage in India [106] , 

from surface water in Bangladesh [107] , Singapore [108] and Egypt 

[109] , from slaughterhouses in Germany [110–112] and Spain [113] , 

and from aquaculture water in China [114] . In addition, mcr-1 - 

harbouring K. pneumoniae isolates were detected in surface wa- 

ter in Egypt and animal waste in Germany [ 109 , 110 ]. Furthermore, 

mcr-2 -harbouring E. coli and K. pneumoniae as well as mcr-3.1 - 

harbouring E. coli and mcr-8 -positive K. pneumoniae were detected 

in surface water in Egypt, in WWTP in Japan and in animal waste 

in China, respectively [ 104 , 109 , 115 ]. mcr-3 - and mcr-5 -positive E. 

coli and Enterobacter sp. were isolated from surface water in Sin- 

gapore and hospital sewage in China, respectively [ 108 , 116 ]. The 

latest mcr gene described ( mcr-10 ) was recently detected in Enter- 

obacter roggenkampii isolates obtained from hospital sewage water 

in China. The mcr-10 genes were located on self-transferable IncFIB 

plasmids [117] . 

In Lebanon, Hmede et al. reported the isolation of mcr-1 - 

harbouring multidrug-resistant E. coli isolates from irrigation wa- 

ter from the two major Lebanese agricultural areas [118] . Interest- 

ingly, 2 of the 22 obtained isolates co-harboured a carbapenemase- 

encoding gene (NDM-1 or OXA-48) [118] . In recently published 

studies, mcr-1 -positive Proteus mirabilis and E. coli isolates were 

cultured from well water, drinking water and sewage collected in 

Syrian refugee camps [ 119 , 120 ]. 

The Lebanese study was not the only study reporting the detec- 

tion of mobile colistin resistance genes in irrigation water. mcr-1 - 

harbouring E. coli ST345 was detected in irrigation water in Algeria 

[121] . The occurrence of such resistance mechanisms in irrigation 

water is of great concern since this can affect a variety of matrices 

causing widespread dissemination of resistance mechanisms. 

5.2. Other Gram-negative bacilli 

Although mcr genes are mostly found in Enterobacterales, 

Aeromonas spp. are suggested to be the origin and a potential 

reservoir for the mcr-3 variant [122] . The mcr-1 gene has been 
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Fig. 2. Worldwide epidemiology of plasmid-mediated mobile colistin resistance ( mcr ) genes in aquatic environments. P, plasmid, ST, sequence type. 

detected in Aeromonas veronii and Aeromonas dhakensis isolated 

from urban sewage in India [106] . In addition, the occurrence of 

mcr-3 in Aeromonas hydrophila and A. veronii , of mcr-3.13 and mcr- 

3.18 in Aeromonas caviae and of mcr-3.14 in Aeromonas bivalvium 

in river water has been reported from China [ 92 , 122 ]. A study re- 

cent reported the detection of two mcr genes in a colistin-resistant 

Stenotrophomonas strain isolated from sewage water of a Chinese 

poultry farm. The aforementioned strain was subjected to whole- 

genome sequencing, which revealed the chromosomal occurrence 

of the mcr-5.3 and mcr-8.2 genes. Interestingly, the colistin resis- 

tance was transferable by conjugation [123] . More recently, an mcr- 

3- positive Aeromonas salmonicida ST601 isolate has been recovered 

from a tap water system in China [124] . 

5.3. mcr genes detected by culture-independent methods 

DNA-based techniques are also used to detect mcr genes in 

water bodies. mcr-1 genes were detected in WWTPs in Germany 

[ 125 , 126 ], Spain [127] and China [128] . Furthermore, mcr-3 and 

mcr-5 genes were detected in WWTPs in Colombia [129] . In ad- 

dition, mcr genes including mcr-1, mcr-3, mcr-4, mcr-5 and mcr-7 

were detected using a metagenomics approach in German munic- 

ipal wastewater [130] . Unlike the aforementioned studies, a high 

relative abundance of mcr-3, mcr-4, mcr-5 and mcr-7 genes was ob- 

served compared with the mcr-1 gene, which was detected in only 

1 of the 14 analysed samples [130] . In addition, rivers were also in- 

vestigated using culture-independent methods for the occurrence 

of mcr-1 and positive results were obtained from China [ 128 , 131 ] 

and India [132] . Recent studies conducted in Brazil have reported 

the detection of mcr-7.1 and mcr-3 in surface water and in water 

from a zoo [133–135] . Regarding hospital wastewater, mcr-1, mcr- 

3, mcr-5, mcr-7 and mcr-9 genes were detected in wastewater of a 

Chinese hospital [117] . In a study aimed at assessing the prevalence 

of the mcr-1 gene in water sources in Vietnam, this gene was de- 

tected with different abundance rates in urban drainage, river, lake 

and groundwater [136] . Furthermore, mcr-1 to mcr-6 genes were 

detected in a lake in China [137] . 

Animal waste has been largely recognised as a reservoir of 

ARGs. Recently, a metagenomics approach was used to examine the 

types of ARGs harboured by bacteria and bacteriophages in swine 

feedlot wastewater [138] . Importantly, the authors reported the 

detection of mcr-1 in the phage population, which confirms that 

phages may play an important role as a driving force for the hori- 

zontal transfer of such worrisome ARGs in the environment. More 

recently, Wang et al. reported the detection of mcr-1 and mcr-3 

genes in sewage samples collected from a pig farm in China [101] . 

Importantly, despite that 85.7% of samples were positive for the 

mcr-3 gene, no mcr-3 -positive isolate was obtained, thus confirm- 

ing the importance of culture-independent methods for the detec- 

tion of ARGs. In addition, in a recent study, Xia et al. reported that 
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Fig. 3. Population snapshot of mcr -harbouring Escherichia coli sequence types (STs) detected in aquatic environments with the respective geographical area, generated using 

PHYLOViZ Online [144] . 

colistin residues have a direct impact on mcr-1 accumulation in 

manure [139] . 

More worryingly was the detection of the mcr-1 gene in drink- 

ing water, which was reported from China in 2018 when Wang 

et al. detected the mcr-1 gene in a drinking water treatment plant 

[128] . In addition, metagenomic shotgun sequencing allowed the 

first report of the mcr-5.4 variant through its detection in hospital 

tap water in the Netherlands [140] . Recently, the mcr-1 gene was 

detected in drinking water in Germany [141] and China [142] . In 

addition, 17 mcr variants ( mcr-1.4, mcr-1.9, mcr-1.10, mcr-2.2, mcr- 

3.5, mcr-3.8, mcr-3.12, mcr-4, mcr-4.2, mcr-4.3, mcr-4.4, mcr-5, mcr- 

5.2, mcr-6.1, mcr-7.1, mcr-8 and mcr-9 ) were detected by metage- 

nomic analysis in drinking water treatment plants in China [143] . 

6. Multilocus sequence typing (MLST) 

Among mcr -harbouring species detected in aquatic environ- 

ments, E. coli was the most isolated and the most characterised by 

ML ST. ML ST analysis was available for 105 E. coli isolates where 41 

STs were reported. Phylogenetic analysis of the detected STs, con- 

ducted using PHYLOViZ Online [144] , revealed a high genotypic di- 

versity ( Fig. 3 ). ST1196 was the most dominant with 29 isolates, 

followed by ST10 with 19 isolates. However, ST10 was the most 

geographically distributed, with mcr-1 -positive E. coli ST10 isolates 

detected in seven countries from three continents. 

7. Conclusions 

In response to the storm of carbapenem-resistant Gram- 

negative bacteria, colistin has re-emerged as a drug of last re- 

sort [145] for the treatment of life-threatening Gram-negative bac- 

terial infections. However, this last line of defence against these 

deadly infections is significantly threatened by the emergence and 

rapid spread of colistin resistance, especially by mcr genes. It is 

now clearer than ever that water environments represent a wor- 

risome reservoir of antibiotic resistance that significantly promotes 

the horizontal exchange of ARGs between bacteria from different 

origins, contributing to a difficult-to-control evolution and spread 

of antibiotic resistance. In addition, the transmission of ARB from 

water bodies to humans causing grave infections has been proven. 

Consequently, an urgent need exists to assess the scale of antibiotic 

resistance, especially in water habits, in order to curtail its occur- 

rence and dissemination. 
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En Algérie, les isolats de BGN résistantes aux carbapénèmes (Touati et Mairi, 2019) 

et à la colistine (Drali et al., 2018; Nabti et al., 2020; Touati et al., 2020) sont de plus en plus 

détectés dans différents types d’échantillons de différentes sources, indiquant leur possible 

dissémination généralisée dans ce pays. En effet, malgré le peu d’études réalisées dans notre 

pays sur la détection des BGN résistantes aux carbapénèmes, ça fait presque dix ans que de 

grands chercheurs du domaine ont suggéré que les BGN productrices de carbapénémases et 

précisément celles de la classe D soient endémiques en Algérie (Poirel et al., 2012). De même, 

le plus ancien isolat algérien résistant à la colistine suite à l’expression du nouveau mécanisme 

codé par le gène mcr-1 détecté en 2016 date du 2011 (Berrazeg et al., 2016). Cela suggère une 

ancienne propagation silencieuse de ces mécanismes de résistance dans notre pays comme 

résultat du manque d’études utilisant des technologies nouvelles de caractérisation moléculaire. 

D’où la nécessité de la réalisation d’études efficaces permettant l’identification des éventuels 

réservoirs et voies de diffusion de ces mécanismes. 

Une étape importante dans notre quête pour évaluer le risque présenté par les milieux 

aquatiques à travers leur rôle comme réservoir et la possibilité de leur implication dans la 

dissémination des bactéries à Gram négatif résistantes aux antibiotiques de dernier recours à 

savoir les carbapénèmes et la colistine au niveau de la ville de Batna, une étude expérimentale 

a été menée entre Novembre 2018 et Octobre 2019. Cette partie avait comme objectif la 

recherche des bactéries citées précédemment et l’investigation de leurs mécanismes de 

résistance en question. Au cours de cette partie expérimentale, nous avons opté pour une 

démarche dont une partie propre à notre équipe de recherche basée sur l’isolement sélectif des 

bactéries recherchées suivie de leur caractérisation microbiologique, puis l’étude phénotypique 

et moléculaire des mécanismes de résistance aux antibiotiques ciblés. En parallèle la clonalité 

de certaines souches a été aussi étudiée. Ce protocole expérimental nous a permis la réalisation 

de trois articles de recherche. 

- Le premier a été réalisé sur les eaux usées de l’établissement publique hospitalier de Batna 

en mois de Novembre 2018, où nous avons signalé la présence des BGN productrices de 

carbapénémases de la classe D (Oxacillinases) de type OXA-48 et de la classe B (métallo-

β-lactamases) de types VIM et NDM. Cet article a été publié en 2021 dans la revue Microbial 

Drug Resistance éditée par Mary Ann Liebert, Inc. et indexée dans Web Of Science avec un 

facteur d’impact de 3,431 (année 2020).  
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- Dans le deuxième article, nous avons décrit la première détection du gène mcr-5 responsable 

de la résistance à la colistine en Algérie, et la première description de ce gène dans l’espèce 

Cupriavidus gilardii dans le monde. Cette souche a été isolée à partir de l’eau de puit qui 

approvisionne la maternité de Batna en eau de robinet. L’article a été publié en 2021 dans la 

revue mSphere éditée par la Société Américaine de Microbiologie indexée dans Web Of 

Science avec un facteur d’impact de 4,282 (année 2020).  

- Le troisième article qui est en cours de publication, rassemble l’investigation des autres 

milieux aquatiques traités au cours de cette thèse. Cette partie a été réalisée sur la période 

allant du mois de Janvier jusqu’au mois d’Octobre 2019 dans laquelle nous avons analysé 

207 échantillons d’eau de différentes origines y compris l’eau des puits qui approvisionnent 

les quatre grands établissements hospitaliers de la ville de Batna en eau, l’eau de robinet et 

les eaux usées de ces mêmes établissements, en plus des eaux usées déversées dans Oued El 

Gourzi. Dans cet article, nous rapportons des résultats originaux d’une grande importance 

épidémiologique et sanitaire à savoir la détection des BGN productrices des carbapénémases 

dans les eaux souterraines, l’eau de robinet des hôpitaux ainsi que dans les eaux usées 

hospitalières et celles déversées dans l’environnement. En plus, nous avons détecté des 

souches d’Escherichia coli porteuses du gène mcr-1 appartenant à différents clones dans les 

eaux usées hospitalières et celles rejetées dans l’environnement.   
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Abstract  23 

Antibiotic-resistant bacteria can leave hospitals and therefore contaminate the environment 24 

and, most likely, humans and animals, via different routes, among which wastewater 25 

discharge is of great importance. This study aims to assess the possible role of hospital 26 

sewage as reservoir and dissemination pathway of carbapenem resistant Gram-negative bacilli 27 

(GNB). Carbapenem resistant GNB were selectively isolated from wastewater collected from 28 

a public hospital in Batna, Algeria. Species identification was carried out using matrix-29 

assisted laser desorption and ionization time-of-flight mass spectrometry and antibiotic 30 

susceptibility was evaluated by the disc diffusion method. β-lactamase production was 31 

investigated phenotypically using the double-disk synergy assay and the modified CarbaNP 32 

test, then the molecular mechanisms of β-lactam-resistance were studied by PCR and 33 

sequencing.  34 

Ten Enterobacteriaceae and fourteen glucose-non-fermenting (Gnf) GNB isolates were 35 

obtained. All Enterobacteriaceae isolates were positive for OXA-48 and TEM-1D β-36 

lactamases, where seven of them co-produced an extended-spectrum β-lactamase. VIM-2 37 

carbapenemase was detected in six Gnf GNB isolates. However, three Pseudomonas 38 

aeruginosa, one Comamonas jiangduensis and one Acinetobacter baumannii isolates were 39 

positive for VIM-4 variant. In addition, NDM-1 enzyme was detected in four Acinetobacter 40 

baumannii isolates. 41 

Our findings highlight the potential impact of hospital wastewater in the spread of drug 42 

resistance mechanisms outside of hospitals.   43 

Keywords  44 

Hospital sewage, Gram-negative bacteria, metallo-β-lactamases, OXA-48, Algeria.   45 
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ABSTRACT This paper presents the first description of the mcr-5.1 gene in a colistin-
resistant Cupriavidus gilardii isolate from well water that supplies a maternity hospital
in Algeria. The whole-genome sequence of this strain showed the presence of putative
b-lactamase, aac(3)-IVa, and multidrug efflux pump-encoding genes, which could
explain the observed multidrug resistance phenotype. Our findings are of great interest,
as we highlight a potential contamination route for the spread of mcr genes.

IMPORTANCE Colistin resistance mediated by mcr genes in Gram-negative bacteria
has gained significant attention worldwide. This is due to the ability of these genes
to be horizontally transferred between different bacterial genera and species.
Aquatic environments have been suggested to play an important role in the emer-
gence and spread of this resistance mechanism. Here, we describe the first report of
an mcr-5-positive Cupriavidus gilardii aquatic isolate through its isolation from well
water in Algeria. The significance of our study is in shedding the light on an impor-
tant environmental reservoir of mcr genes.

KEYWORDS Cupriavidus gilardii,mcr-5, colistin resistance, groundwater, Algeria

Since the first detection of the plasmid-mediated colistin resistance mechanism in
December 2015, 10 mcr genes and several variants have been identified worldwide

from different sources (1, 2). Being transferable, this mechanism has received more
attention than any of the colistin resistance mechanisms previously described. Indeed,
the origin of this mechanism has long preoccupied researchers, and different studies
have suggested an environmental origin, particularly an aquatic one (3–5), which could
participate significantly in its dissemination to pathogenic bacteria. Likewise, aquatic
environments can act as an important vehicle for the spread of such resistance mecha-
nisms to humans either in the community or, more worryingly, in hospital settings.

In this paper, we present the first report of the mcr-5 gene in an unusual bacterial
isolate, Cupriavidus gilardii, recovered from well water that supplies a maternity hospi-
tal in the Batna province, Algeria.

During September and October 2019, 38 water samples were obtained from a maternity
hospital in Batna city, Algeria. The hospital is located in an urban region where no agricul-
tural activity is near the study site. One liter of water was collected in sterile glass bottles
from the well that supplies the hospital with tap water, from water tanks, and from taps
with the hospital’s various wards. Each water sample was filtered through a cellulose
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membrane (0.45 mm pore size), and the filter was placed on a MacConkey agar plate
(HiMedia, India). Plates were incubated overnight aerobically at 37°C. Cultures were purified
and identified using matrix-assisted laser desorption ionization–time of flight mass spec-
trometry (6). Thereafter, isolates were screened by real-time PCR for the occurrence ofmcr-1,
mcr-2, mcr-3, mcr-4, mcr-5, and mcr-8 genes as previously described (7, 8). The mcr-5 gene
was detected in one isolate (strain Q4897) which was identified as Cupriavidus gilardii.
Cupriavidus gilardii is a glucose-nonfermenting Gram-negative bacterium (GNB) that belongs
to the Burkholderiaceae family. It was previously classified as Ralstonia gilardii and Wautersia
gilardii (9). The gene was fully amplified by standard PCR and sequenced using BigDye termi-
nator chemistry on an ABI 3500xl automated sequencer (Applied Biosystems, Foster City, CA,
USA). Sequence analysis confirmed anmcr-5.1 variant.

The mcr-5-positive isolate was examined for its susceptibility to antibiotics using the disc
diffusion method, and inhibition zone diameters were interpreted according to the antibiotic
committee of the French Society for Microbiology (Société Française de Microbiologie)
breakpoints (https://www.sfm-microbiologie.org/wp-content/uploads/2020/04/CASFM2020
_Avril2020_V1.1.pdf). In addition, the colistin MIC was determined using the broth microdi-
lution (BMD) method. Our isolate was resistant to ticarcillin, ticarcillin-clavulanate, aztreo-
nam, ertapenem, meropenem, imipenem, gentamicin, fosfomycin, rifampin, and colistin
(MIC = 8 mg/ml). The isolate was negative for carbapenemase production using the
b-CARBA test (Bio-Rad, Marnes-la-Coquette, France). For whole-genome sequencing (WGS),
genomic DNA was extracted using the EZ1 biorobot with the EZ1 DNA tissue kit (Qiagen,
Hilden, Germany) and then sequenced on a MiSeq sequencer (Illumina Inc., San Diego, CA,
USA) with the Nextera Mate Pair sample preparation kit and Nextera XT Paired End
(Illumina). The assembly was performed using a Shovill pipeline (https://github.com/
tseemann/shovill). Scaffolds of ,800 bp and scaffolds with a depth value lower than 25%
of the mean depth were removed. The assembly generated 66 contigs with a total length
of 5,335,421 bp and a GC content of 67.3%. The occurrence of antibiotic resistance genes
was investigated through the ABRicate function of the Galaxy web platform (https://
usegalaxy.org.au/) using ARG-ANNOT, NCBI, CARD, and ResFinder as reference databases
with minimum of 70% for identity and coverage. All detected hits are presented in Table 1.
In addition to the mcr-5.1 colistin resistance gene, we identified a class D b-lactamase
which was highly similar (90.84% similarity with the reference sequence) to the OXA-837
enzyme and a putative aminoglycoside inactivation enzyme, “aac(3)-IVa.” Interestingly,
these two antibiotic resistance genes have been found to be well conserved in C. gilardii
genomes (9). Furthermore, several conserved multidrug efflux pumps were detected, which
could explain the multidrug resistance phenotype observed in our isolate.

In parallel, the mcr-5 protein reference sequence (WP_053821788.1) from Proteobacteria
was used to query its presence in all available complete and WGS genomes of Cupriavidus
from the NCBI database. The in silico analysis showed that, of the 127 Cupriavidus genomes,
fivemcr-5 chromosomic sequences (4% of analyzed genomes) exhibited an identity value at
100% and 100% alignment with the reference sequence. Indeed, it has been suggested that
the mcr-5 gene might have been transferred from environmental C. gilardii to Salmonella
enterica (10); nevertheless, this gene was identified only in three out of the eight available C.
gilardii genomes (Table 2) and in two genomes of Cupriavidus sp. However, we do not know
the susceptibility of these strains to colistin, which could have provided us with more infor-
mation on the resistance mechanism. In addition, Easyfig v2.2.5 software was used to investi-
gate the genetic environment surrounding the mcr-5 gene from the five selected genomes
as well as from our isolate (Fig. 1).

Our mcr-5-positive isolate was recovered from the well supplying the hospital with tap
water. Except for drinking, this water is used in all applications requiring water use in the
hospital, including cooking, bathing of newborns, cleaning, and hand washing. It is worth
mentioning that well water is directly used without any treatment.

The mcr-5 gene was first described in Salmonella enterica subsp. enterica serovar
Paratyphi B var. Java dTa1 from Germany, where the authors confirmed that the mcr-5
gene was located on a 7,337-bp Tn3-family transposon harbored by a ColE-type
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plasmid (10). Interestingly, by using BLASTn search a Tn3-family transposon harboring
the mcr-5 gene was also detected in chromosome 1 of a C. gilardii strain (CR3) recov-
ered in the United States (10).

mcr variants have been previously detected in aquatic environments. mcr-5 and
mcr-5.4 have been detected by culture-independent methods in a wastewater treat-
ment plant in Germany and in hospital tap water in the Netherlands, respectively (11,
12). In addition, the mcr-5 gene has been detected in an Enterobacter sp. isolated from
hospital sewage in China (13), and an MCR-5.3-producing Stenotrophomonas sp. has
been isolated from animal waste in China (14). Recently, mcr-5 has been detected in a
Cupriavidus sp. closely related to C. gilardii isolated from the blood of an immunocom-
promised patient in South Korea (15).

FIG 1 Genomic environment of mcr-5 genes in Cupriavidus genomes. Linear comparison of the mcr-5-carrying chromosome fragments of C. gilardii strain CR3,
C. gilardii strain CCUG 38401, C. gilardii strain ATCC 700815, C. gilardii strain Q4897, Cupriavidus sp. strain MKL-01, and Cupriavidus sp. strain ISTL7. Boxed arrows
represent the position and transcriptional direction of open reading frames. Regions of .99% identity are marked by red shading. MFS, major facilitator superfamily.
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Members of the Cupriavidus genius are known for their resistance to copper and
other metals. This might be due to the presence of several metal resistance loci such
as cop genes, as shown in Fig. 1.

C. gilardii is gaining increasing attention as an emerging pathogen, and several studies
have reported its role in human infections, including perirectal inflammation, blood-
stream infection, muscular abscess, and catheter sepsis (15). In terms of antibiotic resist-
ance, it has been suggested that C. gilardii is intrinsically resistant to ertapenem, merope-
nem, ampicillin, amoxicillin-clavulanate, gentamicin, tobramycin, and streptomycin, while
it is susceptible to imipenem and cefotaxime and intermediately resistant to spectinomy-
cin (9). In a study carried out on 39 Cupriavidus clinical isolates, including six C. gilardii
strains, the authors tested the MICs of these strains against 20 antibiotics by BMD, and
the results showed that two C. gilardii strains were resistant to colistin and four were imi-
penem resistant. However, the resistance mechanisms were not characterized (16).

Our findings are of great interest, as we present here a potential route for the spread
of such resistant organisms in the community, where further investigations and actions
are required in order to contain this problem.

Data availability. This whole-genome sequence has been deposited at GenBank
under accession no. JAGFTW000000000.

ACKNOWLEDGMENTS
We are very grateful to the staff of the prevention service for facilitating the sampling

procedure and to Amira Rayane Righi for her contribution.
This work was supported by the French Government under the “Investments for the

Future” program managed by the National Agency for Research (ANR) (Méditerranée-
Infection 10-IAHU-03) and the DGRSDT of the Algerian Ministry of Higher Education and
Scientific Research.

There are no competing interests to declare.

REFERENCES
1. Wang C, Feng Y, Liu L, Wei L, Kang M, Zong Z. 2020. Identification of novel

mobile colistin resistance gene mcr-10. Emerg Microbes Infect 9:508–516.
https://doi.org/10.1080/22221751.2020.1732231.

2. Ling Z, Yin W, Shen Z, Wang Y, Shen J, Walsh TR. 2020. Epidemiology of
mobile colistin resistance genes mcr-1 to mcr-9. J Antimicrob Chemother
75:3087–3095. https://doi.org/10.1093/jac/dkaa205.

3. Khedher MB, Baron SA, Riziki T, Ruimy R, Raoult D, Diene SM, Rolain J-M. 2020.
Massive analysis of 64,628 bacterial genomes to decipher water reservoir and
origin of mobile colistin resistance genes: is there another role for these
enzymes? Sci Rep 10:5970. https://doi.org/10.1038/s41598-020-63167-5.

4. Shen Y, Xu C, Sun Q, Schwarz S, Ou Y, Yang L, Huang Z, Eichhorn I, Walsh TR,
Wang Y, Zhang R, Shen J. 2018. Prevalence and genetic analysis of mcr-3-
positive Aeromonas species from humans, retail meat, and environmental
water samples. Antimicrob Agents Chemother 62:e00404-18. https://doi
.org/10.1128/AAC.00404-18.

5. Shen Y, Yin W, Liu D, Shen J, Wang Y. 2018. Reply to Cabello et al., “Aqua-
culture and mcr colistin resistance determinants.” mBio 9:e01629-18.
https://doi.org/10.1128/mBio.01629-18.

6. Seng P, Drancourt M, Gouriet F, La Scola B, Fournier PE, Rolain JM, Raoult
D. 2009. Ongoing revolution in bacteriology: routine identification of bac-
teria by matrix-assisted laser desorption ionization time-of-flight mass
spectrometry. Clin Infect Dis 49:543–551. https://doi.org/10.1086/600885.

7. Touati M, Hadjadj L, Berrazeg M, Baron SA, Rolain JM. 2020. Emergence of
Escherichia coli harbouringmcr-1 andmcr-3 genes in North West Algerian
farmlands. J Glob Antimicrob Resist 21:132–137. https://doi.org/10.1016/j
.jgar.2019.10.001.

8. Nabti LZ, Sahli F, Ngaiganam EP, Radji N, MezaghchaW, Lupande-Mwenebitu
D, Baron SA, Rolain J-M, Diene SM. 2020. Development of real-time PCR assay
allowed describing the first clinical Klebsiella pneumoniae isolate harboring
plasmid-mediated colistin resistancemcr-8 gene in Algeria. J Glob Antimicrob
Resist 20:266–271. https://doi.org/10.1016/j.jgar.2019.08.018.

9. Ruiz C, McCarley A, Espejo ML, Cooper KK, Harmon DE. 2019. Comparative
genomics reveals a well-conserved intrinsic resistome in the emerging
multidrug-resistant pathogen Cupriavidus gilardii. mSphere 4:e00631-19.
https://doi.org/10.1128/mSphere.00631-19.

10. Borowiak M, Fischer J, Hammerl JA, Hendriksen RS, Szabo I, Malorny B.
2017. Identification of a novel transposon-associated phosphoethanol-
amine transferase gene, mcr-5, conferring colistin resistance in d-tartrate
fermenting Salmonella enterica subsp. enterica serovar Paratyphi B. J Anti-
microb Chemother 72:3317–3324. https://doi.org/10.1093/jac/dkx327.

11. Kneis D, Berendonk TU, Heß S. 2019. High prevalence of colistin resistance
genes in German municipal wastewater. Sci Total Environ 694:133454.
https://doi.org/10.1016/j.scitotenv.2019.07.260.

12. Fleres G, Couto N, Schuele L, Chlebowicz MA, Mendes CI, van der Sluis
LWM, Rossen JWA, Friedrich AW, García-Cobos S. 2019. Detection of a
novel mcr-5.4 gene variant in hospital tap water by shotgun metage-
nomic sequencing. J Antimicrob Chemother 74:3626–3628. https://doi
.org/10.1093/jac/dkz363.

13. Xu T, Ji Y, Song J, Huang J, Chen R, Qiu C, Zhou K. 2021. A novel host of MCR-
5 belonging to Enterobacter spp. isolated from hospital sewage water. Envi-
ron Microbiol Rep 13:234–237. https://doi.org/10.1111/1758-2229.12937.

14. Li J, Liu S, Fu J, Yin J, Zhao J, Zhong C, Cao G. 2019. Co-occurrence of colistin
and meropenem resistance determinants in a Stenotrophomonas strain iso-
lated from sewage water. Microb Drug Resist 25:317–325. https://doi.org/10
.1089/mdr.2018.0418.

15. Kweon OJ, Lim YK, Kim HR, Kim T-H, Ha S-M, Lee M-K. 2020. Isolation of a
novel species in the genus Cupriavidus from a patient with sepsis using
whole genome sequencing. PLoS One 15:e0232850. https://doi.org/10
.1371/journal.pone.0232850.

16. Massip C, Coullaud-Gamel M, Gaudru C, Amoureux L, Doleans-Jordheim A,
Hery-Arnaud G, Marchandin H, Oswald E, Segonds C, Guet-Revillet H. 2020.
In vitro activity of 20 antibiotics against Cupriavidus clinical strains. J Antimi-
crob Chemother 75:1654–1658. https://doi.org/10.1093/jac/dkaa066.

Cherak et al.

September/October 2021 Volume 6 Issue 5 e00575-21 msphere.asm.org 6

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

sp
he

re
 o

n 
01

 S
ep

te
m

be
r 

20
21

 b
y 

10
5.

10
5.

10
0.

78
.

https://www.ncbi.nlm.nih.gov/nuccore/JAGFTW000000000
https://doi.org/10.1080/22221751.2020.1732231
https://doi.org/10.1093/jac/dkaa205
https://doi.org/10.1038/s41598-020-63167-5
https://doi.org/10.1128/AAC.00404-18
https://doi.org/10.1128/AAC.00404-18
https://doi.org/10.1128/mBio.01629-18
https://doi.org/10.1086/600885
https://doi.org/10.1016/j.jgar.2019.10.001
https://doi.org/10.1016/j.jgar.2019.10.001
https://doi.org/10.1016/j.jgar.2019.08.018
https://doi.org/10.1128/mSphere.00631-19
https://doi.org/10.1093/jac/dkx327
https://doi.org/10.1016/j.scitotenv.2019.07.260
https://doi.org/10.1093/jac/dkz363
https://doi.org/10.1093/jac/dkz363
https://doi.org/10.1111/1758-2229.12937
https://doi.org/10.1089/mdr.2018.0418
https://doi.org/10.1089/mdr.2018.0418
https://doi.org/10.1371/journal.pone.0232850
https://doi.org/10.1371/journal.pone.0232850
https://doi.org/10.1093/jac/dkaa066
https://msphere.asm.org


 
 

 

 

 

 

Article 5 

Aquatic environments as reservoirs of 

carbapenemases and MCR-1 producing Gram-

negative bacteria in Batna, Algeria 

A soumettre dans «Water Research»  

Facteur d’impact : 11.236 

 



 

1 
 

Aquatic environments as reservoirs of carbapenemases and MCR-1 producing Gram-1 

negative bacteria in Batna, Algeria 2 

Zineb Cherak1, Lotfi Loucif2, *, Esma Bendjama2, Abdelhamid Moussi1, Amel 3 

Benbouza3, Nadia Grainat3 and Jean-Marc Rolain4, 5  4 

1Laboratoire de Génétique, Biotechnologie et Valorisation des Bioressources (GBVB), 5 

Faculté des Sciences Exactes et des Sciences de la Nature et de la Vie, Université Mohamed 6 

Khider, Biskra, Algeria. 7 

2Laboratoire de Biotechnologie des Molécules Bioactives et de la Physiopathologie Cellulaire 8 

(LBMBPC), Faculté des Sciences de la Nature et de la Vie, Université de Batna 2, Batna, 9 

Algeria. 10 

3Faculté de Médecine, Université de Batna 2, Batna, Algeria. 11 

4Aix Marseille Univ, IRD, MEPHI, Faculté de Médecine et de Pharmacie, Marseille, France. 12 

5IHU Méditerranée Infection, Marseille, France. Assistance Publique des Hôpitaux de 13 

Marseille, Marseille, France. 14 

*Corresponding author 15 

Lotfi Loucif 16 

Phone: +213 (0) 5 40 92 54 00 17 

Email: lotfiloucif@hotmail.fr 18 

Text word count: 4016, Abstract word count: 250 19 

References: 40 20 

Figures: 03 21 

Tables: 01 22 

Key words: GNB, carbapenemases, mcr-1, water environments, Algeria. 23 

mailto:lotfiloucif@hotmail.fr
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Abstract 24 

In recent years, the importance of the surrounding environment in the emergence and the 25 

dissemination of drug-resistant-bacteria has been emphasised, especially within the concept of 26 

the “One Health” approach, where water plays an important role. The aim of this study was to 27 

screen for carbapenem- and colistin-resistant Gram-negative bacteria (GNBs) in hospital tap 28 

water, hospital sewage, and environmental wastewater and to investigate their molecular 29 

determinants.   30 

For this purpose, 172 tap water and 35 wastewater samples were collected in Batna city in 31 

Algeria. Carbapenem- and colistin-resistant GNBs were selectively isolated and then 32 

identified using matrix-assisted laser desorption and ionization time-of-flight mass 33 

spectrometry. Antibiotic susceptibility was assessed phenotypically using the disc diffusion, 34 

E-test, broth microdilution, the double-disk synergy test and the modified CarbaNP test. 35 

Subsequently, the molecular mechanisms of β-lactams and colistin resistance were 36 

investigated by PCR and sequencing. The clonal relatedness of mcr-1 positive E. coli isolates 37 

was determined by multi-locus sequence typing. 38 

We noticed high level of resistance in both tap water and wastewater. The most commonly 39 

found carbapenem-resistance mechanism was the OXA-48 enzyme. Other carbapenemases 40 

were also detected, including KPC, VIM and NDM variants. In addition, the mcr-1 gene was 41 

detected in 18 E. coli isolates of different sequence types. 42 

Our findings highlight the role of aquatic environments in the dissemination of resistant 43 

bacteria, especially considering that water is a connecting medium between different 44 

ecological systems and can easily transmit resistant bacteria and promote horizontal gene 45 

transfer. Thus, the development of effective treatment strategies for eliminating antibiotic-46 

resistance is needed. 47 
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Au terme de ce travail, nous avons constaté que les milieux aquatiques sont des 

réservoirs et peuvent véhiculer les BGN résistantes aux antibiotiques de dernier recours 

(carbapénèmes et colistine) permettant leur possible large dissémination dans 

l’environnement, d’où ces milieux aquatiques présentent aujourd’hui un problème majeur 

menaçant à la fois la santé publique, la santé animale, l’environnement, et la sécurité 

alimentaire.  

L’identification des réservoirs environnementaux d'organismes résistants et des gènes 

de résistance est cruciale dans la quête mondiale pour contrôler leur dissémination. En se 

basant sur les données bibliographiques collectées au cours de la réalisation de cette thèse et 

particulièrement les deux revues de littérature, nous concluons que les BGN résistantes aux 

carbapénèmes et à la colistine par les gènes mcr ont connu une dissémination à grande échelle 

(mondiale) dans les différentes sources aquatiques, présentant ainsi une préoccupation 

majeure qui s'est imposée notamment au cours des dernières années. 

Dans le présent travail, nous rapportons la première détection des BGN productrices 

d'OXA-48, des métallo-β-lactamases et de MCR-1 dans les eaux usées hospitalières et celles 

rejetées dans l’environnement en Algérie à travers leur description à la ville de Batna. Ces 

découvertes confirment le rôle potentiel de ces milieux dans la dissémination de tels 

mécanismes de résistance aux antibiotiques en dehors des hôpitaux et dans l’environnement. 

D’autre part, nous avons rapporté aussi la première détection des BGN productrices de 

carbapénémases dans l’eau de robinet et de puits assurant l’approvisionnement des hôpitaux 

en Algérie, signalant le danger présenté pour la santé des malades hospitalisés. Ce travail a 

permis aussi de détecter le premier isolat résistant à la colistine suite à l’expression du gène 

mcr-5 en Algérie via son isolement à partir d’eau de puit d’un hôpital, confirmant l’utilité et 

l’importance de l’investigation de la contamination des environnements aquatiques par ces 

bactéries.  

Les données présentées ici confirment la large diffusion des BGN productrices de 

carbapénémases et de MCR-1 dans l'environnement naturel et d'autres habitats aquatiques 

dans la ville de Batna, Algérie. Au cours de ce travail, nous avons utilisé des outils avancés 

d’identification et de caractérisation moléculaire des souches isolées à savoir le typage 

moléculaire et le séquençage du génome bactérien ce qui nous a permis de mieux comprendre 

les mécanismes responsables de ces niveaux de résistance, l’épidémiologie et la relation entre 

les souches isolées. Ceci est de grande valeur pour une surveillance efficace permettant de 
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lutter contre le phénomène de résistance aux antibiotiques quel que soit en milieu clinique ou 

dans l’environnement.   

En effet, l'interdépendance entre l'environnement et la santé des humains, des animaux 

et des plantes rend la surveillance et le contrôle du phénomène de la résistance aux 

antibiotiques une tâche indispensable. D'où le besoin urgent d'une collaboration 

interdisciplinaire pour établir des stratégies efficaces de contrôle et de prévention contre la 

propagation de telles bactéries. De plus, il semble clair que les eaux usées, quelle que soit leur 

origine, sont le principal réservoir des bactéries résistantes parmi les autres milieux 

aquatiques. Par conséquent, elles devraient être une cible principale pour les efforts de 

contrôle et de prévention. Ainsi, le développement de méthodes efficaces de traitement des 

eaux usées pour éliminer ou au moins diminuer les bactéries résistantes aux antibiotiques et 

les gènes de résistance aux antibiotiques dans l'effluent final est fortement recommandé. 

Les résultats obtenus au cours de ce travail ouvrent le champ pour des travaux futurs 

ciblant les perspectives suivantes : 

- Poursuivre la surveillance de la résistance aux antibiotiques chez les BGN et l’élargir 

au groupe des bactéries à Gram positif à travers le lancement de plusieurs compagnies 

d’échantillonnage étalées dans le temps et à partir de différentes sources de plusieurs 

endroits.  

- Etude de la clonalité des souches isolées d’échantillons de différents domaines pour 

comprendre le circuit de dissémination de ces gènes via l’eau. 

- Evaluation du pouvoir de transfert des gènes de résistance en milieu aquatique à 

travers les éléments génétiques mobiles. 

- Développement des techniques de culturomics pour la recherche de ces bactéries dans 

les différents types d’échantillons ce qui pourrait aider à isoler d’autres espèces non 

connues pouvant disséminer ou même être à l’origine des gènes de résistance aux 

antibiotiques. 

- L’utilisation des techniques nouvelles de caractérisation moléculaire à savoir le 

séquençage à haut débit des génomes entiers des bactéries en question pour mieux 

comprendre ce phénomène d’antibiorésistance dans les milieux aquatiques et son 

impact sur la santé humaine et animale. 
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Résumé  

La résistance aux antibiotiques constitue aujourd’hui l’une des plus graves menaces 

pesant sur la santé publique, la sécurité alimentaire et le développement. Malheureusement, sa 

surveillance a longtemps été focalisée sur les milieux cliniques. Cependant, depuis que les 

bactéries résistantes aux antibiotiques sont considérées comme des polluants biologiques 

émergents, la contamination de l'environnement par les gènes de résistance et les bactéries 

résistantes aux antibiotiques a suscité une prise de conscience considérable. 

Dans cette étude, nous avons analysé l'eau du robinet des hôpitaux, les eaux usées 

hospitalières et les eaux usées rejetées dans l'environnement pour la présence et la diversité de 

bactéries à Gram négatif (BGN) résistantes aux carbapénèmes et à la colistine ainsi que 

l’investigation des mécanismes moléculaires impliqués dans cette résistance. Au cours de ce 

travail, nous avons utilisé des protocoles d’isolement sélectif et non sélectif des bactéries 

cibles, ainsi que des outils avancés d’identification et de caractérisation moléculaire des 

souches isolées à savoir le typage moléculaire et le séquençage du génome entier. 

Dans le présent travail, nous rapportons la première détection des BGN productrices 

de carbapénémases et des protéines MCR dans différents milieux aquatiques en Algérie, à 

travers leur isolement à partir des eaux usées hospitalières, eaux usées rejetées dans 

l’environnement, eau de robinet des hôpitaux ainsi que l’eau des puits à la ville de Batna. En 

ce qui concerne les carbapénémases, différentes enzymes ont été détectées à savoir KPC-2, 

NDM-5, VIM-2, VIM-4, OXA-23, OXA-48 et OXA-181, avec l’OXA-48 est la plus 

répondue. D’autre part, seulement deux gènes mcr ont été détectés dont le mcr-1 chez des 

souches de l’espèce Escherichia coli appartenant à différentes séquences types et mcr-5 chez 

une souche de Cupriavidus gilardii.  

Les résultats de notre étude confirment que les milieux aquatiques sont des réservoirs 

et peuvent véhiculer les BGN résistantes aux antibiotiques de dernier recours (carbapénèmes 

et colistine) permettant leur possible large dissémination dans l’environnement, par 

conséquent ces milieux aquatiques présentent aujourd’hui un problème majeur menaçant à la 

fois la santé publique, la santé animale, l’environnement, et la sécurité alimentaire. D'où le 

besoin urgent d'une collaboration interdisciplinaire pour établir des stratégies efficaces de 

contrôle et de prévention contre la propagation de telles bactéries. 

Mots clés : BGN, mcr-1, mcr-5, carbapénémases, milieux aquatiques, Algérie. 



 

Summary 

Antibiotic resistance is today one of the most serious threats to public health, food 

security and development. Unfortunately, its surveillance has long been focused on clinical 

settings. However, since antibiotic resistant bacteria have been seen as emerging biological 

pollutants, there has been considerable awareness of environmental contamination by 

resistance genes and antibiotic resistant bacteria.  

In this study, we analyzed hospital tap water, hospital wastewater and wastewater 

discharged to the environment for the presence and diversity of Gram-negative bacteria 

(GNB) resistant to carbapenems and colistin as well as the investigation of the molecular 

mechanisms involved in this resistance. During this work, we used protocols for selective and 

non-selective isolation of target bacteria, as well as advanced tools for identification and 

molecular characterization of isolated strains, namely molecular typing and whole genome 

sequencing. 

In the present work, we report the first detection of carbapenemases and MCR 

producing GNB in various aquatic environments in Algeria, via their isolation from hospital 

wastewater, wastewater discharged into the environment, hospital tap water as well as well 

water in Batna city. Regarding carbapenemases, different enzymes were detected namely 

KPC-2, NDM-5, VIM-2, VIM-4, OXA-23, OXA-48 and OXA-181, with OXA-48 being the 

most detected. On the other hand, only two mcr genes were detected, including mcr-1 in 

Escherichia coli isolates belonging to different sequence types and mcr-5 in a Cupriavidus 

gilardii isolate. 

The results of our study confirm that aquatic environments are reservoirs and can 

transport GNB resistant to last-resort antibiotics (carbapenems and colistin) allowing their 

possible wide dissemination in the environment, consequently these aquatic environments 

today present a major problem threatening both public health, animal health, the environment 

and food safety. Hence the urgent need for interdisciplinary collaboration to establish 

effective strategies to control and prevent the spread of such bacteria. 

Key words: GNB, mcr-1, mcr-5, carbapenemases, aquatic environments, Algeria. 

 



 ملخص 

راسة  تعد مقاومة المضادات الحيوية اليوم أحد أخطر التهديدات للصحة العامة، الأمن الغذائي والتنمية. للأسف، د 

ظر إلى البكتيريا المقاومة للمضادات ن. لكن، منذ أن أصبح ي الاستشفائيةهذه الظاهرة تركزت منذ فترة طويلة على الأوساط  

الحيوية على أنها ملوثات بيولوجية ناشئة، فقد أصبح هناك وعي كبير بالتلوث البيئي بجينات المقاومة والبكتيريا المقاومة 

 للمضادات الحيوية. 

، قمنا بتحليل مياه الصنبور ومياه الصرف الصحي بالمستشفيات ومياه الصرف الصحي التي يتم  لدراسةفي هذه ا 

البكتيريا سالبة   الكشف عن وجود وتنوع  أجل  البيئة من  إلى  المقاومةتصريفها  للكاربابينيمات والكوليستين وكذلك   الجرام 

خلال المقاومة.  هذه  عن  المسؤولة  الجزيئية  الآليات  العمل  دراسة  وغير  هذا  الانتقائي  للعزل  بروتوكولات  استخدمنا   ،

 ، فضلاً عن الأدوات المتطورة لتعريف السلالات المعزولة والدراسة الجزيئية لها.الانتقائي للبكتيريا المستهدفة

في    للكاربابينيمات والكوليستين  الجرام مقاومة  بكتيريا سالبة  قمنا لأول مرة بعزل  العمل،   مائيةأوساط  في هذا 

في   يتم تصريفها  التي  الصحي  الصرف  ومياه  بالمستشفيات،  الصحي  الصرف  مياه  في  وذلك  الجزائر،  في    البيئة، مختلفة 

 ة متعددة لهذه المقاومة. يومياه الحنفية بالمستشفيات وكذلك مياه الآبار في مدينة باتنة. كما تم تحديد آليات جزيئ

أن    دراستنا  نتائج  المائيةتؤكد  المقاومة  الأوساط  الجرام  سالبة  البكتيريا  نقل  في  مهما  دورا  تلعب  أن  يمكن 

للمضادات الحيوية )الكاربابينيمات والكوليستين( مما يسمح بانتشارها على نطاق واسع في البيئة، وبالتالي تمثل هذه البيئات  

وم الغذاء.  البيئة وسلامة  والحيوان،  الإنسان  تهدد صحة  كبيرة  مشكلة  اليوم  تعاون  المائية  إلى  الماسة  الحاجة  تأتي  هنا  ن 

 متعدد التخصصات لوضع استراتيجيات فعالة للسيطرة على هذه البكتيريا ومنع انتشارها.

 ، الجزائر. الأوساط المائيةسالبة الجرام، الكاربابينيمات، الكوليستين،  البكتيرياالمفتاحية: الكلمات 



Résumé  

La résistance aux antibiotiques constitue aujourd’hui l’une des plus graves menaces pesant 

sur la santé publique, la sécurité alimentaire et le développement. Malheureusement, sa surveillance 

a longtemps été focalisée sur les milieux cliniques. Cependant, depuis que les bactéries résistantes 

aux antibiotiques sont considérées comme des polluants biologiques émergents, la contamination de 

l'environnement par les gènes de résistance et les bactéries résistantes aux antibiotiques a suscité une 

prise de conscience considérable. 

Dans cette étude, nous avons analysé l'eau du robinet des hôpitaux, les eaux usées hospitalières 

et les eaux usées rejetées dans l'environnement pour la présence et la diversité de bactéries à Gram 

négatif (BGN) résistantes aux carbapénèmes et à la colistine ainsi que l’investigation des mécanismes 

moléculaires impliqués dans cette résistance. Au cours de ce travail, nous avons utilisé des protocoles 

d’isolement sélectif et non sélectif des bactéries cibles, ainsi que des outils avancés d’identification 

et de caractérisation moléculaire des souches isolées à savoir le typage moléculaire et le séquençage 

du génome entier. 

Dans le présent travail, nous rapportons la première détection des BGN productrices de 

carbapénémases et des protéines MCR dans différents milieux aquatiques en Algérie, à travers leur 

isolement à partir des eaux usées hospitalières, eaux usées rejetées dans l’environnement, eau de 

robinet des hôpitaux ainsi que l’eau des puits à la ville de Batna. En ce qui concerne les 

carbapénémases, différentes enzymes ont été détectées à savoir KPC-2, NDM-5, VIM-2, VIM-4, 

OXA-23, OXA-48 et OXA-181, avec l’OXA-48 est la plus répondue. D’autre part, seulement deux 

gènes mcr ont été détectés dont le mcr-1 chez des souches de l’espèce Escherichia coli appartenant à 

différentes séquences types et mcr-5 chez une souche de Cupriavidus gilardii.  

Les résultats de notre étude confirment que les milieux aquatiques sont des réservoirs et 

peuvent véhiculer les BGN résistantes aux antibiotiques de dernier recours (carbapénèmes et 

colistine) permettant leur possible large dissémination dans l’environnement, par conséquent ces 

milieux aquatiques présentent aujourd’hui un problème majeur menaçant à la fois la santé publique, 

la santé animale, l’environnement, et la sécurité alimentaire. D'où le besoin urgent d'une collaboration 

interdisciplinaire pour établir des stratégies efficaces de contrôle et de prévention contre la 

propagation de telles bactéries. 

Mots clés : BGN, mcr-1, mcr-5, carbapénémases, milieux aquatiques, Algérie. 

 ملخص 

هذه    دراسة  للأسف،  والتنمية.  الغذائي  الأمن  العامة،  للصحة  التهديدات  أخطر  أحد  اليوم  الحيوية  المضادات  مقاومة  تعد 

. لكن، منذ أن أصبح ينظر إلى البكتيريا المقاومة للمضادات الحيوية على  الاستشفائيةالظاهرة تركزت منذ فترة طويلة على الأوساط 

 ناشئة، فقد أصبح هناك وعي كبير بالتلوث البيئي بجينات المقاومة والبكتيريا المقاومة للمضادات الحيوية.أنها ملوثات بيولوجية 

في هذه الدراسة، قمنا بتحليل مياه الصنبور ومياه الصرف الصحي بالمستشفيات ومياه الصرف الصحي التي يتم تصريفها   

للكاربابينيمات والكوليستين وكذلك دراسة الآليات الجزيئية   الجرام المقاومةلبة  إلى البيئة من أجل الكشف عن وجود وتنوع البكتيريا سا

المسؤولة عن هذه المقاومة. خلال هذا العمل، استخدمنا بروتوكولات للعزل الانتقائي وغير الانتقائي للبكتيريا المستهدفة، فضلاً عن 

 ية لها.الأدوات المتطورة لتعريف السلالات المعزولة والدراسة الجزيئ

مختلفة في  أوساط مائيةفي هذا العمل، قمنا لأول مرة بعزل بكتيريا سالبة الجرام مقاومة للكاربابينيمات والكوليستين في   

ومياه الحنفية بالمستشفيات    البيئة،الجزائر، وذلك في مياه الصرف الصحي بالمستشفيات، ومياه الصرف الصحي التي يتم تصريفها في  

 ار في مدينة باتنة. كما تم تحديد آليات جزيئية متعددة لهذه المقاومة. وكذلك مياه الآب

يمكن أن تلعب دورا مهما في نقل البكتيريا سالبة الجرام المقاومة للمضادات الحيوية   الأوساط المائيةتؤكد نتائج دراستنا أن   

ة، وبالتالي تمثل هذه البيئات المائية اليوم مشكلة كبيرة  )الكاربابينيمات والكوليستين( مما يسمح بانتشارها على نطاق واسع في البيئ

تهدد صحة الإنسان والحيوان، البيئة وسلامة الغذاء. ومن هنا تأتي الحاجة الماسة إلى تعاون متعدد التخصصات لوضع استراتيجيات  

 فعالة للسيطرة على هذه البكتيريا ومنع انتشارها.

 ، الجزائر. الأوساط المائيةلجرام، الكاربابينيمات، الكوليستين، سالبة ا البكتيرياالمفتاحية: الكلمات 


