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FOREWORD  

This thesis is divided in six sections: general introduction, aim of the PhD project, results and 

discussion, conclusions and perspectives, selected bibliography and annexes.  

The annexes include the related material that has been published to international scientific journals 

in relation to the thesis work and also two papers published in PhD period, but not discussed in the 

present work.  
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1 

ANTIBIOTIC RESISTANCE 

Antibiotics are a class of drugs that can bind to specific bacterial targets, inducing a reversible 

(bacteriostatic) or irreversible (bactericidal) inhibition of bacterial growth. These compounds 

selectively target vital bacterial functions or growth processes, primarily aiming at disrupting or 

eliminating the bacterial cell wall, the cell membrane, or critical bacterial enzymes responsible for 

nucleic acid and protein synthesis (Monserrat-Martinez et al., 2019). 

Since Alexander Fleming's discovery of penicillin in 1929 and its widespread use, in 1940, Abraham 

and Chain reported the first case of penicillin resistance in Escherichia coli due to the production of 

an enzyme called penicillinase (Abraham and Chain, 1940). Up to now, no class of antibiotics has 

been exempt from this persistent phenomenon (Figure 1). For several decades, the issue of 

antibiotic resistance has been mitigated by the continuous introduction of new antibiotics. 

However, this progress has significantly slowed in recent years, leading to a rise in the prevalence 

of antibiotic-resistant bacterial pathogens (WHO and World Health Organization, 2020). 

Antibiotic treatments have improved clinical outcomes for infections, reducing morbidity and 

mortality in surgical, transplant, cancer, and critical care patients. With the use of powerful broad-

spectrum antibiotics, selective pressures have turned antibiotic resistance into a pressing global 

concern (Kon and Rai, 2016). In previous times, resistant infections were mainly connected to 

hospitals and care settings. However, in the last decade, the world has witnessed the emergence of 

difficult-to-treat infections within the general community as well (O’Neill, 2016). Indeed, while 

obtaining precise estimates of drug resistance is challenging, projections indicate that antimicrobial-

resistant infections could result in nearly 10 million annual deaths by 2050 unless appropriate 

measures are implemented (O’Neill, 2016). 

The use of these molecules, not only linked to overuse in the clinical field, but also in the agricultural 

and zootechnical field, has contributed to increasing phenomenon of resistance, even in potentially 

pathogenic bacteria for humans. Increasing numbers of hospital-acquired infections are now caused 

by multidrug-resistant pathogens, making treatment progressively difficult and antibiotic choice 

increasingly limited. 
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The spread of multidrug-resistant microorganisms (MDR), which are resistant to more than one 

antimicrobial agent, extensively drug-resistant (XDR) strains, which are only sensitive to one or two 

classes of antibiotics, and pan drug-resistant (PDR) strains, which are resistant to all known 

categories of antimicrobials, combined with the lack of development of new antibiotics, has resulted 

in the so-called "Antibiotic resistance crisis", a serious global health issue (Michael et al., 2014). 

Another exacerbating factor in this problem is the proliferation of highly virulent strains, known as 

"high-risk clones", such as E. coli ST131 and Klebsiella pneumoniae ST258. These clones, due to their 

ability to reproduce rapidly and survive for extended periods, play a significant role in the diffusion 

of antibiotic resistance (Mathers et al., 2015). 

 

Figure 1. Abbreviated timeline by year of antibiotic introduction and organism with specific resistance identified. 
BLNAR – b-lactamase negative ampicillin resistant; ESBL, extended spectrum b-lactamase; KPC, Klebsiella pneumoniae 

carbapenemase. (Lai et al., 2022) 
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2 

ANTIBIOTIC RESISTANCE MECHANISMS 
 
Antibiotic resistance in bacteria can result from two main mechanisms: vertical and horizontal 

transmission (Figure 2) (Dantas and Sommer, 2014). Vertical transmission involves the gradual 

accumulation of genetic changes as a part of the natural genome replication process, resulting in 

the inheritance of antibiotic resistance across generations. In contrast, horizontal transmission 

involves the exchange of resistant genes between different bacteria through several processes like 

transformation (where bacteria acquire resistance genes from deceased bacterial cells), 

transduction (the transfer of resistance genes by bacteriophages), and conjugation (gene transfer 

between bacterial cells via conjugative pili) (Dantas and Sommer, 2014). 

When antibiotic resistance is inherent to a bacterial species, it is termed "intrinsic resistance" and 

is typically specific to that species, being passed down vertically to progeny. Intrinsic resistance 

mechanisms often involve factors such as low-affinity targets, the absence of specific targets, 

reduced drug uptake, or increased drug efflux (Arzanlou et al., 2017). 

For instance, Mycoplasma spp. are intrinsically resistant to beta-lactams due to their lack of 

peptidoglycan, while gram-negative bacteria are intrinsically resistant to glycopeptides because 

these drugs cannot penetrate the external cell membrane.  

Conversely, when a typically susceptible bacterial strain becomes resistant to an antimicrobial 

agent, it is referred to as "acquired resistance." Acquired resistance can result from mutations in 

indigenous genes or the acquisition of additional genes from other bacteria, potentially leading to 

lateral spread of resistance among bacterial populations (von Wintersdorff et al., 2016). 

From a biochemical perspective, antibiotic resistance in both gram-positive and gram-negative 

bacteria can be attributed to various factors, including i) the loss of porins, which reduces the outer 

membrane's permeability to antibiotics (e.g., K. pneumoniae reduces expression of OmpK35 and 

OmpK36, limiting carbapenem uptake); ii) modification of antibiotic targets, resulting in reduced 

affinity (e.g., Methicillin-resistant Staphylococcus aureus alters penicillin-binding proteins like 

PBP2a, reducing beta-lactam antibiotic binding); iii) production of enzymes capable of hydrolyzing 

antibiotics, preventing their binding to their targets (e.g., Enterobacterales, including E. coli, 

commonly produce beta-lactamase enzymes, such as CTX-M, that cleave beta-lactam antibiotics, 

rendering them ineffective); and iv) increased export of antibiotics through efflux pumps (e.g. 

Pseudomonas aeruginosa employs efflux pump systems, such as MexAB-OprM, contributing to 
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resistance against various antibiotic classes (Figure 3) (D’Andrea et al., 2013; Ma et al., 2021; 

Makgotlho et al., 2009; Shi et al., 2013). These mechanisms may act independently or in 

combination, ultimately leading to resistance against multiple classes of antibiotics. 

 

 
 

Figure 2. Antibiotic resistance can be acquired in two basic ways: vertical and horizontal transmissions. (Dantas and 
Sommer, 2014) 

 

 
 

Figure 3. Four mechanisms of resistance: impermeable barrier (a); target modification (b); drug-inactivating enzyme 
(c); efflux pump (d). (Dantas and Sommer, 2014) 
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3 

ANTIBIOTIC RESISTANCE IN RESOURCE-LIMITED 
COUNTRIES 

 
Antibiotic resistance is a significant global public health concern, with particularly severe 

implications in resource-limited countries (RLCs). In these countries, bacterial infections remain a 

leading cause of illness and death, especially among children (WHO, 2022). 

In 2019, according to the World Health Organization (WHO), infectious diseases accounted for five 

out of the top ten leading causes of death in RLCs, contributing to 55% of the total 55.4 million global 

deaths (WHO, 2020). 

Bacterial pathogens are a major contributor to these infectious diseases, causing conditions such as 

acute respiratory infections, diarrheal diseases, tuberculosis, and other less common but serious 

infections (e.g., meningitis, typhoid fever, plague). 

Considering the crucial role that antibiotics play in reducing illness and fatalities resulting from 

bacterial infections, antibiotic resistance represents a significant challenge in RLCs. 

Murray et al. estimated that, in 2019, bacterial antibiotic resistance directly caused 1.27 million 

deaths globally, with an additional 4.95 million deaths associated with bacterial antibiotic resistance 

(more than HIV, TB and Malaria combined) (Figure 4) (Murray et al., 2022).  

 
 

Figure 4. Global deaths (counts) attributable to and associated with bacterial antimicrobial resistance by infectious 
syndrome, 2019 (Murray et al., 2022) 
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Moreover, their analysis revealed that all-age death rates attributable to AMR were most 

pronounced in certain RLCs, underscoring that AMR is not only a significant global health concern 

but also a particularly grave issue for some of the poorest countries in the world (Murray et al., 

2022). 

The elevated prevalence of antibiotic resistance in RLCs can be attributed to various factors, 

including the inappropriate use of antibiotics and unique environmental conditions such as 

overcrowding and inadequate sanitation (Figure 5). Many of these contributing factors are closely 

linked to poverty, which encourages the misuse of antibiotics. For instance, there is often a lack of 

knowledge among healthcare professionals, insufficient financial resources to obtain the 

appropriate quantity of antibiotics, inadequate laboratory facilities, a healthcare system that 

doesn't meet standards, and the presence of substandard or counterfeit drugs (Batista et al., 2020; 

Collignon et al., 2018; Torres et al., 2021). Moreover, poverty-related conditions, such as limited 

access to hygienic facilities, crowded living environments, and the consumption of contaminated 

food and water, facilitate the proliferation of resistant bacteria (Collignon et al., 2018).  

Furthermore, numerous studies have shown that antibiotic use in animal agriculture contributes to 

the presence of resistant organisms in both humans and the surrounding environment (Arcilla et al., 

2016; Delahoy et al., 2018) (Figure 5). The spread of these drug-resistant bacteria through animal 

products and environmental discharge amplifies the development of drug resistance. Initially 

selected during animal production, these resistant organisms can come into contact with human 

hosts through direct interaction with animals, the distribution of animal waste in the surroundings, 

and the consumption of animal products (Delahoy et al., 2018; Graham et al., 2008).  

While some high-income countries have introduced regulations to limit antibiotic use in animal 

farming, RLCs are expected to double their antibiotic usage in animal production by 2030 (Van 

Boeckel et al., 2015). This increase in industrial animal farming, driven by global demand for meat, 

relies on cost-saving measures and often lacks strict regulations (Sulis et al., 2022).  

The consumption of antibiotics has experienced a significant surge since their introduction, and in 

most RLCs, they now constitute the largest category of pharmaceuticals purchased. Misuse of 

antibiotics is widespread in RLCs and can manifest as inappropriate prescriptions or incorrect 

dosages (Batista et al., 2020).  
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Figure 5. Key drivers of antimicrobial resistance in resource-limited countries (Sulis et al., 2022) 
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4 

SURVEILLANCE AS A WEAPON TO FIGHT ANTIMICROBIAL 
RESITANCE 

 

Monitoring microbial resistance is undeniably recognized as one of the initial measures to address 

the antimicrobial therapy crisis (Rossolini et al., 2014). Surveillance plays a pivotal role in furnishing 

data concerning the extent and patterns of resistance. This information can serve multiple purposes, 

including i) assisting clinicians in optimizing empirical treatment, ii) aiding policy makers in 

establishing or revising standard treatment protocols, intervention strategies, and the 

implementation of infection control measures, and iii) supporting researchers engaged in 

antimicrobial resistance studies. 

In high-income countries, well-established surveillance systems offer a comprehensive view of drug 

resistance prevalence among common bacterial pathogens in various settings, facilitating the 

tracking of AMR trends. However, in most RLCs, such well-structured and comprehensive systems 

are notably absent (Sulis et al., 2022). This absence makes it even more challenging to estimate the 

true prevalence and burden of diseases caused by antimicrobial-resistant bacteria.  

 

Surveillance trough commensal bacteria 
 

There is a growing body of evidence suggesting that non-clinical isolates, including the commensal 

bacteria found in humans, animals, plants, and soil, may play a significant role in antibiotic resistance 

(Leekitcharoenphon et al., 2021; Munk et al., 2018; von Wintersdorff et al., 2016). While commensal 

bacteria are not the primary target, they are constantly exposed to the selective pressure created 

by antibiotic treatments, which can lead to the development of acquired resistance. Consequently, 

commensal bacteria can serve as a crucial reservoir for both i) resistant strains with the potential to 

become pathogenic and ii) resistance genes that could be transferred to pathogenic bacteria 

(Pallecchi et al., 2004; von Wintersdorff et al., 2016) (Figure 6). 

It is well-documented that commensal bacteria can serve as a significant reservoir for resistance 

genes that can be transferred to more pathogenic hosts (Urban-Chmiel et al., 2022). For instance, 

the transfer of resistance genes has been observed from commensal enterobacteria to Shigella spp. 

and Salmonella spp. (Blake et al., 2003). 
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In light of this knowledge, acquired antibiotic resistance in the commensal microbiota is considered 

a valuable indicator for monitoring the phenomenon of microbial drug resistance. It serves multiple 

purposes, including i) measuring the selective pressure generated by antibiotic consumption, ii) 

assessing the impact of changes in antibiotic prescription policies, and iii) predicting the emergence 

of resistance in pathogens. The human gastrointestinal tract, particularly the distal ileum and colon, 

harbors an immense population of bacteria. Resistance patterns of certain members of the 

intestinal microbiota, such as E. coli, have been studied in various epidemiological contexts (Giani 

et al., 2018; Hesp et al., 2021; Liu et al., 2016; Nji et al., 2021; Pallecchi et al., 2012; Purohit et al., 

2019). 

 

 

 

Figure 6. Commensal bacteria as important reservoir of resistant strains and resistance genes. 
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5 

ENTEROBACTERALES AND THE ROLE OF COMMENSAL 
BACTERIA IN DISSEMINATING RESISTANCE GENES 

 

Enterobacterales constitute the largest group of clinically significant gram-negative bacteria. They 

are responsible for a wide spectrum of infectious diseases, including bacteremia, pneumonia, 

urinary tract infections, intra-abdominal infections like gastroenteritis and enteritis, skin infections 

(particularly in wounds), and soft tissue infections. These bacteria can either be mobile or non-

mobile, do not form spores, and can thrive in both aerobic and anaerobic environments. 

Enterobacteria are omnipresent microorganisms that typically inhabit the human intestines and 

those of most animals. However, they can also exist as benign colonizers on the skin, in the female 

genital tract, and in the tracheobronchial system, where they serve various functions within the 

host's body, such as acting as a biological defense against potential pathogenic bacteria. 

Nonetheless, they can transform into opportunistic pathogens when they invade sites beyond their 

usual habitat, such as entering the bloodstream following abdominal surgeries. 

Moreover, some commensal enterobacteria can shift into pathogens after acquiring particular 

virulence factors through horizontal gene transfer. For example, strains of E. coli can evolve into 

uropathogenic or diarrheagenic variants. 

The use of antibiotics plays a pivotal role in the acquisition of resistance by commensal bacteria. 

Antibiotic therapy not only affects the targeted pathogens but also impacts the commensal 

microorganisms residing in the human host. This can lead to the development of antibiotic 

tolerance, which may subsequently be transferred from commensal bacteria to pathogenic 

microorganisms through horizontal gene transfer mechanisms. For instance, Figure 7 depicts the 

impact of antibiotic administration on the bacterial community of the colon. Following the initiation 

of treatment, an escalation in the population of resistant bacteria becomes evident. This rise can be 

attributed to either a previously susceptible bacterium acquiring resistance or the proliferation of 

pre-existing resistant bacteria, initially present in small quantities, due to their capacity to withstand 

the selective pressure imposed by the antibiotic (Jernberg et al., 2010) (Figure 7).  
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Figure 7. Representation of the impact of antibiotic administration on the bacterial community of the colon. Purple 
rods, resistant bacteria; green rods, susceptible bacterium becoming resistant; white arrow, horizontal gene transfer 

or mutation events. (Jernberg et al., 2010) 
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6 

THE ROLE OF HIGH-RISK CLONES IN THE SPREAD OF 
MULTIFRUG RESISTANCE 

 

In order to be classified as a 'successful' high-risk MDR clone, isolates must exhibit specific 

distinguishing attributes. These encompass the following key features: (1) global distribution across 

diverse geographical regions, (2) possession of a wide array of antimicrobial resistance 

determinants, (3) capability to establish and maintain prolonged colonization within host organisms, 

(4) efficient transmission potential among diverse host populations, (5) demonstrated elevated 

pathogenicity and adaptability, and (6) direct association with severe and recurring infections 

(Mathers et al., 2015).  

High-risk clones have had a profound impact on the worldwide dissemination of multidrug 

resistance, serving as crucial vehicles for the transfer of various genetic elements, including plasmids 

and resistance genes (Woodford et al., 2011). These globally distributed high-risk clones can be 

recognized in a variety of bacterial pathogens. Particularly, they are frequently found in species like 

S. aureus, P. aeruginosa, and various members of the Enterobacterales group, including E. coli, K. 

pneumoniae and the Enterobacter cloacae complex (Woodford et al., 2011). 

The global spread of multidrug-resistant E. coli pandemics can be attributed primarily to specific 

high-risk clones, such as E. coli sequence type 131 (ST131) (Figure 8) (Mathers et al., 2015). 

Furthermore, a novel MDR high-risk clone of E. coli, ST1193 has recently emerged rapidly across the 

globe, mimicking the most successful high-risk clone of E. coli, ST131 (Figure 9) (Kocsis et al., 2022; 

Pitout et al., 2022). 
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Figure 8. Global dissemination of E. coli ST131 clone. Red stars indicate isolates producing ESBL enzymes, and blue 
stars indicate fluoroquinolone-resistant, non-ESBL-producing isolates (Nicolas-Chanoine et al., 2014). 

 
 
 
 
 

 

 

Figure 9. Global dissemination and host associations of E. coli ST1193 based on genomic data from NCBI database. 
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7 

EMERGING RESISTANCE TO EXPANDED-SPECTRUM 
CEPHALOSPORINS IN ENTEROBACTERALES 

 
Resistance to expanded-spectrum cephalosporins in Enterobacterales is primarily conferred by the 

production of extended-spectrum beta-lactamases (ESBLs), plasmid-mediated AmpC-type enzymes, 

and carbapenemases (De Angelis et al., 2020). ESBLs have the ability to hydrolyze penicillins, 

narrow- and expanded-spectrum cephalosporins, and monobactams, but not carbapenems and 

cephamycins (Castanheira et al., 2021).  

ESBL-producing strains are a major clinical concern due to their rapid, widespread dissemination 

and frequent multidrug resistance, resulting in limited treatment options. Recognized by the WHO 

as "priority pathogens" for their substantial threat to human health and the urgent demand for new 

antibiotics, these infections also contribute to elevated morbidity, mortality, and healthcare costs 

(Ling et al., 2021; Tacconelli et al., 2018). 

Many ESBLs have evolved from TEM-1 and SHV-1 beta-lactamases, initially found in Gram-negative 

bacteria and capable of conferring resistance to penicillins and narrow-spectrum cephalosporins 

(Castanheira et al., 2021). However, a new lineage of beta-lactamases, the CTX-M-type ESBLs, 

emerged in the early 2000s and rapidly spread in Enterobacteriaceae, and actually being recognized 

as the most common ESBL group. These CTX-M enzymes exhibit significant sequence diversity, with 

about 200 variants categorized into six major phylogenetic groups: CTX-M-1, CTX-M-2, CTX-M-8, 

CTX-M-9, CTX-M-25, and KLUC (Figure 10) (Mendonça et al., 2022). Among these groups, CTX-M 

group 1 (e.g., CTX-M-1 and CTX-M-15) and 9 (e.g., CTX-M-14 and CTX-M-27) are the most frequently 

observed, with CTX-M-15 representing the most widely distributed variant within clinical 

Enterobacterales worldwide (Castanheira et al., 2021). 

The dissemination of CTX-M-type ESBLs has been further facilitated by epidemic plasmids associated 

with highly successful clonal lineages of E. coli and K. pneumoniae, referred to as high-risk 

multiresistant and virulent clones circulating worldwide (Castanheira et al., 2021). The paradigmatic 

example is the pandemic E. coli ST131 clone (phylogenetic group B2), which significantly contributed 

to the global spread of CTX-M-15, one of the most widely distributed CTX-M allelic variants globally 

(Kocsis et al., 2022).  
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Figure 10. Tree diagram showing the similarity among enzymes of the CTX-M lineage and clustering of members of 
different CTX-M groups (D’Andrea et al., 2013) . 
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8 

RESEARCH ACTIVITIES OF THE UNIVERSITY OF FLORENCE 
IN THE BOLIVIAN CHACO 

 
In the entire Bolivian Chaco region and its neighboring territories in Argentina and Paraguay, 

Franciscan missionaries have been actively promoting human development for many years, with a 

particular focus on public health and prevention. In 1982, the Vicariate of Cuevo entered a 

'convention' with the Bolivian Ministry of Health, known as the Convenio Ministerio de Salud – 

Vicariato de Cuevo, aimed at developing basic healthcare services throughout the region in 

accordance with the principles outlined in the 1978 Alma-Ata Declaration. Additionally, the 

Convention oversees a technical school named Tekove Katu, which was established to address the 

immediate needs of the region. Tekove Katu has been offering vocational courses since 1985 and is 

an integral part of the Bolivian Pluralistic System for Education and Health. In 2009, it was 

designated as a model school by the WHO. 

The University of Florence, specifically the Unit of Infectious and Tropical Diseases, has been 

collaborating with the Ministry of Health of the Plurinational State of Bolivia for over 30 years in 

clinical and epidemiological research activities in this region. This collaboration is based on an official 

agreement signed in 1987 and renewed every 5 years (Convenio de salud/Ministerio de Salud y 

Deportes, Estado Plurinacional de Bolivia/Department of Experimental and Clinical Medicine, 

University of Florence). The project has been supported by the Guaraní political organization 

(Asamblea del Pueblo Guaraní, APG) and the Pan American Health Organization (PAHO) (Università 

degli studi di Firenze, 2010). 

The ongoing work over the years has been made possible thanks to numerous funding organizations 

and national and international partners, including: 

- Ministry of Health of Bolivia, La Paz, Plurinational State of Bolivia 

- PAHO/WHO 

- Departmental Health Service (SEDES) of Santa Cruz, Plurinational State of Bolivia 

- Departmental Health Service (SEDES) of Tarija, Plurinational State of Bolivia 

- Convenio Ministerio de Salud – Vicariato de Cuevo, Camiri, Plurinational State of Bolivia 

- Universidad Autonoma Gabriel René Moreno, Faculty of Integral Studies of the Chaco, 

Camiri, Plurinational State of Bolivia 

- Teko Guaraní, Camiri, Plurinational State of Bolivia 
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- University of Florence, Italy 

- University of Siena, Italy 

- University of Rome "La Sapienza”, Italy 
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The general objective of the PhD research was to investigate the molecular epidemiology of 

acquired antibiotic resistance in commensal and uropathogenic bacteria from humans living in 

urban areas and very remote communities of Bolivia. 

The research study was conducted within the framework of a larger project funded by the Tuscany 

Region, Italy, with the overall goal of supporting the health development of the population in the 

Bolivian Chaco (Regional Initiative Projects - PIR - 'Support for the improvement of the health 

condition of the population in the Bolivian Chaco'). Among the project's objectives are the study of 

antibiotic use and resistance in the commensal microbiota of healthy individuals, as well as the 

investigation into controlling the spread of antibiotic-resistant bacterial infections and preventing 

both hospital- and community-acquired infections in Bolivia. 

 

In particular, the following specific topics are discussed in the PhD research: 

 

1. Carriage rates and molecular epidemiology of acquired resistance genes in expanded-

spectrum cephalosporin-resistant enterobacteria present in the commensal microbiota of 

healthy children living in rural areas of the Bolivian Chaco. 

2. Analysis of antimicrobial susceptibility and molecular epidemiology of expanded-spectrum 

cephalosporins resistant-enterobacteria responsible for urinary tract infections in 

hospitalized patients in a small urban community in the Bolivian Chaco. 

3. Analysis of the antimicrobial susceptibility and emerging resistance determinants in bacteria 

responsible for uncomplicated and complicated community-acquired urinary tract infections 

in the Bolivian Chaco. 
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1 

CARRIAGE RATES AND MOLECULAR EPIDEMIOLOGY OF 
ESBL-PRODUCING ENTEROBACTERIA IN HEALTHY 

CHILDREN LIVING IN RURAL COMMUNITIES OF THE 
BOLIVIAN CHACO 

 

RELATED PUBLICATION: 

Relevant increase of CTX-M-producing Escherichia coli carriage in school-aged children from rural 

areas of the Bolivian Chaco in a three-year period. Boncompagni SR, Micieli M, Di Maggio T, 

Mantella A, Villagrán AL, Briggesth Miranda T, Revollo C, Poma V, Gamboa H, Spinicci M, Strohmeyer 

M, Bartoloni A, Rossolini GM, Pallecchi L. Int J Infect Dis. 2022 Aug;121:126-129.  

 

Over the years, extensive surveillance studies in the Bolivian Chaco have monitored antibiotic 

resistance in commensal E. coli from healthy children, yielding notable findings. Since the early 

1990s, these investigations have identified high levels of resistance to older antibiotics like 

ampicillin, tetracycline, trimethoprim-sulfamethoxazole, and chloramphenicol (Bartoloni et al., 

1998). In the 2000s, a concerning trend emerged, with resistance observed against newer drugs, 

including fluoroquinolones and expanded-spectrum cephalosporins (Bartoloni et al., 2008, 2006, 

1998).  

Subsequent research confirmed that resistance to expanded-spectrum cephalosporins in 

commensal E. coli in this region was primarily linked to the emergence of CTX-M-type extended-

spectrum beta-lactamase (ESBL) determinants, most notably those in the CTX-M-2 group (Pallecchi 

et al., 2007, 2004). 

In a follow-up study in 2011, fecal samples from 482 healthy children, aged 6-72 months, living in 

three urban areas of the Bolivian Chaco (Camiri, Monteagudo, and Villa Montes) were analyzed 

(Bartoloni et al., 2013). This study pointed out a dramatic increase of resistance to expanded-

spectrum cephalosporins with a prevalence of 12% and an overall similar distribution in the three 

urban areas (Bartoloni et al., 2013). 

Five cross-sectional surveys were conducted on the fecal carriage of CTX-M–producing 

Enterobacterales in school-age children living in rural areas of the Bolivian Chaco from 2016 to 2022 

(Boncompagni et al., 2022). A total of 938 fecal samples were collected from 2016 to 2022 from 
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healthy school age children (6-12 years) living in five indigenous communities of the Bolivian Chaco 

(Tarija Department, Plurinational State of Bolivia) (Table 1, Figure 11) and plated onto MacConkey 

agar supplemented with cefotaxime 2 µg/mL (MCA-CTX), for the selection of expanded-spectrum 

cephalosporins-resistant Enterobacterales.  

A loopful of the bacterial growth (taken either from confluent growth or from isolated colonies of 

different morphologies) representative of each sample was taken from the MCA+CTX plates and 

used as a template for the search of blaCTX-M genes multiplex real time polymerase chain reaction 

(mRT-PCR) (Giani et al., 2017). To identify CTX-M–positive isolates, CTX-M–positive samples were 

again streaked onto MCA-CTX, and all colonies with different appearance were re-isolated and 

subjected to i) a phenotypic test for ESBL production (using the double disk method with amoxicillin-

clavulanate and cefotaxime), ii) characterization of blaCTX-M groups by mRT-PCR, and iii) identification 

by the Bruker MS system (Bruker Daltonics, Germany; MBT reference library, version 2021) (Giani 

et al., 2017). 

 

 

Table 1. Distribution by community of fecal samples included in the study obtained from children of five rural 

communities of the Bolivian Chaco (Tarija Department, Plurinational State of Bolivia) in 2016-2022. 

Community 
No. of Fecal Sample 

2016 2017 2018 2019 2022 

Tarairí (1) 41 50 48 42 11 

Chimeo (2) 39 43 46 50 47 

Capirendita (3) 16 42 37 41 9 

Palmar Chico (5) 39 54 35 39 38 

San Antonio (4) - 58 37 43 33 

Total 135 247 203 215 138 
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Figure 11. Geographical area of the five communities included in the study. 1, Tarairí; 2, Chimeo; 3, Capirendita; 4, 

Palmar Chico; 5, San Antonio de Villamontes. 

Between 2016 and 2022, a total of 938 children participated in the study. Their mean ages ranged 

from 9.2 to 9.7 years (standard deviations between 1.4 and 1.7). Median ages varied between 9 and 

10 years. The male-to-female ratio approached or closely approximated 1:1 in all years (see Table 2 

for details). Usage of antibiotics was found to be very limited, with only one child (0.5%) in 2018, 10 

children (0.5%) in 2019 and 11 (8%) in reporting antibiotic consumption during the 15 days 

preceding the surveys (Table 2). 

Sample analysis across these years revealed a relevant increase in the prevalence of CTX-M-

producing E. coli in commensal microbiota of healthy children, ranging from 19.3% in 2016 to 60.1% 

in 2022 (p value < 0.0001) (Table 2).  

Almost all samples that grew on MCA-CTX (96 to 100%) were confirmed as ESBL producers via 

phenotypic tests and tested positive for blaCTX-M genes. These CTX-M-producing isolates were 

primarily E. coli, although there were exceptions (i.e. n=2, Enterobacter cloacae in 2017, n=1, K. 

pneumoniae in 2018; n= 1, Raoultella ornithinolytica in 2019; and n=1, Citrobacter freundii, n=1, 

Morganella morganii in 2022).  

Furthermore, a subset of children in each year was colonized by multiple CTX-M-producing E. coli 

strains, resulting in varying numbers of total CTX-M-producing E. coli isolates across the years (Table 

2). In addition, some isolates carried two different blaCTX-M variants. Overall, throughout the 6-year 

Tarija Department



PART III 

  22 

study, the increase was noted across all communities, albeit with fluctuations in some of them, likely 

due to a limited sample size (Table 2). 

Despite the notable increase of CTX-M enzymes prevalence over the study period, the relative 

prevalence of each CTX-M group remained fairly stable (Table 2). The CTX-M-1 group was the most 

prevalent (47% to 79.6%), followed by the CTX-M-9 group (15.3% to 49%), the CTX-M-8 group (2% 

to 3.1%), and the CTX-M-2 group (0.9% to 2%) (Table 2). On note, in 2018, the CTX-M-9 group briefly 

became the most prevalent, reaching almost 50% of all CTX-Ms (Table 2).  
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Table 2. Features of the study population sorted by communities and by year with features of CTX-M-positive Escherichia coli isolates in 2016-2022. 

 
a, p value calculated 2017 vs 2022 due to lack of data for 2016; b, during 15 days preceding the survey; c, calculated by Chi-square test (with Yates’ correction), p < 0.05, significant; ns, non-significant 
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To better understand the rapid spread of CTX-Ms during the study period, phylogenetic groups were 

investigated by PCR for all CTX-M-producing E. coli collected from 2016 to 2022, as previously 

described (Clermont et al., 2009; Johnson et al., 2019). 

As expected, the most prevalent phylogenetic groups were A and B1, often associated with 

commensal strains (Figure 12). However, starting from 2017, the prevalence of the B2 phylogenetic 

group, mostly linked to virulence and antibiotic resistance in pathogens, increased, reaching up to 

30% in 2019 and displaying a rate of 21.7% in 2022 (Figure 12). It's worth noting that until 2017, all 

B2 isolates were exclusively associated with CTX-M-1, while from 2018, the CTX-M-9 group became 

the most prevalent among B2 isolates (Figure 13). 

 

 

 

Figure 12. Phylogenetic groups distribution among commensal CTX-M-producing E. coli per year. 

 

 

To further investigate, molecular detection of E. coli pandemic clones ST131 and ST1193 was 

conducted in all B2 isolates. The results revealed that the majority of B2 CTX-M-producing E. coli 

were attributed to these two pandemic clones (63.6% to 100%). Specifically, B2-CTX-M-1-producing 

E. coli were predominantly linked to ST131, whereas the majority of B2-CTX-M-9-producing E. coli 

were associated with ST1193 (Figure 13). 

Notably, since 2018, when CTX-M-9 became the most prevalent group, 36% (n=9), 48% (n=11), and 

47.8% (n=13) of CTX-M-9-producing E. coli were attributed to ST1193 in 2018, 2019, and 2022, 
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respectively. This underscores the significant role of the ST1193 pandemic clone in the 

dissemination of CTX-M-9 enzymes in this area.  

The findings of this study underscore a rapid spread of CTX-M determinants, contributing to the 

increased prevalence of resistance to extended-spectrum cephalosporins in commensal E. coli 

among healthy children living in rural communities of the Bolivian Chaco, where antibiotic usage 

remains scarce. This spread is also attributed to the dissemination of successful clones such as E. 

coli ST131 and ST1193.  

This is a matter of concern, as intestinal colonization by ESBL-producing isolates can potentially 

serve as a reservoir for the introduction of these determinants into hospital settings, thereby posing 

a risk factor for subsequent infections caused by ESBL-producing strains in hospitalized patients. 

 

 

 

Figure 13. Distribution of pandemic high-risk clones ST131 and ST1193 (a) and CTX-M-group (b) among B2 CTX-M-

producing E. coli per year. 
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2 

ANALYSIS OF THE ANTIMICROBIAL SUSCEPTIBILITY AND 
MOLECULAR EPIDEMIOLOGY OF CLINICAL ISOLATES 
RESPONSIBLE FOR URINARY TRACT INFECTIONS IN 
HOSPITALIZED PATIENTS OF THE BOLIVIAN CHACO 

 
To investigate the correlation between resistance rates observed in the microbiota of healthy 

individuals and those in pathogens circulating in the same environment, we conducted a study on 

the antimicrobial susceptibility and resistance determinants of bacterial pathogens responsible for 

urinary tract infections (UTIs) in hospitalized patients at the Hospital Básico of Villamontes in the 

Tarija Department, Plurinational State of Bolivia.  

This hospital houses one of the initial clinical microbiology laboratories established in the Bolivian 

Chaco region. This region's healthcare system, comprising numerous rural areas and indigenous 

communities, relies on small hospitals with limited access to clinical microbiology facilities. As a 

result, systematic collection of antimicrobial susceptibility data from routine microbiological 

analyses of clinical samples is challenging.  

The most recent study in the same region, focusing on the molecular epidemiology and resistance 

rates in hospital-acquired pathogens responsible for UTIs, dates back to 2015 and includes data up 

to 2014) (Bartoloni et al., 2016). In this earlier study, high resistance rates to several antibiotics were 

documented. 

A total of 709 non-replicate clinical isolates were collected between 2015 and 2021 from patients 

clinically diagnosed with UTIs at the Hospital Básico in Villamontes, Tarija Department, Plurinational 

State of Bolivia. 

Bacterial identification, performed by MALDI-TOF, showed that 694 (97.9%) were Enterobacterales, 

while the remaining 15 were non-fermenter pathogens, including Acinetobacter spp., Pseudomonas 

spp. and Stenotrophomonas maltophilia) (Table 3).  

Antimicrobial susceptibility testing, performed using the disk diffusion method (with the exception 

of fosfomycin susceptibility testing, which used the agar dilution method) in accordance with Clinical 

and Laboratory Standards Institute (CLSI) guidelines (CLSI, 2022, 2018) demonstrated high 

resistance rates among UTI isolates (Table 4).  

When considering E. coli, which was the most prevalent pathogen, the drugs most affected by 

resistance were trimethoprim-sulfamethoxazole, nalidixic acid, ciprofloxacin, tetracycline, and 
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amoxicillin-clavulanic acid (Table 4). Expanded-spectrum cephalosporins remained effective against 

the majority of isolates, with 73.1% and 78.3% susceptibility to cefotaxime and ceftazidime, 

respectively (Table 4). Multidrug resistance (i. e. co-resistance to three or more antimicrobial 

classes) occurred in 56.6% of E. coli isolates (N=305). Overall, the most effective drugs were 

meropenem, nitrofurantoin, fosfomycin and amikacin (Table 4).  

The present results confirmed the very high resistance rates observed in the previous study for 

trimethoprim-sulphamethoxazole, tetracycline, amoxicillin-clavulanic acid, and gentamicin and 

showed an alarmingly relentless increase of resistance to quinolones (including fluoroquinolones) 

and expanded-spectrum cephalosporins (p value < 0.001) (Bartoloni et al., 2016)(Table 4). 

 

Table 3. Etiology of urinary tract infections in hospitalized patients in the Bolivian Chaco (2015-2021). 

Species No. of isolates % 

 
Escherichia coli 539 76  

Klebsiella pneumoniae 55 7.8  

Enterobacter cloacae complex 37 5.2  

Morganella morganii 18 2.5  

Proteus mirabilis 18 2.5  

Citrobacter freundii 11 1.6  

Citrobacter koseri 3 0.4  

Klebsiella oxytoca 3 0.4  

Providencia spp. 3 0.4  

Pseudomonas aeruginosa 3 0.4  

Pseudomonas stutzeri 3 0.4  

Stenotrophomonas maltophilia 3 0.4  

Pseudomonas putida 2 0.3  

Serratia marcescens 2 0.3  

Acinetobacter baumannii 1 0.1  

Acinetobacter pitti 1 0.1  

Acinetobacter nosocomialis 1 0.1  

Citrobacter brakii 1 0.1  

Escherichia vulneris 1 0.1  

Pseudomonas oleovorans 1 0.1  

Pantoea agglomerans 1 0.1  

Raoultella ornithinolytica 1 0.1  

Raoultella planticola 1 0.1  
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Table 4. Antibiotic susceptibility rates (%) of E. coli urinary isolates (2010-2021). 

Drug 2010-2014 (n=170)a 2015-2021 (n=539)b p valuec 

 
Trimethoprim-Sulphamethoxazole 26.5 32.8 ns  

Nalidixic acid 51.2 33.2 < 0.001  

Ciprofloxacin 61.8 42.1 < 0.001  

Tetracycline 47.1 42.9 ns  

Amoxicillin-Clavulanic acid 56.5 53.2 ns  

Gentamicin 72.4 69.6 ns  

Cefotaxime 89.4 73.1 < 0.001  

Ceftazidime 92.3 78.3 < 0.001  

Amikacin 95.3 90.7 ns  

Fosfomycin 98.2 94.8 ns  

Nitrofurantoin 91.8 95.4 ns  

Meropenem 100 100 ns  

 

a, data from (Bartoloni et al., 2016); b, data from this study; c, calculated by Chi-square test (with Yates’ correction), p < 0.05, significant; ns, non-

significant 

 

Out of 146 isolates resistant to expanded-spectrum cephalosporins, 144 were identified as ESBL 

producers through phenotypic testing. All ESBL producers were found to carry blaCTX-M genes. CTX-

M-1 group was the most prevalent (119 isolates, 82.6%), followed by the CTX-M-9 group (26 isolates, 

18.1%). One isolate carried variants from two different groups, i.e., blaCTX-M-1 and blaCTX-M-9. CTX-M-

2 and the CTX-M-8/25 group were not detected. 

Since the elevated resistance rates to expanded-spectrum cephalosporins observed in commensal 

strains from the microbiota of healthy individuals were partly attributed to the dissemination of two 

high-risk clones of E. coli, namely ST131 and ST1193, phylogenetic groups and molecular detection 

of ST131 and ST1193 were investigated.  

The most prevalent phylogenetic group was B2 (229/539, 42.5%), followed by group A (105/539, 

19.5%), B1 (69/539, 12.8%), E (58/539, 10.8%), F (32/539, 5.9%), D (21/539, 3.9%), and C (8/539, 

1.5%). Additionally, 17 isolates belonged to Escherichia cryptic clades (3.2%) (Figure 14a). 

Molecular detection of E. coli pandemic clones ST131 and ST1193 in B2 isolates revealed that the 

majority of these were assigned to the two pandemic clones (143/229, 62.4%), with ST131 being 

the most prevalent (112/229, 48.9%) (Figure 14b). Notably, all ST131 and ST1193 E. coli isolates 

exhibited high resistance rates to almost all the tested antibiotics and displayed a multidrug-
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resistant (MDR) profile (Table 5). Interestingly, ST131 and ST1193 accounted for 46.9% (143/305) of 

all detected MDR isolates. Furthermore, the majority of ST131 isolates were ESBL producers and 

carried blaCTX-M genes (84/112, 75%), with blaCTX-M-1 being the most prevalent, in contrast to those 

assigned to ST1193, which carried only blaCTX-M-9 (8/31, 25.8%) (Figure 15). 

 

 

Figure 14. (a) Distribution of phylogenetic groups among uropathogenic E. coli from patients of the Bolivian Chaco; (b) 

Clonal distribution among B2 isolates. 

 

 

Table 5. Antibiotic resistance rates (%) of ST131 and ST1193 clones. 

Drug 
ST131 

(n=112) 
ST1193 
(n=31) 

   

Nalidixic acid 100 100 

Ciprofloxacin 100 100 

Trimethoprim-Sulphamethoxazole 90 74.2 

Amoxicillin-Clavulanic acid 78.6 29 

Tetracycline 77.7 70.9 

Cefotaxime 75.9 25.8 

Gentamicin 68.7 38.7 

Ceftazidime 64.3 19.4 

Amikacin 54.5 32.3 

Nitrofurantoin 4.5 0 

Fosfomycin 0 0 

Meropenem 0 0 
   

B2 A B1 E F D C Other

42.5%

a

48.9%

13.5%

37.6% Other STs

ST131

ST1193

b
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Figure 15. Distribution of CTX-M groups among ST131 and ST1193 clones. 

 

Interestingly, the urinary E. coli isolates examined in this study demonstrated a comparable 

prevalence of CTX-M producers (26.7% vs. 27.9%; p = 0.9) and a similar distribution of CTX-M groups 

(with the CTX-M-1 group being the most prevalent, followed by the CTX-M-9 group) as those found 

in commensal E. coli collected in 2019 from healthy children residing in the same area (Boncompagni 

et al., 2022). 

Regarding the prevalence of pandemic high-risk clones among B2 isolates, we observed a substantial 

dissemination of these clones in both commensal and pathogenic strains. The average prevalence 

of ST131 and ST1193 among commensal B2 E. coli from 2016 to 2022 was 77.5%, while the 

prevalence in uropathogenic E. coli from 2015 to 2021 was 62.4%. Additionally, we observed a 

similar distribution of CTX-M enzymes among these clones, with ST131 likely carrying blaCTX-M-1 and 

ST1193 carrying blaCTX-M-9 (Figure 13, 15). 

This underscores the significant role of commensal enterobacteria as a reservoir for clinically 

relevant resistance determinants. 
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3 

ANALYSIS OF THE ANTIMICROBIAL SUSCEPTIBILITY AND 
EMERGING RESISTANCE DETERMINANTS IN CLINICAL 
ISOLATES RESPONSIBLE FOR COMMUNITY-ACQUIRED 

URINARY TRACT INFECTIONS OF THE BOLIVIAN CHACO 
 

 

RELATED PUBLICATION: 

Etiology and antimicrobial susceptibility of community-acquired urinary tract infections in Bolivia: 

insights from a two-year study in the Bolivian Chaco region. Micieli M, et al.  

(Manuscript in preparation)  

 

UTIs are prevalent in both community and hospital settings, categorized as uncomplicated UTIs 

(uUTIs), affecting non-pregnant women without anatomical abnormalities or comorbidities, and 

complicated UTIs (cUTIs) linked to factors like catheterization, urinary obstruction, 

immunosuppression, renal issues, and pregnancy (European Association of Urology (EAU), 2022).  

Diagnosing uUTIs relies on typical symptoms (i. e., pain during urination, frequent urination, and 

urgency), but a urine culture is recommended when symptoms are atypical or initial antibiotic 

treatment fails (European Association of Urology (EAU), 2022). Consequently, treatment for uUTIs 

is often empirical, based on general guidelines that consider local AMR data. However, in countries 

with limited resources like Bolivia, access to local pathogen resistance data can be challenging. 

A recent Latin American consensus panel, following 2018 EAU guidelines, suggests nitrofurantoin 

and fosfomycin as primary treatments for recurrent uUTIs, with cephalosporins or co-trimoxazole 

considered when local resistance rates are below 20% (Haddad et al., 2020; Wagenlehner et al., 

2022). Nevertheless, Latin America has reported significantly high resistance rates in recent years 

(Bartoloni et al., 2016, 2013; Bours et al., 2010; Li et al., 2022), underscoring the importance of 

considering regional susceptibility data when choosing appropriate empirical antibiotics. 

Due to limited data on antibiotic resistance and molecular epidemiology of bacterial pathogens 

causing community-acquired UTIs in Bolivia, we conducted an observational study between 
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February 2020 and November 2021, to assess antimicrobial susceptibility and resistance 

determinants. 

A total of 731 adult individuals (mean age of 44.9 (SD = 18.5); median age of 41 (IQR = 28); 

male:female ratio of approx. 1:4), all experiencing urinary tract symptoms, were included in this 

study. They reside in the urban area of Villamontes within the Tarija Department of the Plurinational 

State of Bolivia and sought medical care at six primary health centers in Villamontes or requested 

external consultations at three hospitals in the area (Figure 16). UTIs were classified as complicated 

or uncomplicated according to European Association of Urology (EAU) (European Association of 

Urology (EAU), 2022). 

Figure 16. Geographical area (Villamontes, Tarija Department, Plurinational State of Bolivia) and list of hospital and 

primary health centers included in the study. 

Overall, out of 731 enrolled subjects, 45.6% (333/731) tested positive for UTI, with females 

accounting for the majority (288/333, 86.5%) (Table 6). Among the 333 positive urine cultures, 194 

cases (41.1%) were diagnosed in females with uUTIs, while the remaining 139 cases were classified 

as cUTIs. Within these 139 cases, 56 (40.3%) were females with cUTIs, 38 (27.3%) were females in 

pregnancy, and 45 (32.4%) were males.  

A subset of subjects were infected by two or more different microorganisms (i.e., n=14 with cUTIs 

and n=4 with uUTIs) or provided more than two samples during the study period (i.e. n=12 with 

cUTIs and n=2 with uUTIs). Only urine samples provided after at least 6 months and after a negative 

Villa Montes

Villamontes, Tarija Department, Plurinational
State of Bolivia

Centro de Salud 27 de Diciembre

Centro de Salud Boquerón
Centro de Salud La Mision

Centro de Salud San Juan de Dios

Centro de Salud Virgen de los Remedios
Centro de Salud Virgen Maria

Caja Nacional de Salud
Caja Petrolera de Salud
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H

Tarija 
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urine sample following the initial positive sample were included. This resulted in varying total 

microorganisms isolated, with a total of 213 and 181 isolates for uUTI and cUTIs, respectively. 

Table 6. Characteristics of enrolled subjects. 

  

No UTIs            
(n = 398) 

UTIs 

  
Total UTIs                           
(n = 333)  

uUTIs            
(n = 194) 

cUTIs         
(n = 139) 

Age: mean (SD); median 
(IQR) 

41.5 (17.6); 
37 (24) 

47.7 (19.1); 
47 (30)  

45.5 (17.9); 
41.5 (25) 

50.8 (20.3); 52 
(34) 

       
Age groups, years      
18-50 335 (84.2) 191 (57.4%)  130 (67%) 61 (43.9%) 

>51 51 (12.8) 142 (42.6%)  64 (32.9%) 78 (56.1%) 

Females 296 (74.4) 288 (86.5%)  194 (100%) 94 (67.6%) 
       
Underlying diseases      
Renal failure 5 (1.3%) 9 (2.7%)  0 9 (6.5%) 

Liver cirrhosis 0 1 (0.3%)  0 1 (0.7%) 

Diabetes mellitus 28 (7%) 53 (15.95)  0 53 (38.1%) 
       

Predisposing factors      
Previous UTI 104 (26.1) 63 (18.9%)  58 (29.9%) 32 (23%) 

Recurrent UTI 46 (11.6) 88 (26.4%)  29 (14.9%) 59 (42.4%) 

Catheter 0 16 (4.8%)  0 16 (11.5%) 

Pregnancy 61 (15.2) 38 (11.4%)  0 38 (27.3%) 

Prostatitis 7 (1.8) 7 (2.1%)  0 7 (5%) 
       
Antibiotic assumption      
Up to 30 days before 
sampling 78 (19.6) 66 (18.3)  36 (17.1)  30 (19.9) 

SD, standard deviation; IQR, interquartile range; results are n (%) unless otherwise specified. 

The most frequently isolated microorganisms for uncomplicated and complicated UTI were E. coli 

(uUTIs, n=184/213, 86.4%; cUTIs, n=156/181, 86.2%), Klebsiella spp. (uUTIs, n=11/213, 5.2%; cUTIs, 

n=12/181, 6.6%), and Proteus spp. (uUTIs, n=5/213, 2.3%; cUTIs, n=4/181, 2.2%), (Table 7).  

Considering E. coli, which was by far the most prevalent pathogen, very high resistance rates were 

observed for both cUTI and uUTI (statistically significant differences were not observed for all 

antibiotics tested). Specifically, the most affected antibiotics were ampicillin, nalidixic acid, 

trimethoprim-sulfamethoxazole, ciprofloxacin, and cefotaxime (Table 8). The only drugs with a 

susceptibility rate against E. coli higher than 80% were nitrofurantoin (uUTIs, 95.7%; cUTIs, 96.2%), 

fosfomycin (uUTIs, 95.7%; cUTIs, 96.8%), colistin (uUTIs, 96.2%; cUTIs, 98.7%), imipenem (uUTIs and 

cUTIs, 100%), and meropenem (uUTIs and cUTIs, 100%) (Table 8). 
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Table 7. Etiology of uncomplicated (a) and complicated (b) community-acquired urinary tract infections in the Bolivian 

Chaco (2020-2021). 

a   b 

Uncomplicated UTIs   Complicated UTIs 

Species No. %   Species No. % 

Escherichia coli 184 86.4   Escherichia coli 156 86.2 

Klebsiella spp. 11 5.2   Klebsiella spp. 12 6.6 

Proteus spp. 5 2.3   Proteus spp. 4 2.2 

Citrobacter koseri 2 0.9   Morganella morganii 2 1.1 

Acinetobacter spp. 2 0.9   Citrobacter freundii 1 0.6 

Morganella morganii 2 0.9   Enterococcus faecalis 1 0.6 

Pseudomonas spp. 2 0.9   Enterobacter asburiae 1 0.6 

Staphylococcus saprophyticus 2 0.9   Enterobacter bugandensis 1 0.6 

Enterobacter cloacae 1 0.5   Escherichia vulneris 1 0.6 

Salmonella spp. 1 0.5   Pseudomonas putida 1 0.6 

Stenotrophomonas maltophilia 1 0.5   Serratia marcescens 1 0.6 

 
 

Table 8. Antibiotic susceptibility rates (%) of E. coli from uncomplicated (uUTIs) and complicated (cUTIs) community-

acquired urinary tract infections. 

  uUTIs cUTIs  Total UTIs 

Antibiotic 
E. coli 

(n=184) 
E. coli 

(n=156) 
 E. coli 

(n=340) 

Ampicillin 18.5 17.7  16.8 

Nalidixic acid 37.6 26.9  32.6 

Trimethoprim-Sulphamethoxazole 38 34.0  36.2 

Ciprofloxacin 47.3 39.1  43.5 

Cefotaxime 71.7 67.9  70 

Amoxicillin-Clavulanic acid 73.4 67.3  70.6 

Ceftazidime 79.3 72.4  76.2 

Gentamicin 79.3 75.6  77.6 

Nitrofurantoin 95.7 96.2  95.9 

Fosfomycin 95.7 96.8  96.2 

Colistin 96.2 98.7  97.1 

Imipenem 100 100  100 

Meropenem 100 100  100 
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To investigate the resistance mechanisms responsible for resistance to fosfomycin (a first-line 

antibiotic in UTIs) and colistin (a last-resort antibiotic), molecular detection of acquired colistin 

resistance genes (mcr) and acquired fosfomycin resistance genes (fosA/C, fosL1) was investigated in 

resistant strains using mRT-PCR, as previously described (Coppi et al., 2018). 

In total, among the 10 colistin-resistant E. coli strains, 9 (90%) were found to carry the mcr-1 gene. 

In the case of fosfomycin-resistant isolates (n=11), nearly all except one isolate (90.9%) carried fos 

genes (i.e. n=6, fosA3/4; n=3, fosA5/6; n=1 fosL1). Despite the relatively low prevalence of colistin 

and fosfomycin resistance among uropathogenic E. coli, these findings are noteworthy, given that 

these genes are often harbored on plasmids and can be horizontally transferred to other strains 

(Falagas et al., 2019; Kieffer et al., 2020; Poirel et al., 2017). 

Since very high resistance rates to expanded-spectrum cephalosporins were detected, ESBL 

phenotypic confirmatory tests and molecular detection of blaCTX-M genes were investigated. 

Overall, 102/340 (30%) E. coli were resistant to cefotaxime. Of these all were confirmed to be ESBL 

producers by phenotypic test and the majority (97/102, 95.1%) were found to carry blaCTX-M genes. 

CTX-M-1-group was the most prevalent (n=59/97, 60.8%), followed by CTX-M-9-group 

(n=38/97,39.2%).  

Interestingly, resistance rates in CTX-M-producing E. coli were significantly higher to almost all 

tested antibiotic, except for nitrofurantoin and colistin compared to pathogens that did not produce 

CTX-Ms (Table 9). 

 

Table 9. Antibiotic susceptibility rates (%) of CTX-M-producing and CTX-M-negative E. coli from uncomplicated and 

complicated community-acquired urinary tract infections. 

Drug 
CTX-M-producing E. 

coli (n=97) 
CTX-M-negative 
E. coli (n=243) 

p valuea 

Nalidixic acid 0 46.7 < 0.0001 

Ciprofloxacin 1 58.8 < 0.0001 

Trimethoprim-Sulphamethoxazole 13.4 44.6 < 0.0001 

Amoxicillin-Clavulanic acid 50.5 75.8 < 0.0001 

Gentamicin 59.8 83.8 < 0.0001 

Nitrofurantoin 91.8 96.7 ns 

Colistin 94.8 97.5 ns 

Fosfomycin 90.7 98.8 < 0.001 
a , calculated by Chi-square test (with Yates’ correction), p < 0.05, significant; ns, non-significant 
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The current data unveils a substantial overall resistance burden among enterobacteria responsible 

for community-acquired urinary tract infections, aligning with rates observed in hospitalized 

patients. This resistance is marked by exceptionally high levels of resistance to ampicillin, 

trimethoprim-sulfamethoxazole, and fluoroquinolones. Furthermore, there's a notable presence of 

ESBL determinants within Enterobacteriaceae, in which even higher resistance rates are observed 

compared to non-ESBL strains. This emphasizes that nitrofurantoin and fosfomycin could be the 

primary treatment choices for uncomplicated UTIs in this region. However, it's important to note 

that the dissemination of resistance genes carried on plasmids, which can be horizontally 

transferred, is a cause for concern. 
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While antibiotic use remains a significant factor driving the emergence of resistance in pathogenic 

bacteria, there is now substantial evidence indicating the presence of acquired antibiotic resistance, 

even at noteworthy levels, in the commensal bacteria of individuals living in remote areas with 

limited prior exposure to antibiotics for clinical or other purposes. This phenomenon highlights the 

complex mechanisms involved in the dissemination of antibiotic resistance, with significant 

implications for resistance control strategies. In addition, in RLCs, antimicrobial resistance rates are 

notably higher than in high-income countries (Murray et al., 2022). This increase in resistance is 

largely due to factors associated with poverty, such as limited access to healthcare, inadequate 

sanitation, and unreliable water sources. These issues have a substantial impact on disease rates, 

especially among children (WHO, 2022). Effective surveillance is crucial for developing interventions 

that help maintain the effectiveness of antimicrobial treatments. 

In this study, the molecular epidemiology of emerging antibiotic resistance mechanisms in both 

commensal and pathogenic bacteria in rural and urban area of Bolivian Chaco was analyzed. 

The study of commensal microbiota revealed a rapid increase in the prevalence of CTX-M 

determinants. This has significantly contributed to the rise in resistance to extended-spectrum 

cephalosporins in commensal E. coli among healthy children residing in rural communities of the 

Bolivian Chaco over a six-years period. This trend persisted despite limited antibiotic usage in the 

studied area. While the findings suggest that clonal expansion may not be the primary factor driving 

the spread of CTX-M ESBLs among enterobacteria, a substantial prevalence of two pandemic E. coli 

clones (i.e. ST131 and ST1193) was observed among CTX-M-producing commensal E. coli. Notably, 

the ST1193 clone, a new MDR pandemic clone, has emerged as a significant contributor to the 

dissemination of CTX-M-9-group enzymes, particularly from 2018 onward. 

The study results concerning uropathogenic bacteria isolated from hospitalized patients residing in 

the same region revealed significantly elevated resistance rates, with the majority of strains 

displaying a MDR profile. Furthermore, we observed a similar prevalence of CTX-M enzymes as that 

found in commensal E. coli, as well as a substantial dissemination of the pandemic ST131 and ST1193 

clones among uropathogenic enterobacteria, which contributed to a significant portion of MDR 

isolates, emphasizing the role of commensal enterobacteria as a reservoir for clinically relevant 

resistance determinants. 

Finally, finding of the study of community-acquired urinary tract infections, revealed high resistance 

rates against various antibiotics, mirroring resistance rates observed in hospitalized patients. In 

particular, the study also highlighted the emergence of resistance to first-line antibiotic for UTIs, 
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fosfomycin and last-resort antibiotic, colistin, due to presence of acquired resistance genes, which 

are often carried on plasmids, posing a risk of horizontal gene transfer. Additionally, the 

dissemination of CTX-M enzymes was notably high and associated with increased resistance to 

multiple antibiotics, emphasizing the complexity of antibiotic resistance mechanisms. In light of 

these findings, it is evident that UTIs in the region are associated with high resistance rates, raising 

concerns about the choice of empirical antibiotic treatment. Nitrofurantoin and fosfomycin appear 

to be primary treatment options for uncomplicated UTIs, considering the substantial resistance to 

other antibiotics. However, the dissemination of resistance genes, particularly those carried on 

plasmids, presents a challenge that requires continued monitoring and research to develop effective 

strategies for resistance control. 

In summary, these results suggest that relying solely on antibiotic restriction policies may not be 

sufficiently effective in addressing the emergence and spread of resistance. They emphasize the 

need for adopting a multi-faceted approach to combat antibiotic resistance, recognizing it as a 

complex ecological challenge. This approach should consider a variety of influential factors, 

including the type and extent of selective pressure, transmission pathways, and mechanisms of 

persistence. To tackle this challenge, it is essential to promote multidisciplinary and collaborative 

efforts at local, national, and international levels, working towards the goal of achieving "One 

Health" that encompasses the well-being of humans, animals, and the surrounding environment. 

Furthermore, the ongoing surveillance of settings with limited antibiotic exposure is crucial for 

gaining insights into the evolution of antibiotic resistance. 
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Objectives: The aim of this study was to perform two cross-sectional surveys on the fecal carriage of 

CTX-M–producing Enterobacterales in school-aged children from rural areas of the Bolivian Chaco (2016 

vs 2019). 

Methods: A total of 757 fecal samples were collected from school-aged children living in nine indigenous 

communities (n = 337, 2016; n = 420, 2019). After a first passage onto MacConkey agar (MCA), samples 

were plated onto MCA plus cefotaxime 2 μg/mL (MCA-CTX), and a loopful of the bacterial growth was 

used as a template for the detection of group 1, 2, 8/25, and 9 bla CTX-M 

variants by multiplex reverse 

transcriptase polymerase chain reaction . Positive samples were tested again for detecting, identifying, 

and characterizing CTX-M-positive isolates. 

Results: Growth onto MCA-CTX was obtained with 208 samples (27.5%; 62/337, 2016; 146/420, 2019), of 

which 201 (96.6%) were positive for bla CTX-M 

genes. Overall, a relevant increase of fecal carriage of CTX- 

M–producing Enterobacterales was observed in the study period: 17,5% (59/337) in 2016 compared with 

33,8% (142/420) in 2019, p < 0.01. Nonetheless, the relative group distribution of CTX-M groups remained 

stable, with group 1 being the prevalent, followed by group 9 and group 8/25. Group 2 was not detected. 

Conclusions: The present study demonstrated an alarming spread of CTX-M enzymes in rural areas of 

the Bolivian Chaco, where antibiotics consumption is limited. Further studies are encouraged to better 

understand the dissemination dynamics of such relevant resistance determinants. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. 

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

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

Background 

Extended-spectrum β-lactamases (ESBLs) have become en- 

demic in Enterobacterales, in both hospital and community 
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E-mail address: lucia.pallecchi@unisi.it (L. Pallecchi) . 

settings. CTX-M-type ESBLs have rapidly disseminated since the 

early 1990s and currently represent the most prevalent ESBLs 

among Enterobacterales worldwide ( Peirano and Pitout, 2019 ). 

In particular, Escherichia coli has become the species most fre- 

quently associated with CTX-Ms, with some clones showing a 

pandemic dissemination (i.e., ST131 and ST1193 clonal groups) 

( Peirano and Pitout, 2019 ). The role of commensal E. coli as a 

reservoir of genes encoding ESBL has been recognized globally 
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Fig. 1. Geographical area of the nine communities included in the study and percentages of children with CTX-M–positive Escherichia coli . 

( World Health Organization WHO and GLASS, 2020 ), and sev- 

eral studies have reported high prevalence of CTX-M-type ESBLs 

in commensal isolates from healthy adults and children in the 

community setting ( Woerther et al ., 2013 ). 

In low/medium-income (LMI) settings, antimicrobial resistance 

rates have been demonstrated to be even higher than in higher- 

income countries, for complex factors mainly related to poverty 

(e.g., poor access to healthcare, poor sanitation, and unreliable wa- 

ter supplies), with a relevant impact on morbidity and mortality 

rates, especially in childhood ( World Health Organization WHO and 

GLASS, 2020 ; Murray et al ., 2022 ). 

In this study, we performed two cross-sectional surveys (i.e., 

2016 vs 2019) to investigate the fecal carriage of CTX-M-producing 

Enterobacterales in school-aged children living in nine indigenous 

communities in rural areas of the Bolivian Chaco. 

Methods 

The study population was represented by school-aged children 

(i.e., aged 6–14 years) living in nine indigenous communities in ru- 

ral areas of the Bolivian Chaco ( Fig 1 ). Administration of antibi- 

otics during the 15 days preceding the survey was investigated by 

a questionnaire administered to parents. 

A total of 757 fecal samples (337 in 2016; 420 in 2019) were 

collected and transferred to the Laboratories of Camiri or Villa 

Montes Hospitals within six hours, for immediate plating onto 

MacConkey agar (MCA; Oxoid LTD, UK). After incubation at 35 °C 

for 18 hours, the bacterial growth (representative of the total en- 

terobacterial microbiota) was collected using fecal swabs (Copan, 

Brescia, Italy), shipped to Italy, and preserved at 4 °C until pro- 

cessed (within 30 days) ( Giani et al ., 2018 ). For detection of CTX- 

M–producing enterobacteria, fecal swabs were plated onto MCA 

plates plus cefotaxime 2 μg/ml (MCA-CTX). After incubation at 

35 °C for 18 hours, a loopful of the bacterial growth (taken either 

from confluent growth or from isolated colonies of different mor- 

phologies) was used as a template for the detection of group 1, 2, 

8/25, and 9 bla CTX-M 

by mRT-PCR, as previously described ( Giani 

et al ., 2017 ). To identify CTX-M–positive isolates, CTX-M–positive 

samples were again streaked onto MCA-CTX, and all colonies with 

a different appearance were re-isolated and subjected to i) a phe- 

notypic test for ESBL production (using the double disk method 

with amoxicillin-clavulanate and cefotaxime), ii) characterization 

of bla CTX-M 

group by multiplex reverse transcriptase polymerase 

chain reaction (mRT-PCR), and iii) identification by the Bruker MS 

system (Bruker Daltonics, Germany; MBT reference library, version 

2021) ( Giani et al. , 2017 ). 

Statistical analyses were performed using Pearson’s Chi-square 

test with Yates’ continuity correction with R version 4.0.5 for Win- 

dows. A P -value < 0.05 was considered significant. 

Results and discussion 

In 2016, 337 children (mean age = 9.2 years, SD = 1.25; me- 

dian age = 9 years; male:female ratio = 1:1.13) were included 

in the study ( Table 1 ). Of the 337 samples, 61 grew on MCA- 

CTX (18.1%). Of these, 59 (96.7%) were found positive for bla CTX-M 

genes. The remaining two were found negative for ESBL produc- 

tion through phenotypic tests. Identification of CTX-M-producing 

isolates showed that all were E. coli , except for one Enterobacter 

cloacae complex . Some children (n = 19, 32.2%) were found to be 

infected by more than one CTX-M-producing E. coli, for a total of 

82 E. coli isolates, with one isolate carrying two bla CTX-M 

variants 

(i.e., bla CTX-M-1 and bla CTX-M-9 groups) ( Table 1 ). 

In 2019, 420 children were included in the study (mean 

age = 9.6 years, SD = 1.4; median age = 10 years; male:female 

ratio = 1.08:1). Of the 420 fecal samples collected, 146 (34.8%) 

grew on MCA-CTX, and 142 (97.3%) of these were found positive 

for bla CTX-M 

genes ( Table 1 ). Only one of four CTX-M negative iso- 

lates showed a result of ESBL-producer through phenotypic testing. 

CTX-M–producing isolates were identified as E. coli, except for one 

Raoultella ornithinolytica . A totoal of 40 children (28.2%) were in- 

fected by multiple CTX-M–producing E. coli , for a total of 190 CTX- 

M–producing isolates, with five isolates carrying two bla CTX-M 

vari- 

ants (i.e., n = 4, bla CTX-M-1 and bla CTX-M-9 groups, and n = 1, bla CTX-M-1 

and bla CTX-M-8/25 groups) ( Table 1 ). 

Usage of antibiotics was found to be very limited, with only 

two children (0.6%) in 2016 and 21 children (5%) in 2019 report- 
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ing antibiotic consumption during the 15 days preceding the sur- 

vey ( Table 1 ). 

Overall, despite the relevant spread of CTX-M enzymes over the 

study period (17.5%, 2016 vs 33.8%, 2019, p < 0.001), the relative 

prevalence of each CTX-M group remained stable. The CTX-M-1 

group represented the most prevalent one (n = 53, 63.9% in 2016; 

n = 120, 61.5% in 2019), followed by the CTX-M-9 group (n = 24, 

28.9% in 2016; n = 62, 31.8% in 2019) and the CTX-M-8 group (n = 6, 

7.2% in 2016; n = 13, 6.7% in 2019) ( Table 1 ). Group 2 was not de- 

tected. 

This study reported a notable increase of carriage of CTX-M–

producing E. coli among healthy children living in rural communi- 

ties of the Bolivian Chaco, where antibiotic usage remains scarce. 

Discordant data were only found in one community, where a de- 

creasing trend was observed ( Table 1 ). 

The results of the present survey were consistent with the few 

similar studies that have been performed so far in rural commu- 

nities from other LMI settings ( Araque and Labrador, 2018 ; Purohit 

et al ., 2017 ). 

Our study has some limitations. The number of children in each 

community was not representative of the total number of the pop- 

ulation. Indeed, only children aged between six and 14 years were 

included. Moreover, it would be interesting to investigate the al- 

lelic variants of CTX-M ESBLs to better understand the dissemina- 

tion dynamics of these enzymes. 

Previous large-scale surveys conducted by our group in small 

urban areas of the Bolivian Chaco had demonstrated a dramatic 

increase of fecal carriage of CTX-M–producing E. coli in healthy 

children during the last two decades, from 0.1% in 2002 to 12% 

in 2011, with a change in the molecular epidemiology of CTX- 

M enzymes characterized by the CTX-M-1 group outcompeting 

the initially prevalent CTX-M-2 group ( Bartoloni et al ., 2013 ). Data 

from the present study are overall consistent with such scenario 

and demonstrate the rapid spread and maintenance of CTX-M–

producing Enterobacterales even in indigenous communities with 

poor access to conventional medicine and antibiotics. Further stud- 

ies are encouraged to better understand the dissemination dynam- 

ics of these resistance determinants. 
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Objectives: To investigate the in vitro activity of fosfomycin, colistin and combinations thereof against plankton-
ic and biofilm cultures of Gram-negative pathogens, mostly showing MDR phenotypes, at concentrations
achievable via inhalation of aerosolized drugs.

Methods: Activity against planktonic cultures was tested by the chequerboard assay with 130 strains, including
52 Pseudomonas aeruginosa, 47 Klebsiella pneumoniae, 19 Escherichia coli, 7 Stenotrophomonas maltophilia
and 5 Acinetobacter baumannii. Activity against biofilm cultures was tested by biofilm chequerboard and quan-
titative antibiofilm assays with a subset of 20 strains. In addition, 10 of these strains were tested in mutant pre-
vention concentration (MPC) assays.

Results: Against planktonic cultures, synergism between fosfomycin and colistin was detected with a minority
(10%) of strains (eight K. pneumoniae and five P. aeruginosa), while antagonismwas never observed. Synergism
between fosfomycin and colistin against biofilms was observed with themajority of tested strains (16/20 in bio-
film chequerboard assays, and 18/20 in the quantitative antibiofilm assays), including representatives of each
species and regardless of their resistance genotype or phenotype. Furthermore, combination of fosfomycin and
colistin was found to significantly reduce the MPC of individual drugs.

Conclusions: Fosfomycin and colistin in combination, at concentrations achievable via inhalation of nebulized
drugs, showed notable synergy against MDR Gram-negative pathogens grown in biofilm, and were able to re-
duce the emergence of fosfomycin- and colistin-resistant subpopulations.

Introduction
Antimicrobial chemotherapy has positively impacted life expect-
ancy, and the recent surge of infections caused by MDR patho-
gens represents a major challenge to global health, reducing
the available therapeutic options. Among the most problematic
infections are those caused by microbial biofilms, which play a
crucial role in chronic lung colonization/infection of patients af-
fected by cystic fibrosis (CF) and other chronic airway conditions
such as COPD and non-CF bronchiectasis. In addition, the growth
of biofilms in endotracheal tubes is implicated in infection-
related ventilation-associated complications (IVACs), which
have a relevant impact on morbidity and mortality rates in
ICUs. Treatment of such infections poses a clinical challenge,
due to the inherent antibiotic tolerance of biofilms and the

frequent involvement of bacterial strains expressing MDR
phenotypes.

In this scenario, treatment regimens based on inhaled anti-
biotics have been extensively investigated in recent years.1–3 In
fact, this route of administration can achieve high antibiotic con-
centrations in the epithelial lining fluid (ELF), overcoming anti-
biotic resistance while minimizing systemic toxicity.2

Fosfomycin and colistin are ‘old’ antibiotics that recently re-
gained interest due to the dearth of new compounds to treat in-
fections caused by MDR pathogens.4 Aerosolized fosfomycin,
administered via inhalation, was estimated to reach concentra-
tions higher than 1200 mg/L in ELF,5 and promising results
were obtained in a Phase II study evaluating inhaled fosfomycin
in combination with tobramycin in CF patients.1,6 Aerosolized
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colistin, administered by inhalation, has been increasingly used
for the treatment of some acute and chronic respiratory tract in-
fections, especially in patients affected by CF.7 Colistin ELF con-
centrations after aerosol delivery are heterogeneous (i.e. range
9.5–1137 mg/L), but higher than those achievable after IV ad-
ministration (i.e. range 1.5–28.9 mg/L).7

Recently, a synergistic effect of fosfomycin/colistin combina-
tions has been reported against planktonic cultures of
Acinetobacter baumannii, Pseudomonas aeruginosa, Escherichia
coli and Klebsiella pneumoniae.8–12 In addition, synergistic activ-
ity of fosfomycin and colistin was reported against E. coli biofilm
in an in vivo foreign-body infection model,10 and against P. aeru-
ginosa biofilm in an in vitro model.12 However, knowledge in this
area remains scarce overall. In this work, we investigated the in
vitro activity of fosfomycin/colistin combinations (tested at
the high concentrations potentially achievable in ELF, after
inhalation) on planktonic and biofilm cultures of several
Gram-negative pathogens, including strains expressing clinically
relevant MDR phenotypes.

Materials and methods
Bacterial strains
A collection of 130 clinical strains of different Gram-negative species (52
P. aeruginosa, 47 K. pneumoniae, 19 E. coli, 7 Stenotrophomonas
maltophilia and 5 A. baumannii) was investigated in this work. The strains
were from the laboratory repositories at the universities of Florence and
Siena, and had mostly been collected during previous national and inter-
national surveys.13–22 The strains were from different sources (49 blood-
stream infections, 42 lower respiratory tract infections (of which 6 were
from CF patients), 32 urinary tract infections and 7 from other sources).
Most strains were carbapenemase producers and exhibited MDR pheno-
types (i.e. exhibited acquired resistance to at least one agent in three
antibiotic classes, according to the EUCAST clinical breakpoints).23 The in-
vestigated strains exhibited different susceptibility profiles to fosfomycin
and colistin, tested in accordance with international standard ISO
20776-1:2019.24 Susceptibility to fosfomycin and colistin was defined ac-
cording to the available EUCAST clinical breakpoints.23 WGS data were
available for most strains. A summary of the main features of the inves-
tigated strains is reported in Table 1. A detailed description of the features
of each strain is reported in Table S1, available as Supplementary data at
JAC Online.

Genomic analysis of fosfomycin- and colistin-resistant
strains
WGS data of colistin-resistant strains were investigated by bioinformatic
analysis for the presence of known acquired colistin resistance genes
(mcr) and chromosomal alterations known to be associated with colistin
resistance, including (i) pmrAB, phoPQ, parRS and cprRS for P. aerugino-
sa;25 (ii) pmrCAB for A. baumannii;26 and (iii) mgrB, pmrB and phoPQ for
K. pneumoniae.27 WGS data of fosfomycin-resistant strains were investi-
gated by bioinformatic analysis for the presence of acquired fosA/C genes
and chromosomal alterations known to be associated with fosfomycin
resistance, including glpT and uhpT for K. pneumoniae and E. coli
(Table S1).28

Chequerboard assays with planktonic cultures
Chequerboard assays to assess synergism of fosfomycin and colistin
combinations with planktonic cultures were carried out in CAMHB
(Becton Dickinson, Milan, Italy) supplemented with 25 mg/L glucose-6-

phosphate (Sigma–Aldrich, St Louis, USA) (CAMHBG6P).29,30 The ranges
of fosfomycin (Sigma–Aldrich) and colistin (AppliChem, Darmstadt,
Germany) concentrations tested were 0.015–1024 and 0.03–1024 mg/L,
respectively. The data produced by the chequerboard assays were ana-
lysed in terms of FIC index (FICI) and interpretated as follows: FICI ≤0.5,
synergy; FICI.0.5–4.0, no interaction; FICI.4.0, antagonism.30 All strains
were tested in two independent experiments and discrepancies in FICI va-
lues were adjudicated by a third chequerboard assay.

Activity against biofilms
Activity of fosfomycin, colistin and combinations thereof against biofilms
was determined by a standardized in vitro biofilm model in which biofilm
is formed on plastic pegs on a modified 96-well microtitre plate
(Innovotech, Edmonton, Alberta, Canada), as previously described.31

Biofilms were grown in CAMHBG6P (static conditions, 35°C) for 24 h, ex-
cept for A. baumannii, which required 7 days of growth in daily refreshed
medium.30 Under these conditions, the quantity of preformed biofilms,
assayed by viable cell counting, was homogeneous overall among differ-
ent strains. Preformed biofilmswere then exposed to different concentra-
tions of fosfomycin, colistin and fosfomycin/colistin combinations in
CAMHBG6P for 24 h (static conditions, 35°C). After antibiotic exposure,
biofilms were washed twice with PBS (Sigma–Aldrich) to remove loosely
adherent bacteria, and sessile cells were removed from pegs by sonic-
ation for 30 min (peak ultrasonic power 260 W) (Soltec, Sonica
Ultrasonic Cleaner 2400 ETH, Milan, Italy) in 200 μL of recovery medium
made of tryptic soy broth (Oxoid, Milan, Italy) supplemented with 0.1%
Tween 20 (Sigma–Aldrich). For determination of minimum biofilm eradi-
cation concentrations (MBECs) and biofilm chequerboard assays,32 visible
bacterial growthwas evaluated after subsequent incubation of the recov-
ery medium for 24 h (static conditions, 35°C). In chequerboard assays,
the synergistic activity of fosfomycin/colistin combinations was evalu-
ated by calculation of the fractional biofilm eradication concentration in-
dex (FBECI), where an FBECI value of≤0.5 indicates a synergistic effect, as
previously described.32

Data were obtained in at least two independent experiments, with six
replicates per condition for each drug combination in each experiment.
Median values were used for data analysis. With selected fosfomycin
and colistin concentrations (alone and in combination), quantitative anti-
biofilm activity was evaluated in terms of cfu/peg, by counting viable cells
in the recovery medium after biofilm disruption, as previously de-
scribed.30,33 Preliminary experiments were performed in order to deter-
mine the optimal range of antibiotic concentrations to be tested for
each strain. Data were obtained in at least two independent experiments,
with six replicates per condition for each drug combination in each experi-
ment. Median values were used for data analysis.

Determination of mutant prevention concentrations
(MPCs)
MPCs were determined as described by Wei et al.,34 with minor modifica-
tions. Briefly, overnight cultures in CAMHBG6P at 35°C were diluted 1:10
into pre-warmed CAMHBG6P, incubated at 35°C until late-exponential
phase (OD600 �1.5–2) to achieve a suspension of �109 cfu/mL. This sus-
pension (0.1 mL) was then spread onto Mueller–Hinton agar (MHA) plates
supplemented with 25 mg/L glucose-6-phosphate (Sigma–Aldrich)
(MHAG6P) containing fosfomycin or colistin at concentrations of 1×,
2×, 4×, 8×, 16×, 32×, 64× and 128× the respective MICs for each strain.
MPCwas recorded as the lowest antibiotic concentration at which no col-
onies grew on the agar plate after 48 h of incubation at 35°C. MPCs were
also determined for fosfomycin/colistin combinations. For this purpose,
scalar concentrations of fosfomycin were tested in combination with a
fixed colistin concentration, corresponding to the highest colistin concen-
tration at which confluent/subconfluent growth was observed. The same
procedure was adopted for testing scalar colistin concentrations in
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combination with a fixed fosfomycin concentration. MPCs were deter-
mined in at least two independent experiments, with a third experiment
performed in case of discordant results (more than 2-fold dilution). MPC
data were used to calculate the mutant selection window (MSW), which
represents the antibiotic concentration range between the MIC and the
MPC,34 for fosfomycin and colistin alone and in combination.

Statistical analysis
For comparison of the antibiofilm activity of fosfomycin/colistin combina-
tions versus single drugs in quantitative anti-biofilm assays, statistical
analysis was performed using the unpaired t-test withWelch’s correction
(GraphPad Prism version 7.0, San Diego, CA, USA).

Results
Activity of fosfomycin/colistin combinations against
Gram-negative pathogens in planktonic cultures
Activity of fosfomycin/colistin combinations was tested against a
collection of 130 Gram-negative strains of clinical origin, repre-
sentative of different species (including A. baumannii, P.
aeruginosa, S. maltophilia, E. coli and K. pneumoniae) and differ-
ent clonal lineages, by chequerboard assays with planktonic cul-
tures. The collection included several strains exhibiting MDR

phenotypes and producing various carbapenemases, and also
fosfomycin- and/or colistin-resistant strains with different resist-
ance mechanisms (Table 1 and Table S1).

Overall, synergismwas observed with 13 of 130 strains (10%),
including aminority of P. aeruginosa (5/51; 9.8%) and K. pneumo-
niae (8/48; 16.7%). All other strains showed an FICI indicative of
no interaction, while antagonism was never observed.
Interestingly, a substantial proportion of the strains for which
no interaction was observed showed 0.5,FICI≤1 values (3/5
A. baumannii, 60%; 38/51 P. aeruginosa, 74.5%; 7/7 S. maltophi-
lia, 100%; 8/19 E. coli, 42.1% and 26/48 K. pneumoniae, 54.2%)
(Table 1 and Table S1). No clear relationship was apparent be-
tween synergism and clonal lineage or specific resistance pheno-
types/mechanisms (Table S1).

Activity of fosfomycin/colistin combinations against
biofilms
Activity of fosfomycin, colistin and combinations thereof was
then tested against a subset of 20 selected strains, representa-
tive of different species, different fosfomycin and colistin suscep-
tibility profiles, and different response to fosfomycin/colistin
combinations in chequerboard assays performed with planktonic
cultures (Table 2).

Table 1. Main features of the 130 Gram-negative clinical strains investigated in this work, and results of the chequerboard assays for fosfomycin (FOF)/
colistin (CST) combinations with planktonic cultures

Species
(no. of strains)

Relevant acquired resistant
phenotypes/genotypes (n) ST (n)

MIC range (mg/L) Number of strains (%)

FOF CST
Synergy

(FICI ≤0.5)
No interaction
(FICI .0.5–4)

A. baumannii
complex (5)

Carba-R, MDR (5)
Carbapenemase+ (5; OXA-23

and/or OXA-58, OXA-72)
Colistin-R (2; mechanism

unknown)

ST2 (3), ST78 (2) 64 to
.1024

0.5–8 None 5 (100)

E. coli (19) Carba-R, MDR (7)
ESC-R, Carba-S, MDR (11)
Carbapenemase+ (7; NDM,

KPC, OXA-48-like, VIM)
ESBL+ (10; CTX-M and/or TEM)

CMY-2 (4)
Colistin-R (3; MCR-1-like)

ST39 (1), ST43 (2), ST73 (2), ST117 (1),
ST131 (1), ST167 (1), ST404 (1), ST405
(2), ST479 (2), ST648 (2), ST681 (1),

ST2076 (1) ND (2)

0.25 to
.128

0.25–8 None 19 (100)

K. pneumoniae
(48)

Carba-R, MDR (48)
Carbapenemase+ (46; NDM,

KPC, OXA-48-like, VIM)
ESBL+ (4; CTX-M),

Colistin-R (1; MCR-1-like)

ST11 (1), ST35 (1), ST101 (6), ST147 (1),
ST258 (5), ST307 (6), ST395 (1), ST512
(17), ST2217 (1), ST2502 (1), ND (8)

≤0.25 to
.128

0.25–128 8 (16.7) 40 (83.3)

P. aeruginosa
(51)

Carba-R, MDR (48)
Carbapenemase+ (40; VIM,

IMP, GES-5)
ESBL+ (4; PER-1)

ST17 (2), ST111 (6), ST175 (8), ST179 (1),
ST235 (11), ST260 (2), ST308 (4), ST532
(2), ST621 (12), ST646 (1), ST654 (1),

ND (1)

4 to
.1024

0.5–512 5 (9.8) 46 (90.2)

S. maltophilia (7) Trimethoprim/
sulfamethoxazole-R (1)

ST34 (1), ST87 (1), ST300 (1), ST335 (1),
ND (3)

32–128 2–128 None 7 (100)

ND, not determined; Carba-R, carbapenem resistant; Carba-S, carbapenem susceptible; ESC-R, expanded-spectrum cephalosporin resistant.
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As expected, MBECs of fosfomycin and colistin were consist-
ently higher than the respective MICs with all tested strains: for
fosfomycin, MICmedian=64 mg/L (range ≤0.25 to .1024 mg/L)
versus MBECmedian=1024 mg/L (range 4 to.1024 mg/L); for co-
listin, MICmedian=4 mg/L (range ≤0.5 to 512 mg/L) versus
MBECmedian=512 mg/L (range 8 to .1024 mg/L) (Table 2).

Biofilm chequerboard assays showed synergism of fosfomy-
cin/colistin combinations with the majority of tested strains
(16/20; 80%) with no clear association with results of chequer-
board assays performedwith planktonic cultures, while antagon-
ism was never observed (Table 2).

Quantitative antibiofilm assays, using the high drug concen-
trations achievable in ELF after inhalation of aerosolized drugs,
demonstrated significant antibiofilm synergism of fosfomycin/
colistin combinations against all tested strains with the exception
of two P. aeruginosa (P. aeruginosa FZ34 and FZ45), for which a
trend suggesting synergism was observed but statistical signifi-
cance was not achieved (Table 2, Figure 1).

MPCs and MSWs
MPCs of fosfomycin, colistin and fosfomycin/colistin combina-
tions were determined for 10 selected strains, representative of
different species, different fosfomycin and colistin MICs, and dif-
ferent response to fosfomycin/colistin combinations shown in
quantitative antibiofilm assays (Table 3).

Overall, fosfomycin presented higher MPCvalues (range 512 to
.1024 mg/L; median .1024 mg/L) than colistin (range 16 to
1024 mg/L; median 128 mg/L). When tested in combination,
with one drug at fixed subMPC concentration, the MPCs of fosfo-
mycin and colistinwere consistently lowered for all tested strains,
regardless of their fosfomycin and colistin MICs (Table 3), al-
though narrowing of the MSWswas variable with different strains
(Figure 2).

Discussion
Polymyxins and fosfomycin are old antibiotics that recently re-
gained interest for treating infections caused by MDR
Gram-negative pathogens,35 with the advantage of possible ad-
ministration also as inhaled formulations.1,7

Data pointing towards synergistic activity of fosfomycin/colis-
tin combinations have previously been reported, but mostly
against planktonic cultures,11,12,36 while experience with biofilms
remains very limited.10,12

In this study, we investigated the in vitro activity of fosfomy-
cin/colistin combinations against planktonic and biofilm cultures
of clinically relevant Gram-negative pathogens of several
different species, including strains from CF patients and/or those
expressing MDR phenotypes. High drug concentrations, poten-
tially achievable in ELF after inhalation, were used to treat pre-
formed biofilms, and also to investigate the ability of the
combined drugs to prevent or limit the emergence of resistant
subpopulations.

Activity of fosfomycin/colistin combinations against
planktonic cultures
Our data showed that in chequerboard experiments with plank-
tonic cells, carried out with a large and diverse collection of

Gram-negative strains of clinical origin, fosfomycin/colistin com-
binations exerted synergistic activity only against a minority of
strains of K. pneumoniae and P. aeruginosa, and never against
strains of the other tested species (E. coli, A. baumannii and
S. maltophilia).

Previous studies reported higher rates of synergism with
K. pneumoniae and P. aeruginosa planktonic cells.11,36,37 These
differences might be related to differences in the strain collec-
tions and/or experimental conditions (in some cases synergism
was evaluated with different methods or interpreted with differ-
ent criteria). However, the relatively high number of strains show-
ing 0.5,FICI≤1 values in chequerboard assays (84/130; 64.6%),
values that have been considered in some studies as partially
synergistic (even if this definition is controversial),29,36,38 might
be of interest.

Activity of fosfomycin/colistin combinations against
biofilms
Our results consistently showed synergistic activity of fosfomy-
cin/colistin combinations against biofilms of Gram-negative
strains of different species. Although the number of tested
strains per species was relatively low in these experiments,
the synergistic antibiofilm activity of fosfomycin/colistin combi-
nations did not appear to be species-related or dependent on
fosfomycin and colistin MICs, resistance mechanisms or clonal
lineage. Moreover, the results of biofilm chequerboard
assays were in accordance overall with results obtained from
quantitative antibiofilm assays, carried out with drug concen-
trations achievable via inhalation of aerosolized drugs.
Interestingly, synergism against biofilms was observed regard-
less of results obtained with planktonic cells, emphasizing the
complexity of biofilm response to antibiotic exposure and
underscoring the poor predictivity of planktonic models for bio-
film infections.

Our results, therefore, were consistent with those previously
reported by Corvec et al.10 against E. coli biofilms, and with those
reported byMemar et al.12 against P. aeruginosa, and expand cur-
rent knowledge in this area. To the best of our knowledge, our re-
sults are original in showing synergistic activity of fosfomycin/
colistin combinations against biofilms of A. baumannii, S. malto-
philia and K. pneumoniae.

MPCs and MSWs of fosfomycin, colistin and fosfomycin/
colistin combinations
The combination of fosfomycin and colistin, at concentrations
achievable by inhalations, was also found to notably reduce the
MPCs of both fosfomycin and colistin with Gram-negative strains
of different species, narrowing the MSWs and limiting the prob-
ability of the bacteria further mutating and developing drug re-
sistance. Interestingly, lowering of the MPC values closer to MIC
values by combination of fosfomycin and colistin was also ob-
servedwith strains of species causing difficult-to-treat infections,
such as S. maltophilia and P. aeruginosa. Altogether, these results
reinforce the notion that these antibiotics should not be used in
monotherapy, and that their combinations could represent a va-
lid alternative to prevent the emergence of resistant
subpopulations.
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Figure 1. Antibiofilm activity of fosfomycin (FOF)/colistin (CST) combinations. Data from at least two independent experiments, with six replicates per
condition per experiment. Median values are plotted. The x-axes are set at the limit of detection (i.e. 20 cfu/peg). In graphic legends, FOF and CSTcon-
centrations are expressed in mg/L. Significant differences compared with drug controls are indicated with asterisks (blue for fosfomycin, red for co-
listin).* P,0.05, ** P,0.01, *** P,0.001, **** P,0.00001. This figure appears in colour in the online version of JAC and in black and white in the
print version of JAC.
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Figure 1. Continued
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Table 3. MPCs for fosfomycin (FOF) and colistin (CST) alone and in combination

Isolate Species ST

MIC (mg/L)

FICI FBECI

MPC (mg/L)

FOF CST FOF CST FOF with [CST] CST with [FOF]

FZ83 A. baumannii 2 64 8 0.8 0.3 .1024 128 512 [8] 32 [64]
FZ34 P. aeruginosa 175 .1024 4 0.3 0.5 .1024 16 1024 [4] 8 [512]
FZ45 P. aeruginosa 111 .1024 4 0.4 1 .1024 64 1024 [4] 16 [256]
FZ139 P. aeruginosa 111 8 4 0.3 0.8 .1024 32 64 [4] 8 [32]
FZ8 S. maltophilia 34 128 4 0.6 0.1 512 256 64 [64] 32 [128]
FZ85 S. maltophilia 87 32 16 0.8 0.8 1024 512 64 [128] 32 [128]
FZ11 E. coli 73 64 0.5 0.9 0.4 .1024 16 512 [4] 8 [128]
FZ103 K. pneumoniae 258 32 8 0.4 0.1 1024 512 128 [64] 64 [256]
FZ105 K. pneumoniae 258 16 128 0.3 0.1 .1024 1024 32 [128] 32 [256]
FZ106 K. pneumoniae 258 64 32 0.4 0.2 .1024 1024 64 [128] 64 [256]

FICI and FBECI values were interpreted as follows: FICI/FBECI≤0.5, synergy; FICI/FBECI.0.5–4.0, no interaction; FICI/FBECI.4.0, antagonism. Values
in bold type indicate synergy. Square brackets indicate antibiotics used at fixed concentrations (selected based on the highest drug concentration that
achieved a confluent/subconfluent growth on MHAG6P plates).

Figure 2. MPCs and MSWs of fosfomycin (FOF)/colistin (CST) combinations of 10 selected strains. Red shading indicates the MSWof fosfomycin/colistin
combinations. In graphic legends, FOFand CSTconcentrations are expressed inmg/L. MPCvalues.1024 mg/Lwere reported as 2048mg/L. This figure
appears in colour in the online version of JAC and in black and white in the print version of JAC.
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Conclusions
In conclusion, we found that fosfomycin plus colistin, at concen-
trations achievable in the ELF after inhalation, showed remark-
able in vitro antibiofilm synergism against clinically relevant
MDR Gram-negative bacteria, and were able to reduce the emer-
gence of fosfomycin- and colistin-resistant subpopulations.

The relatively small number of strains tested on antibiofilm as-
says may be a limitation in this study. However, the synergism of
fosfomycin/colistin observed against strains of diverse clonal
lineages and resistance phenotypes andgenotypeswould suggest
that this phenomenon is general rather than strain-specific. In or-
der to consolidate these findings, further in vitro studies on a high-
er number of strains and in vivo animal models are warranted.
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ABSTRACT Chronic colonization by Pseudomonas aeruginosa is critical in cystic fi-
brosis (CF) and other chronic lung diseases, contributing to disease progression. Bio-
film growth and a propensity to evolve multidrug resistance phenotypes drastically
limit the available therapeutic options. In this perspective, there has been growing
interest in evaluating combination therapies, especially for drugs that can be admin-
istered by nebulization, which allows high drug concentrations to be reached at the
site of infections while limiting systemic toxicity. Here, we investigated the potential
antibiofilm activity of N-acetylcysteine (NAC) alone and in combination with colistin
against a panel of P. aeruginosa strains (most of which are from CF patients) and the
transcriptomic response of a P. aeruginosa CF strain to NAC exposure. NAC alone
(8,000 mg/L) showed a limited and strain-dependent antibiofilm activity. Nonetheless,
a relevant antibiofilm synergism of NAC-colistin combinations (NAC at 8,000 mg/L
plus colistin at 2 to 32 mg/L) was observed with all strains. Synergism was also con-
firmed with the artificial sputum medium model. RNA sequencing of NAC-exposed
planktonic cultures revealed that NAC (8,000 mg/L) mainly induced (i) a Zn21 starva-
tion response (known to induce attenuation of P. aeruginosa virulence), (ii) downreg-
ulation of genes of the denitrification apparatus, and (iii) downregulation of flagellar
biosynthesis pathway. NAC-mediated inhibition of P. aeruginosa denitrification path-
way and flagellum-mediated motility were confirmed experimentally. These findings
suggested that NAC-colistin combinations might contribute to the management of
biofilm-associated P. aeruginosa lung infections. NAC might also have a role in reduc-
ing P. aeruginosa virulence, which could be relevant in the very early stages of lung
colonization.

IMPORTANCE Pseudomonas aeruginosa biofilm-related chronic lung colonization contrib-
utes to cystic fibrosis (CF) disease progression. Colistin is often a last-resort antibiotic for
the treatment of such P. aeruginosa infections, and it has been increasingly used in CF,
especially by nebulization. N-acetylcysteine (NAC) is a mucolytic agent with antioxidant
activity, commonly administered with antibiotics for the treatment of lower respiratory
tract infections. Here, we show that NAC potentiated colistin activity against in vitro bio-
films models of P. aeruginosa strains, with both drugs tested at the high concentrations
achievable after nebulization. In addition, we report the first transcriptomic data on the
P. aeruginosa response to NAC exposure.

KEYWORDS N-acetylcysteine, Pseudomonas aeruginosa, biofilms, colistin, cystic fibrosis,
synergism, transcriptomic response
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P seudomonas aeruginosa is a leading pathogen infecting the airways of patients
affected by cystic fibrosis (CF) and other chronic lung diseases (e.g., chronic ob-

structive pulmonary disease and non-CF bronchiectasis) (1). Once established in the CF
airways, P. aeruginosa develops into chronic infections and generally persists indefi-
nitely, contributing to frequent exacerbations, decline of pulmonary function, and
higher rates of mortality (1, 2). Chronic infections by P. aeruginosa in CF lungs are asso-
ciated with adaptive changes of the pathogen, such as conversion to a mucoid pheno-
type, switching to the biofilm mode of growth, and acquisition of antibiotic resistance
(3). Cumulative exposure to antibiotics during treatment causes dissemination of multi-
drug-resistant (MDR) P. aeruginosa strains, leading to the ineffectiveness of the antibi-
otic therapy and consequently worse clinical outcomes (3).

Colistin is among the last-resort agents for the treatment of P. aeruginosa infections
caused by MDR strains, with the advantage of being also administrable by nebuliza-
tion, which allows the achieving of high lung concentrations while reducing systemic
toxicity (4). In this perspective, inhaled colistin has been increasingly used for the treat-
ment of difficult-to-treat respiratory tract infections, especially those related to biofilm
formation (5).

N-acetylcysteine (NAC) is a mucolytic agent commonly administered with antibiotics for
the treatment of lower respiratory tract infections, which has been demonstrated to exert
also antimicrobial and antibiofilm activity against relevant respiratory pathogens (6–8).
Recently, a potent in vitro antibiofilm synergism of NAC-colistin combinations was demon-
strated against colistin-susceptible and colistin-resistant Acinetobacter baumannii and
Stenotrophomonas maltophilia strains (9, 10).

NAC has been demonstrated to exert several heterogeneous biological activities (whose
molecular bases have not always been clearly elucidated) and has recently been under
extensive investigation for potential clinical applications beyond the approved therapeutic
usage as an antidote in acetaminophen (paracetamol) overdose and as a mucolytic (11).
Overall, NAC can act as a direct or indirect antioxidant, due to the ability of the free thiol
group to react with reactive oxygen and nitrogen species and by constituting a precursor
of intracellular glutathione (11). In addition, NAC can bind transition and heavy metal ions
and act as a reducing agent of protein sulfhydryl groups involved in intracellular redox ho-
meostasis (11). Despite several studies that have addressed the biological effects of NAC
on planktonic and biofilm bacterial cultures (8), to the best of our knowledge, no data on
bacterial transcriptomic response to NAC exposure have been reported so far.

In this study, we investigated the in vitro antibiofilm activities of NAC alone and in com-
bination with colistin (at the high concentrations achievable by the inhalation route of
administration) (8, 12) against a panel of P. aeruginosa strains (most of which are from CF
patients) representative of different phenotypes (in terms of mucoidy, antimicrobial sus-
ceptibility pattern, and O type) and multilocus sequence type (MLST) genotypes. In addi-
tion, we provided original data on the transcriptomic response of P. aeruginosa planktonic
cultures to NAC exposure.

RESULTS AND DISCUSSION
Activity of NAC alone against preformed biofilm. The antibiofilm activity of NAC

alone was tested with 17 P. aeruginosa strains (Table 1), of which 15 were from CF
patients, using the Nunc-TSP lid system.

NAC at 8,000 mg/L (i.e., a high concentration achievable after inhalation) showed
limited and strain-dependent activity (Fig. 1 to 4). In particular, major effects were
observed with P. aeruginosa Z154 (i.e., decrease of .1 log CFU/peg compared to the
control) (Fig. 1) and P. aeruginosa PAO1 (i.e., increase of .1 log CFU/peg compared to
the control) (Fig. 2). With an additional 7 strains, a very slight but statistically significant
activity was observed (i.e.,,0.5 log CFU/peg compared to the control), resulting in bio-
film reduction in six cases (i.e., P. aeruginosa Z33, Z35, Z152, M13, M19, and M25) and
biofilm increase in the remaining one (i.e., P. aeruginosa M42) (Fig. 2 and 3).

Overall, these results indicated that inhaled NAC alone might not have major effects on
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P. aeruginosa biofilms already established in the lung and that the response to NAC was
not related to phenotypic or genotypic features. The few previous studies that have
addressed the activity of NAC against preformed P. aeruginosa biofilms have reported simi-
lar results (i.e., usually limited and strain-dependent effects), although a direct comparison
of data is not straightforward due to different methodological approaches (e.g., different
biofilm models and different NAC concentrations tested) and the low number of strains of-
ten tested in such studies (i.e., usually reference strains) (8, 13, 14). This study provided a
wider picture on this topic by investigating a panel of characterized P. aeruginosa strains
using a standardized in vitro biofilm model and in vivo achievable NAC concentrations.
Interestingly, NAC alone (at the concentration used in this study and the same biofilm

TABLE 1 Features of the 17 P. aeruginosa strains included in this study

Strain
yr of
isolation Phenotype Origina STb O type Resistance patternc

MIC (mg/L)d

CST NAC
PAO1 1954 Nonmucoid Wound ST549 O5 Wild type 2 64,000
Z33 2005 Nonmucoid CF ST235 O11 CPr, FQr, AGr 1 16,000
Z34 2006 Nonmucoid CF ST17 O1 CBr, CPr, FQr, AGr 2 64,000
Z35 2006 Nonmucoid CF ST235 O11 1 16,000
Z152 2013 Mucoid CF ST155 O6 CBr, FQr, AGr 2 8,000
Z154 2016 Mucoid CF ST412 O6 CPr, FQr, AGr 2 16,000
M1 2002 Mucoid CF ST155 O6 CBr, CPr, FQr, AGr 2 16,000
M4 2005 Mucoid CF ST155 O6 CBr, CPr, FQr, AGr 2 32,000
M7 2005 Mucoid CF ST253 O10 AGr 2 64,000
M13 2000 Mucoid CF ST274 O3 CBr, CPr, AGr 1 32,000
M19 2006 Mucoid CF ST3509 O7 1 64,000
M25 2002 Mucoid CF ST235 O11 2 16,000
M32 2006 Mucoid CF ST235 O11 2 16,000
M42 2007 Mucoid CF ST2437 O6 CBr, CPr, FQr, AGr 2 32,000
FC237 2007 Nonmucoid CF ST365 O3 CBr, FQr, AGr, CSTr 512 64,000
FC238 2007 Nonmucoid CF ST910 O6 CBr, CSTr 8 64,000
FZ99 2018 Nonmucoid RTIICU ST111 O12 CBr, CPr, FQr, AGr, CSTr 4 64,000
aCF, cystic fibrosis; RTIICU, respiratory tract infection in intensive care unit.
bAccording to the MLST Pasteur scheme.
cCBr, resistance to carbapenems (imipenem and meropenem); CPr, resistance to cephems (ceftazidime and cefepime); FQr, resistance to fluoroquinolones (ciprofloxacin);
AGr, resistance to aminoglycosides (amikacin and gentamicin); CSTr, resistance to colistin.
dCST, colistin; NAC, N-acetylcysteine.

FIG 1 Antibiofilm activity of N-acetylcysteine (NAC) at 8,000 mg/L, colistin (CST), and NAC-CST
combinations against P. aeruginosa Z154 in the Nunc-TSP lid system. A relevant potentiation of colistin
antibiofilm activity was observed with all NAC-CST combinations tested. CST 2, colistin at 2 mg/L; CST 4,
colistin at 4 mg/L; CST 8, colistin at 8 mg/L. Biofilms not exposed to NAC or CST represent the control.
Black lines indicate median values. The x axis is set at the limit of detection (20 CFU/peg).
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FIG 2 Antibiofilm activity of N-acetylcysteine (NAC) at 8,000 mg/L, colistin (CST), and NAC-CST
combinations against P. aeruginosa PAO1 and three colistin-susceptible nonmucoid strains in the

(Continued on next page)
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model) was recently shown to exert relevant activity against preformed biofilms of two rel-
evant CF pathogens, namely, S. maltophilia and Burkholderia cepacia complex (BCC) (7).
The reasons for such a diverse response of P. aeruginosa compared to S. maltophilia and
BCC should deserve further attention, because they could possibly help identifying critical
targets in the complex biofilm environments, to be used for the implementation of new
antibiofilm strategies.

Activity of NAC-colistin combinations against preformed biofilms. P. aeruginosa
Z154 (a mucoid, MDR, colistin-susceptible CF strain) was first used to test the potential
antibiofilm synergism of NAC at 8,000 mg/L plus diverse colistin concentrations. As
shown in Fig. 1, a relevant synergism was observed already with colistin at 2 mg/L (i.e.,
the colistin MIC for the tested strain), with a dose-dependent effect at increasing coli-
stin concentrations, and complete biofilm eradication was achieved with the combina-
tion of NAC at 8,000 mg/L plus colistin at 8 mg/L (Fig. 1).

The remaining 16 strains were initially tested with the combination of NAC at
8,000 mg/L plus colistin at 8 mg/L. In order to detect a potential synergism, the con-
centration of colistin was then modified for strains forming biofilms highly susceptible
to colistin (n = 7) or particularly resistant (n = 2) (Fig. 2 to 4). Overall, a relevant syner-
gism of NAC-colistin combinations was observed with all tested strains (including the
three colistin-resistant ones), although in two cases (i.e., P. aeruginosa M4 and M32),
statistical significance was not achieved (Fig. 2 to 4). These latter strains were also
tested with lower colistin concentrations (i.e., 2 and 4 mg/L, respectively), but syner-
gism was not observed (data not shown). Concerning the synergism observed with the
three colistin-resistant strains (Fig. 4), it is interesting to note that with strain FC237
(nonmucoid, MDR), an important decrease in viable biofilm cells was observed with a
combination including a colistin concentration much lower than the colistin MIC for
this strain (i.e., 1/64 MIC) (Fig. 4).

Overall, these data demonstrated that NAC could potentiate colistin activity against
preformed biofilms of colistin-susceptible and colistin-resistant P. aeruginosa strains,
regardless of the mucoid/nonmucoid phenotype, the resistance pattern, and the ST
and O type. Present findings are consistent with the previously observed antibiofilm
synergism of NAC-colistin combinations against colistin-susceptible and colistin-resist-
ant strains of A. baumannii and S. maltophilia (9, 10). Further studies with a higher
number of P. aeruginosa clinical isolates, especially with a colistin-resistant phenotype,
are encouraged.

Activity of NAC-colistin combinations in the ASM biofilm model. Two P. aerugi-
nosa CF strains exhibiting different phenotypes were selected for susceptibility assays
with the artificial sputum medium (ASM) biofilm model: P. aeruginosa Z34 (nonmucoid,
MDR, ST17, O1) and P. aeruginosa Z154 (mucoid, MDR, ST412, O6). Biofilms were grown
in ASM, in order to mimic the P. aeruginosa biofilm environmental conditions experi-
enced in the CF mucus. Preformed biofilms were then challenged in the same medium
with NAC-colistin combinations.

As shown in Fig. 5, a clear synergism of NAC at 8,000 mg/L in combination with coli-
stin at 64 mg/L was observed with both strains (Fig. 5). Compared to the experiments
performed with the Nunc-TSP lid system, the concentration of colistin that allowed ob-
servation of a synergism was much higher (i.e., 32� the MIC), possibly due to colistin
strong ionic interactions with ASM components (e.g., extracellular DNA and mucin)
(15). Indeed, preliminary experiments carried out with lower colistin concentrations did
not show either colistin antibiofilm activity or synergism with NAC (data not shown). In
addition, the antibiofilm activity of NAC alone observed against P. aeruginosa Z154 in
the Nunc-TSP lid system was not observed in the ASM model (Fig. 5), confirming that

FIG 2 Legend (Continued)
Nunc-TSP lid system. A potentiation by NAC of colistin antibiofilm activity was observed with all
tested strains. CST 4, colistin 4 mg/L; CST 8, colistin 8 mg/L. Biofilms not exposed to NAC or CST
represented the control. Black lines indicate median values. The x axis is set at the limit of detection
(20 CFU/peg).
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FIG 3 Antibiofilm activity of N-acetylcysteine (NAC) at 8,000 mg/L, colistin (CST), and NAC-CST combinations
against nine colistin-susceptible mucoid P. aeruginosa strains in the Nunc-TSP lid system. A potentiation by

(Continued on next page)
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the efficacy of NAC alone against preformed P. aeruginosa biofilms could be limited in
vivo.

Overall, these data demonstrated that the antibiofilm synergism of NAC-colistin
combinations against P. aeruginosa strains is preserved also under the environmental
conditions mimicking the CF mucus, which is promising for clinical applications.
Furthermore, the lower susceptibility to colistin of P. aeruginosa biofilms in the ASM
model compared to biofilm susceptibility in standard media observed in this study is
consistent with what was previously reported with P. aeruginosa (16).

Transcriptomic response of P. aeruginosa Z154 to NAC exposure. P. aeruginosa
Z154 (i.e., colistin-susceptible CF strain, mucoid, MDR, ST412, O6) was selected for
investigating the transcriptome response of planktonic cultures to NAC exposure (i.e.,
NAC at 8,000 mg/L). A total of 66 differentially expressed genes (DEGs) were identified
(adjusted P value of ,0.05 with 99% confidence interval [CI]), of which 46 were upreg-
ulated and 20 downregulated compared to the control (Table 2).

Analysis of DEGs revealed that NAC mainly acted as Zn21 chelator, inducing a strong
Zn21 starvation response. DEGs associated with such response were consistent with data
reported in previous studies addressing zinc homeostasis in P. aeruginosa and other bacteria
(Table 2) (17–22). In particular, 31 of the 46 upregulated DEGs belonged to the zur regulon
and are known to be activated in response to Zn21 starvation (Table 2) (17–22). Such genes
mainly included operons involved in zinc uptake (e.g., the PA4063-PA4064-PA4065-PA4066
operon, cntOLMI operon, and znuABC operon) and genes encoding zinc-independent paral-
ogs of cellular proteins (i.e., type B 50S ribosomal proteins L31 and L36, RNA polymerase-
binding protein DksA2, adn GTP-cyclohydrolase FolE2) (Table 2) (17–23). Upregulated DEGs
belonging to the zur regulon also included genes encoding an N-acetylmuramoyl-L-alanine
amidase (AmiA, involved in splitting of septal peptidoglycan during cell division), a g-car-
bonic anhydrase (Cam, involved in reversible hydration of carbon dioxide and important for
growth under low-CO2 conditions), and three modulators of the membrane FtsH protease
(i.e., HflC and HflK family modulators) (Table 2). The membrane FtsH zinc-dependent prote-
ase is required for the expression of diverse unrelated phenotypes (e.g., swimming and
twitching motility, biofilm formation, autolysis, production of secondary metabolites, main-
tenance of plasma membrane integrity by degrading misfolded proteins), and it has been
recently demonstrated to represent an important virulence factor in P. aeruginosa clone C
(23). HflC and HflK family modulators interact with FtsH at the level of the plasma mem-
brane, usually with an inhibitory effect (23). The NAC-mediated effects on the phenotypes
related to FtsH would deserve further attention.

The remaining 15 upregulated DEGs included genes encoding a recently described
transcriptional regulator, PA2100 (also named MdrR2) (24), an AhpC-like alkyl hydro-
peroxide reductase (involved in protection from oxidative stress) (25), and proteins
possibly involved in copper and iron uptake (Table 2).

MdrR2, together with MdrR1, has been demonstrated to repress themexAB-oprM operon
(independently from the MexR repressor), activate the EmrAB efflux pump, and indirectly in-
hibit biofilm formation (Table 2) (24). The effect of NAC on the MdrR1-MdrR2 dual-regulation
system should be further investigated. Nonetheless, a previous study aimed at investigating
the potential antagonism of high NAC concentrations (i.e., as those tested in this study) on
the activity of the major classes of antibiotics used in the clinical practice, did not show
major effects (with the exception of carbapenems, due to a chemical instability of carbape-
nems in the presence of NAC) (26), suggesting that the activation of the EmrAB efflux could
not be relevant or circumvented by compensatory mechanisms.

Analysis of downregulated DEGs identified genes involved in denitrification, in par-
ticular norB (encoding the nitric oxide reductase subunit NorB), nosR (encoding the

FIG 3 Legend (Continued)
NAC of colistin antibiofilm activity was observed with all tested strains, although in two cases, statistical
significance was not achieved (i.e., strains M4 and M32). CST 2, colistin at 2 mg/L; CST 4, colistin at 4 mg/L;
CST 8, colistin at 8 mg/L. Biofilms not exposed to NAC or CST represent the control. Black lines indicate
median values. The x axis is set at the limit of detection (20 CFU/peg).
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FIG 4 Antibiofilm activity of N-acetylcysteine (NAC) at 8,000 mg/L, colistin (CST), and NAC-CST
combinations against three colistin-resistant nonmucoid P. aeruginosa strains in the Nunc-TSP lid

(Continued on next page)
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regulatory protein NosR), and nosZ (encoding the nitrous oxide reductase NosZ)
(Table 2). These data suggested that NAC might affect P. aeruginosa anaerobic respira-
tion (which is crucial in the deeper biofilm layers and in the CF mucus) (27), because
the nitric oxide reductase NorBC and the regulatory protein NosR have been recently
demonstrated to constitute the nucleus of the denitrification protein network (28).
NAC-mediated inhibition of the P. aeruginosa denitrification pathway might be impli-
cated in the observed antibiofilm synergism of the NAC-colistin combination. Indeed,
colistin has been demonstrated to exert increased antibiofilm activity against P. aerugi-
nosa under anaerobic conditions, possibly due to a lower ability to implement the tol-
erance mechanism (e.g., lipopolysaccharide [LPS] modification) because of the low
metabolism accompanying anaerobic growth (29). In this perspective, the inhibition of
anaerobic respiration by NAC would further inhibit a P. aeruginosa adaptive response
to colistin toxicity. This could be particularly relevant in P. aeruginosa biofilm in the CF
mucus, where the anoxic conditions of biofilm cells are related not only to the position
of the bacteria within the biofilm (i.e., anoxic conditions in the deeper layers), but also
to the intense O2 depletion caused by polymorphonuclear leukocytes (PMNs), deter-
mining entire biofilm growth without aerobic respiration (29).

Downregulated DEGs also included the following: (i) two genes involved in flagellar
biosynthesis (i.e., fliF, encoding the flagellar M-ring protein FliF, and flhF, encoding the
flagellar biosynthesis protein FlhF); (ii) a NAD(P)H-quinone oxidoreductase protecting
against ROS-induced oxidative stress, which was recently demonstrated to be part of
the core biofilm transcriptome (PA1137) (30); and (iii) nalD, encoding a second
repressor of the mexAB-oprM operon (31). Finally, consistent with previous studies on
Pseudomonas response to zinc starvation, downregulation of copA and copZ, involved
in copper efflux, was observed, suggesting interplay between zinc and copper homeo-
stasis (Table 2) (32).

NAC-mediated inhibition of P. aeruginosa denitrification pathway. The role of
NAC in the inhibition of the denitrification pathway was confirmed by measuring NO3

2

and NO2
2 concentrations during anaerobic growth of the P. aeruginosa Z154 strain

(i.e., the strain used for transcriptomic analysis) in culture media supplemented with
10 mM NaNO3 or KNO2, in the presence or absence of NAC at 8,000 mg/L.

As expected from previous studies (33), in NaNO3-containing medium, the levels of
NO3

2 and its reduction product, NO2
2, fell below the detection limit after 24 h, in the

absence of NAC (Fig. 6A). However, in the presence of NAC at 8,000 mg/L, the deple-
tion of NO3

2 was followed by an accumulation of NO2
2 (evident at both 24 and 48 h),

indicating that further reduction of NO2
2 was inhibited in the presence of NAC

(Fig. 6A). In order to consolidate these data, the experiments were repeated using a
medium supplemented with KNO2. In the absence on NAC, complete reduction of NO2

was observed after 48 h (Fig. 6B), as expected (33). On the contrary, in the presence of
NAC at 8,000 mg/L, NO2 levels did not decrease (Fig. 6B).

These results were consistent with the transcriptomic data and showed that NAC
was able to inhibit the denitrification pathway in anaerobic environments, such as
those encountered in endobronchial CF mucus. This feature might contribute to the
observed antibiofilm synergism of NAC-colistin combinations, as previously discussed.

Time-kill assays of the NAC-colistin combination against planktonic cultures
grown under anaerobic and aerobic conditions. Transcriptomic and biological data
from this study suggested a role of NAC in inhibiting the P. aeruginosa denitrification
apparatus, which could contribute to the observed antibiofilm synergy of NAC-colistin
combinations. In order to further investigate this issue, time-kill assays of the NAC-coli-
stin combination were performed with P. aeruginosa Z154 (i.e., the strain used for tran-
scriptomic analysis) planktonic cultures, under both anaerobic and aerobic conditions.

FIG 4 Legend (Continued)
system. A potentiation by NAC of colistin antibiofilm activity was observed with all tested strains. CST
8, colistin at 8 mg/L; CST 32, colistin at 32 mg/L. Biofilms not exposed to NAC or CST represent the
control. Black lines indicate median values. The x axis is set at the limit of detection (20 CFU/peg).
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FIG 5 Antibiofilm activity of N-acetylcysteine (NAC) at 8,000 mg/L, colistin at 64 mg/L (CST 64), and the NAC-CST combination against P. aeruginosa
Z154 and P. aeruginosa Z34 in the ASM biofilm model. A potentiation by NAC of colistin antibiofilm activity was observed with both strains. Biofilms
not exposed to NAC or CST represent the control. Black lines indicate median values. The x axis is set at the limit of detection (100 CFU/mL).
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Consistent with previous studies, anaerobic cultures were more susceptible to killing
by colistin than aerobic cultures (34, 35) (Fig. 7A and B). Interestingly, a clear bacteri-
cidal effect of colistin at 0.25 mg/L (i.e., 1/8 MIC) in combination with NAC at 8,000 mg/
L was observed in planktonic cultures grown under anaerobic conditions, with eradica-
tion achieved after 24 h of exposure (Fig. 7A). The wide error bars were due to the fact
that in 2 out of 8 replicates (related to two independent experiments), no synergism
was observed (Fig. 7A). This discrepancy was probably related to the low colistin con-
centration tested and the possible presence of heteroresistant subpopulations. On the
contrary, cultures grown in the presence of oxygen were not affected by the NAC-coli-
stin combination, demonstrating the influence of the growth conditions on the suscep-
tibility of P. aeruginosa to such combination (Fig. 7B).

These results supported the hypothesis that, under anoxic conditions like those present
in the deeper biofilm layers and in CF mucus, NAC-mediated inhibition of anaerobic respira-
tion would prevent an adaptive response of P. aeruginosa to protect from colistin toxicity.

NAC-mediated inhibition of P. aeruginosa swimming and swarming motility.
Transcriptomic results indicated that NAC downregulated two genes belonging to P.
aeruginosa flagellar apparatus (i.e., fliF and flhF), which are necessary for the first step

FIG 6 NAC-mediated inhibition of P. aeruginosa Z154 denitrification pathway. (A) NO3
2 and NO2

2

concentrations in anaerobic CAMHB supplemented with 10 mM NO3
2, with or without NAC at 8,000 mg/L;

(B) NO2
2 concentration in anaerobic CAMHB supplemented with 10 mM NO2

2, with or without NAC at
8,000 mg/L. Data are plotted as the mean values of NO3

2 and/or NO2
2 levels detected at each time point.
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of flagellum assembly (36). In order to confirm the potential NAC-induced inhibition of
flagellum-mediated motility, we performed classical swimming and swarming tests
with the reference strain P. aeruginosa PAO1 and the CF strain P. aeruginosa Z154 (i.e.,
the strain used for transcriptomic analysis). P. aeruginosa Z154 was not capable of
swarming motility under our laboratory conditions, so only the effect of NAC on swim-
ming motility could be tested with this strain.

Overall, the results showed a clear inhibition of both swimming and swarming mo-
tility in the presence of NAC at 8,000 mg/L (Fig. 8 and 9). Such inhibition could be
related to the downregulation of crucial genes of the flagellar apparatus and/or the
induction of a zinc starvation response. Indeed, zinc starvation has been demonstrated
to affect the ability of P. aeruginosa to express several virulence phenotypes, crucial for
the ability of this pathogen to colonize CF lung, including motility, biofilm formation
and siderophore synthesis (37).

Conclusions. In conclusion, the results of this study demonstrated a relevant antibiofilm
synergism of NAC-colistin combinations (at the high concentrations achievable by inhalation)
against P. aeruginosa, which would deserve further investigation for potential clinical applica-
tions of inhaled formulations. Transcriptomic and biological experiments suggested that NAC
inhibited P. aeruginosa anaerobic respiration, which could be relevant for the observed anti-
biofilm synergism with colistin.

FIG 7 Time-kill curves of P. aeruginosa Z154 planktonic cultures exposed to N-acetylcysteine (NAC) at
8,000 mg/L, colistin (CST) at 0.25 mg/L, and the NAC-CST combination under anaerobic (A) and
aerobic (B) conditions. NAC potentiated the bactericidal activity of colistin only under anaerobic
conditions. Data are plotted as the median values of CFU per milliliter for each time point. Dotted
lines indicate the detection limit (17 CFU/mL).
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In addition, although NAC alone was not demonstrated to be effective against pre-
formed P. aeruginosa biofilms, transcriptomic analysis of NAC-exposed planktonic cul-
tures revealed that NAC could attenuate P. aeruginosa virulence, mainly by inducing a
zinc starvation response, affecting anaerobic respiration and inhibiting flagellum-medi-
ated motility (with the last two features confirmed experimentally). In this perspective,
NAC, at the high concentrations achievable by inhalation, might have beneficial effects
in the very first steps of lung infection, possibly preventing biofilm formation and the
establishment of a chronic colonization, which should be further investigated.

MATERIALS ANDMETHODS
Bacterial strains. Seventeen strains were investigated, including 15 clinical isolates from CF patients, an

MDR clinical isolate from a respiratory tract infection (RTI) from an intensive care unit (ICU), and the reference
strain, P. aeruginosa PAO1 (Table 1). Identification was performed by matrix-assisted laser desorption ioniza-
tion–time of flight mass spectrometry (MALDI-TOF MS) (Bruker, Shimadzu). Antimicrobial susceptibility was
determined using the reference broth microdilution method (38). Whole-genome sequencing of clinical iso-
lates was performed with the Illumina (San Diego, CA, USA) MiSeq platform, using a 2� 150-bp paired-end
approach. Raw reads were assembled using SPAdes (39), and draft genomes were used to determine multilo-
cus sequence types (MLSTs) and O types at the Oxford PubMLST site (https://pubmlst.org/) (40) and at the

FIG 8 NAC-mediated inhibition of P. aeruginosa PAO1 and Z154 swimming motility. Assays were
performed in at least three independent experiments (with three replicates per condition per
experiment), and representative data are shown.

FIG 9 NAC-mediated inhibition of P. aeruginosa PAO1 swarming motility. Assays were performed in
at least three independent experiments (with three replicates per condition per experiment), and
representative data are shown.
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Center for Genomic Epidemiology site (https://cge.food.dtu.dk/services/PAst/) (41), respectively. The complete
genome of P. aeruginosa Z154 was obtained by combining results from Illumina with those obtained using
the Oxford Nanopore Technologies (Oxford, United Kingdom) MinION platform, and de novo assembly was
generated using Unicycler v0.4.4 as previously described (42).

Preparation of culture media. NAC stock solutions (100 g/L) were prepared immediately before
use. NAC powder (Zambon, Bresso, Italy) was dissolved in sterile distilled water, the pH was adjusted to
6.5 to 6.8 with NaOH at 10 M, and the solution was filtered through a 0.22-mm-pore membrane filter. All
experiments were performed in cation-adjusted Mueller-Hinton broth (CAMHB) (Becton Dickinson,
Milan, Italy), unless otherwise specified, starting from an appropriately concentrated medium to avoid
broth dilution when NAC solution was used. The artificial sputum medium (ASM) was also used in
selected experiments and was prepared as previously described by Kirchner et al. (43).

In vitro biofilm susceptibility testing. Biofilm susceptibility testing was first performed using the
Nunc-TSP lid system (Thermo Fisher Scientific, Waltham, MA, USA), as described previously (44). Briefly, bio-
films were grown for 24 h in CAMHB at 35°C under static conditions. Preformed biofilms were then exposed
to NAC at 8,000 mg/L and colistin (colistin sulfate; Applichem, Darmstadt, Germany) at 2 to 32 mg/L, alone
and in combination. The colistin concentration was selected according to preliminary results of antibiofilm
susceptibility testing and the colistin MIC for each strain. After 24 h of exposure (i.e., 35°C, static conditions),
biofilms were washed twice with 200 mL of phosphate-buffered saline (PBS) (Sigma-Aldrich, Milan, Italy) to
remove loosely adherent bacteria, and sessile cells were removed from pegs by sonication for 30 min (Elma
Transsonic T 460; Elma, Singen, Germany) in 200 mL of tryptic soy broth (TSB) (Oxoid, Milan, Italy) supple-
mented with 1% Tween 20 (Sigma-Aldrich) (i.e., the recovery medium). The median number of CFU per peg
was then determined by plating 10mL of appropriate dilutions of the recovery medium onto tryptic soy agar
(TSA) (Oxoid) and incubating for 24 h at 35°C (detection limit, 20 CFU/peg). The colony count was also dou-
ble-checked after 48 h of incubation.

The potential antibiofilm synergism of NAC-colistin combinations was further investigated using an
in vitro ASM biofilm model (43) in order to mimic P. aeruginosa biofilm conditions within the CF mucus.
The study was carried out with two selected CF strains (P. aeruginosa Z154 and Z34), exhibiting different
features (i.e., mucoid/nonmucoid phenotype, antimicrobial susceptibility pattern, MLST, and O type)
(Table 1). In brief, biofilms were grown in 2 mL ASM in 24-well plates (Sarstedt, Nümbrecht, Germany),
for 72 h at 35°C under static conditions. Preformed biofilms were then exposed to NAC at 8,000 mg/L
and colistin at 64 mg/L, alone and in combination. Preliminary experiments carried out with lower coli-
stin concentrations (i.e., 2 to 32 mg/L) did not show evident synergistic antibiofilm activity, while higher
colistin concentrations (i.e., .64 mg/L) led to eradication of the biofilm cultures even in the absence of
NAC (data not shown). After 24 h of exposure (i.e., 35°C, static conditions), bacterial biofilms were dis-
rupted by 30 min of sonication followed by manual pipetting, and the median number of CFU per millili-
ter was determined following the same protocol described for the Nunc-TSP lid assay.

Data from both biofilm models were obtained in at least three independent experiments, with at
least 12 replicates per condition per experiment.

RNA-seq and transcriptomic analysis. P. aeruginosa Z154 (i.e., colistin-susceptible CF strain, mucoid,
MDR, ST412, O6) (Table 1) was selected for studies aimed at investigating the transcriptomic response of P.
aeruginosa to NAC exposure. A CF strain, rather than a reference strain (such as P. aeruginosa PAO1), was
selected for this analysis because of the known adaptive diversification of P. aeruginosa into “specialized”
types during chronic/recurrent infections in CF patients (3).

Because these represented the first data on the transcriptomic response of P. aeruginosa to NAC ex-
posure, and considering the complex and still largely unknown effects of NAC on microbial physiology,
we decided to perform the experiments with planktonic cultures, which represent a more homogenous
and better standardized model for transcriptomic studies.

Overnight cultures in CAMHB were diluted at 1:50 in the same medium and incubated at 35°C with agitation
to achieve an optical density at 600 nm (OD600) of 1.0. The cells were then exposed to NAC at 8,000 mg/L for 30
min at 35°C under static conditions. Cultures treated in the same way but not exposed to NAC represented the
control. Total RNA extraction was performed using the SV total RNA isolation system (Promega, Madison, WI,
USA) following the manufacturer’s instructions. rRNA depletion, cDNA library construction, and Illumina HiSeq
4000 platform-based transcriptome sequencing (RNA-seq) were performed by Eurofins Genomics Europe
Sequencing (Constance, Germany). The transcriptome libraries were single-end sequenced with 50-bp reads for a
total of 10 million reads per sample. Bioinformatic analysis was performed using the SeqMan NGen v17.3 soft-
ware tool (DNASTAR Lasergene, Madison, WI, USA), with default parameters. Reads were aligned using P. aerugi-
nosa Z154 complete genome (n = 6,344 coding DNA sequences [CDSs]) as a reference. Differentially expressed
genes (DEGs) of the NAC-exposed cultures compared to the control were analyzed considering false-discovery
rate (FDR) adjusted P values of ,0.05 from DeSeq2. DEGs with a 99% confidence interval (CI) were discussed.
Results were obtained from two independent experiments. In order to favor comparison with data present in the
literature, genes without a univocal name have been indicated as P. aeruginosa PAO1 locus tags throughout the
text and reported in Table 2 also as P. aeruginosa UCBPP-PA14 locus tags.

NO3
2 and NO2

2 quantification. NAC-mediated inhibition of the denitrification pathway was investi-
gated by measuring the concentration of NO3

2 and NO2
2 in anaerobic cultures of P. aeruginosa Z154 (i.e.,

the strain used for transcriptomic analysis). For this purpose, the Griess nitrite/nitrate colorimetric assay
(Cayman Chemicals, Ann Arbor, MI, USA) was used according to the manufacturer’s recommendations and as
previously described, with some modification (33). CAMHB was supplemented with 10 mM NaNO3 or KNO2

and allowed to equilibrate for 3 days at 35°C in an anaerobic atmosphere by using the AnaeroGen kit
(Oxoid). Overnight cultures were then diluted in 20 mL of each anoxic culture medium to reach a concentra-
tion of 106 CFU/mL and challenged with NAC at 8,000 mg/L. At times 0, 24, and 48 h of incubation under
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anoxic conditions at 35°C, supernatants were harvested and subjected to Griess colorimetric reaction in order
to detect NO3

2 and NO2
2 levels. NAC-free cultures represented the control. Experiments were carried out in

triplicate with one replicate per time point per condition.
Time-kill assays. Time-kill assays were performed according to CLSI guidelines (45) with the colistin-

susceptible strain P. aeruginosa Z154 (i.e., the strain used for transcriptomic analysis). Colistin at
0.25 mg/L was tested alone and in combination with NAC at 8,000 mg/L under both aerobic and anaero-
bic conditions. We decided to use this colistin concentration since a higher concentration led to eradica-
tion of the planktonic cultures (data not shown). The medium (CAMHB) used to obtain anoxic cultures
was placed under an anaerobic atmosphere by using the AnaeroGen kit (Oxoid) for 3 days prior to use
and during the whole experiment. The killing curves were carried out in borosilicate glass bottles with a
final volume of 20 mL of CAMHB. At 0, 2, 4, 8, and 24 h of exposure, CFU per milliliter were determined
by plating 60 mL of appropriate dilutions of each condition onto TSA and incubating for 24 h at 35°C
(detection limit, 17 CFU/mL). Data were obtained from at least four independent experiments with two
replicates per condition per experiment.

Motility tests. NAC-induced inhibition of flagellum-mediated motility (i.e., both swimming and
swarming motility) was investigated with the reference strain P. aeruginosa PAO1, which has been used
for similar motility experiments in several previous studies (46), and P. aeruginosa Z154 (i.e., the strain
used for transcriptomic analysis). P. aeruginosa Z154 was not capable of swarming motility under our
laboratory conditions (perhaps due to the known reduction of flagellar expression in mucoid CF-adapted
strains) (47), so only the effect of NAC on swimming motility could be tested with this strain. Swim plates
consisted of Luria-Bertani (LB) broth (Oxoid) containing 0.3% agar (46). Swarm plates consisted of nutri-
ent broth (Oxoid) with 0.5% glucose and 0.5% agar (46). Overnight cultures in CAMHB were diluted in
the same medium to a final OD600 of 3.0, and 5 mL was spotted onto swim and swarm plates, with or
without NAC at 8,000 mg/L. Results were observed after incubation at 35°C for 48 h. Assays were per-
formed in at least three independent experiments with three replicates per condition per experiment.

Statistical analysis. Statistical analysis of biofilm susceptibility assays was performed using
GraphPad Prism version 8.0 (San Diego, CA, USA). Multiple-comparison tests were performed by the
Kruskal-Wallis test with Dunn’s correction. A P value of #0.05 was considered significant. RNA-seq statis-
tical analysis was performed using the SeqMan NGen v17.3 software tool.

Data availability. The complete genome sequence of P. aeruginosa Z154 was deposited in GenBank
under accession no. CP069177. RNA-seq data were also deposited in the NCBI Gene Expression Omnibus
(GEO) database under accession no. GSE190946.

ACKNOWLEDGMENTS
This work was supported by a research grant from Zambon S.p.A. G.M.R. and L.P. have

been Advisory Board members for Zambon S.p.A. and have participated in scientific events
financed by Zambon. The remaining authors declare no conflict of interest.

P. aeruginosa strains Z154 and Z152 were kindly provided by Lisa Cariani, Cystic
Fibrosis Microbiology Laboratory, IRCCS Fondazione Cà Granda, Ospedale Maggiore
Policlinico, Milan, Italy.

REFERENCES
1. Malhotra S, Hayes D, Wozniak DJ. 2019. Cystic fibrosis and Pseudomonas

aeruginosa: the host-microbe interface. Clin Microbiol Rev 32:e00138-18.
https://doi.org/10.1128/CMR.00138-18.

2. Parkins MD, Somayaji R, Waters VJ. 2018. Epidemiology, biology, and
impact of clonal Pseudomonas aeruginosa infections in cystic fibrosis. Clin
Microbiol Rev 31:e00019-18. https://doi.org/10.1128/CMR.00019-18.

3. Rossi E, La Rosa R, Bartell JA, Marvig RL, Haagensen JAJ, Sommer LM,
Molin S, Johansen HK. 2021. Pseudomonas aeruginosa adaptation and
evolution in patients with cystic fibrosis. Nat Rev Microbiol 19:331–342.
https://doi.org/10.1038/s41579-020-00477-5.

4. Karaiskos I, Souli M, Galani I, Giamarellou H. 2017. Colistin: still a lifesaver
for the 21st century? Expert Opin Drug Metab Toxicol 13:59–71. https://
doi.org/10.1080/17425255.2017.1230200.

5. Ding L, Wang J, Cai S, Smyth H, Cui Z. 2021. Pulmonary biofilm-based
chronic infections and inhaled treatment strategies. Int J Pharm 604:
120768. https://doi.org/10.1016/j.ijpharm.2021.120768.

6. Manos J. 2021. Current and emerging therapies to combat cystic fibro-
sis lung infections. Microorganisms 9:1874. https://doi.org/10.3390/
microorganisms9091874.

7. Pollini S, Di Pilato V, Landini G, Di Maggio T, Cannatelli A, Sottotetti S,
Cariani L, Aliberti S, Blasi F, Sergio F, Rossolini GM, Pallecchi L. 2018. In
vitro activity of N-acetylcysteine against Stenotrophomonas malto-
philia and Burkholderia cepacia complex grown in planktonic phase
and biofilm. PLoS One 13:e0203941. https://doi.org/10.1371/journal
.pone.0203941.

8. Blasi F, Page C, Rossolini GM, Pallecchi L, Matera MG, Rogliani P, Cazzola
M. 2016. The effect of N-acetylcysteine on biofilms: implications for the
treatment of respiratory tract infections. Respir Med 117:190–197. https://
doi.org/10.1016/j.rmed.2016.06.015.

9. Pollini S, Boncompagni S, Di Maggio T, Di Pilato V, Spanu T, Fiori B, Blasi F,
Aliberti S, Sergio F, Rossolini GM, Pallecchi L. 2018. In vitro synergism of
colistin in combination with N-acetylcysteine against Acinetobacter bau-
mannii grown in planktonic phase and in biofilms. J Antimicrob Chemo-
ther 73:2388–2395. https://doi.org/10.1093/jac/dky185.

10. Ciacci N, Boncompagni S, Valzano F, Cariani L, Aliberti S, Blasi F, Pollini S,
Rossolini GM, Pallecchi L. 2019. In vitro synergism of colistin and N-acetyl-
cysteine against Stenotrophomonas maltophilia. Antibiotics 8:101. https://
doi.org/10.3390/antibiotics8030101.

11. Tenório MCDS, Graciliano NG, Moura FA, de Oliveira ACM, Goulart MOF.
2021. N-Acetylcysteine (NAC): impacts on human health. Antioxidants 10:
967. https://doi.org/10.3390/antiox10060967.

12. Boisson M, Jacobs M, Grégoire N, Gobin P, Marchand S, Couet W, Mimoz
O. 2014. Comparison of intrapulmonary and systemic pharmacokinetics
of colistin methanesulfonate (CMS) and colistin after aerosol delivery and
intravenous administration of CMS in critically ill patients. Antimicrob
Agents Chemother 58:7331–7339. https://doi.org/10.1128/AAC.03510-14.

13. Shen Y, Li P, Chen X, Zou Y, Li H, Yuan G, Hu H. 2020. Activity of sodium
lauryl sulfate, rhamnolipids, and N-acetylcysteine against biofilms of five
common pathogens. Microb Drug Resist 26:290–299. https://doi.org/10
.1089/mdr.2018.0385.

NAC-Colistin Synergism against P. aeruginosa Biofilms Microbiology Spectrum

July/August 2022 Volume 10 Issue 4 10.1128/spectrum.01006-22 17

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

29
 O

ct
ob

er
 2

02
3 

by
 4

5.
70

.1
82

.2
08

.

https://www.ncbi.nlm.nih.gov/nuccore/CP069177
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE190946
https://doi.org/10.1128/CMR.00138-18
https://doi.org/10.1128/CMR.00019-18
https://doi.org/10.1038/s41579-020-00477-5
https://doi.org/10.1080/17425255.2017.1230200
https://doi.org/10.1080/17425255.2017.1230200
https://doi.org/10.1016/j.ijpharm.2021.120768
https://doi.org/10.3390/microorganisms9091874
https://doi.org/10.3390/microorganisms9091874
https://doi.org/10.1371/journal.pone.0203941
https://doi.org/10.1371/journal.pone.0203941
https://doi.org/10.1016/j.rmed.2016.06.015
https://doi.org/10.1016/j.rmed.2016.06.015
https://doi.org/10.1093/jac/dky185
https://doi.org/10.3390/antibiotics8030101
https://doi.org/10.3390/antibiotics8030101
https://doi.org/10.3390/antiox10060967
https://doi.org/10.1128/AAC.03510-14
https://doi.org/10.1089/mdr.2018.0385
https://doi.org/10.1089/mdr.2018.0385
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01006-22


14. Belfield K, Bayston R, Hajduk N, Levell G, Birchall JP, Daniel M. 2017. Evaluation
of combinations of putative anti-biofilm agents and antibiotics to eradicate
biofilms of Staphylococcus aureus and Pseudomonas aeruginosa. J Antimicrob
Chemother 72:2531–2538. https://doi.org/10.1093/jac/dkx192.

15. Huang JX, Blaskovich MAT, Pelingon R, Ramu S, Kavanagh A, Elliott AG,
Butler MS, Montgomery AB, Cooper MA. 2015. Mucin binding reduces col-
istin antimicrobial activity. Antimicrob Agents Chemother 59:5925–5931.
https://doi.org/10.1128/AAC.00808-15.

16. Diaz Iglesias Y, Van Bambeke F. 2020. Activity of antibiotics against Pseu-
domonas aeruginosa in an in vitro model of biofilms in the context of
cystic fibrosis: influence of the culture medium. Antimicrob Agents Che-
mother 64:e02204-19. https://doi.org/10.1128/AAC.02204-19.

17. Kandari D, Joshi H, Bhatnagar R. 2021. Zur: zinc-sensing transcriptional
regulator in a diverse set of bacterial species. Pathogens 10:344. https://
doi.org/10.3390/pathogens10030344.

18. Ducret V, Abdou M, Goncalves MC, Leoni S, Martin-Pelaud O, Sandoz A,
Segovia CI, Tercier-Waeber M-L, Valentini M, Perron K. 2021. Global analy-
sis of the zinc homeostasis network in Pseudomonas aeruginosa and its
gene expression dynamics. Front Microbiol 12:739988. https://doi.org/10
.3389/fmicb.2021.739988.

19. Lhospice S, Gomez NO, Ouerdane L, Brutesco C, Ghssein G, Hajjar C, Liratni A,
Wang S, Richaud P, Bleves S, Ball G, Borezée-Durant E, Lobinski R, Pignol D,
Arnoux P, Voulhoux R. 2017. Pseudomonas aeruginosa zinc uptake in chelat-
ing environment is primarily mediated by the metallophore pseudopaline.
Sci Rep 7:17132. https://doi.org/10.1038/s41598-017-16765-9.

20. Schalk IJ, Cunrath O. 2016. An overview of the biological metal uptake
pathways in Pseudomonas aeruginosa. Environ Microbiol 18:3227–3246.
https://doi.org/10.1111/1462-2920.13525.

21. Pederick VG, Eijkelkamp BA, Begg SL, Ween MP, McAllister LJ, Paton JC,
McDevitt CA. 2015. ZnuA and zinc homeostasis in Pseudomonas aerugi-
nosa. Sci Rep 5:13139. https://doi.org/10.1038/srep13139.

22. Haas CE, Rodionov DA, Kropat J, Malasarn D, Merchant SS, de Crécy-
Lagard V. 2009. A subset of the diverse COG0523 family of putative metal
chaperones is linked to zinc homeostasis in all kingdoms of life. BMC
Genomics 10:470. https://doi.org/10.1186/1471-2164-10-470.

23. Kamal SM, Rybtke ML, Nimtz M, Sperlein S, Giske C, Tr�cek J, Deschamps J,
Briandet R, Dini L, Jänsch L, Tolker-Nielsen T, Lee C, Römling U. 2019. Two
FtsH proteases contribute to fitness and adaptation of Pseudomonas aeru-
ginosa clone C strains. Front Microbiol 10:1372. https://doi.org/10.3389/
fmicb.2019.01372.

24. Heacock-Kang Y, Sun Z, Zarzycki-Siek J, Poonsuk K, McMillan IA, Chuanchuen
R, Hoang TT. 2018. Two regulators, PA3898 and PA2100, modulate the Pseu-
domonas aeruginosa multidrug resistance MexAB-OprM and EmrAB efflux
pumps and biofilm formation. Antimicrob Agents Chemother 62:e01459-18.
https://doi.org/10.1128/AAC.01459-18.

25. Hare NJ, Scott NE, Shin EHH, Connolly AM, Larsen MR, Palmisano G, Cordwell
SJ. 2011. Proteomics of the oxidative stress response induced by hydrogen
peroxide and paraquat reveals a novel AhpC-like protein in Pseudomonas aer-
uginosa. Proteomics 11:3056–3069. https://doi.org/10.1002/pmic.201000807.

26. Landini G, Di Maggio T, Sergio F, Docquier J-D, Rossolini GM, Pallecchi L.
2016. Effect of high N-acetylcysteine concentrations on antibiotic activity
against a large collection of respiratory pathogens. Antimicrob Agents
Chemother 60:7513–7517. https://doi.org/10.1128/AAC.01334-16.

27. Rossi E, Falcone M, Molin S, Johansen HK. 2018. High-resolution in situ
transcriptomics of Pseudomonas aeruginosa unveils genotype independ-
ent patho-phenotypes in cystic fibrosis lungs. Nat Commun 9:3459.
https://doi.org/10.1038/s41467-018-05944-5.

28. Borrero-de Acuña JM, Rohde M, Wissing J, Jänsch L, Schobert M, Molinari
G, Timmis KN, Jahn M, Jahn D. 2016. Protein network of the Pseudomonas
aeruginosa denitrification apparatus. J Bacteriol 198:1401–1413. https://
doi.org/10.1128/JB.00055-16.

29. Kolpen M, Appeldorff CF, Brandt S, Mousavi N, Kragh KN, Aydogan S, Uppal
HA, Bjarnsholt T, Ciofu O, Høiby N, Jensen PØ. 2016. Increased bactericidal ac-
tivity of colistin on Pseudomonas aeruginosa biofilms in anaerobic conditions.
Pathog Dis 74:ftv086. https://doi.org/10.1093/femspd/ftv086.

30. Thöming JG, Tomasch J, Preusse M, Koska M, Grahl N, Pohl S, Willger SD,
Kaever V, Müsken M, Häussler S. 2020. Parallel evolutionary paths to produce

more than one Pseudomonas aeruginosa biofilm phenotype. NPJ Biofilms
Microbiomes 6:2. https://doi.org/10.1038/s41522-019-0113-6.

31. Morita Y, Cao L, Gould VC, Avison MB, Poole K. 2006. nalD encodes a second
repressor of themexAB-oprMmultidrug efflux operon of Pseudomonas aeru-
ginosa. J Bacteriol 188:8649–8654. https://doi.org/10.1128/JB.01342-06.

32. Lim CK, Hassan KA, Penesyan A, Loper JE, Paulsen IT. 2013. The effect of zinc
limitation on the transcriptome of Pseudomonas protegens Pf-5. Environ
Microbiol 15:702–715. https://doi.org/10.1111/j.1462-2920.2012.02849.x.

33. Kolpen M, Kragh KN, Bjarnsholt T, Line L, Hansen CR, Dalbøge CS, Hansen
N, Kühl M, Høiby N, Jensen PØ. 2015. Denitrification by cystic fibrosis
pathogens—Stenotrophomonas maltophilia is dormant in sputum. Int J
Med Microbiol 305:1–10. https://doi.org/10.1016/j.ijmm.2014.07.002.

34. Pompilio A, Crocetta V, Pomponio S, Fiscarelli E, Di Bonaventura G. 2015.
In vitro activity of colistin against biofilm by Pseudomonas aeruginosa is
significantly improved under “cystic fibrosis-like” physicochemical condi-
tions. Diagn Microbiol Infect Dis 82:318–325. https://doi.org/10.1016/j
.diagmicrobio.2015.01.006.

35. Brochmann RP, Toft A, Ciofu O, Briales A, Kolpen M, Hempel C, Bjarnsholt
T, Høiby N, Jensen PØ. 2014. Bactericidal effect of colistin on planktonic
Pseudomonas aeruginosa is independent of hydroxyl radical formation.
Int J Antimicrob Agents 43:140–147. https://doi.org/10.1016/j.ijantimicag
.2013.10.015.

36. Bouteiller M, Dupont C, Bourigault Y, Latour X, Barbey C, Konto-Ghiorghi
Y, Merieau A. 2021. Pseudomonas flagella: generalities and specificities.
Int J Mol Sci 22:3337. https://doi.org/10.3390/ijms22073337.

37. Mastropasqua MC, Lamont I, Martin LW, Reid DW, D'Orazio M, Battistoni
A. 2018. Efficient zinc uptake is critical for the ability of Pseudomonas aer-
uginosa to express virulence traits and colonize the human lung. J Trace
Elem Med Biol 48:74–80. https://doi.org/10.1016/j.jtemb.2018.03.009.

38. Clinical and Laboratory Standards Institute. 2018. Methods for dilution
antimicrobial susceptibility tests for bacteria that grow aerobically: M07-
A1111. Committee for Clinical Laboratory Standards, Wayne, PA.

39. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS,
Lesin VM, Nikolenko SI, Pham S, Prjibelski AD, Pyshkin AV, Sirotkin AV,
Vyahhi N, Tesler G, Alekseyev MA, Pevzner PA. 2012. SPAdes: a new ge-
nome assembly algorithm and its applications to single-cell sequencing. J
Comput Biol 19:455–477. https://doi.org/10.1089/cmb.2012.0021.

40. Jolley KA, Bray JE, Maiden MCJ. 2018. Open-access bacterial population
genomics: BIGSdb software, the PubMLST.org website and their applications.
WellcomeOpen Res 3:124. https://doi.org/10.12688/wellcomeopenres.14826.1.

41. Thrane SW, Taylor VL, Lund O, Lam JS, Jelsbak L. 2016. Application of
whole-genome sequencing data for O-specific antigen analysis and in sil-
ico serotyping of Pseudomonas aeruginosa isolates. J Clin Microbiol 54:
1782–1788. https://doi.org/10.1128/JCM.00349-16.

42. Di Pilato V, Aiezza N, Viaggi V, Antonelli A, Principe L, Giani T, Luzzaro F,
Rossolini GM. 2020. KPC-53, a KPC-3 variant of clinical origin associated
with reduced susceptibility to ceftazidime-avibactam. Antimicrob Agents
Chemother 65:e01429-20. https://doi.org/10.1128/AAC.01429-20.

43. Kirchner S, Fothergill JL, Wright EA, James CE, Mowat E, Winstanley C. 2012.
Use of artificial sputummedium to test antibiotic efficacy against Pseudomo-
nas aeruginosa in conditions more relevant to the cystic fibrosis lung. J Vis
Exp https://doi.org/10.3791/3857.

44. Harrison JJ, Stremick CA, Turner RJ, Allan ND, Olson ME, Ceri H. 2010. Micro-
titer susceptibility testing of microbes growing on peg lids: a miniaturized bio-
film model for high-throughput screening. Nat Protoc 5:1236–1254. https://
doi.org/10.1038/nprot.2010.71.

45. National Committee for Clinical Laboratory Standards, Barry AL. 1999. Meth-
ods for determining bactericidal activity of antimicrobial agents: approved
guideline. National Committee for Clinical Laboratory Standards, Wayne, PA.

46. Rashid MH, Kornberg A. 2000. Inorganic polyphosphate is needed for swim-
ming, swarming, and twitching motilities of Pseudomonas aeruginosa. Proc
Natl Acad Sci U S A 97:4885–4890. https://doi.org/10.1073/pnas.060030097.

47. Folkesson A, Jelsbak L, Yang L, Johansen HK, Ciofu O, Høiby N, Molin S.
2012. Adaptation of Pseudomonas aeruginosa to the cystic fibrosis airway:
an evolutionary perspective. Nat Rev Microbiol 10:841–851. https://doi
.org/10.1038/nrmicro2907.

NAC-Colistin Synergism against P. aeruginosa Biofilms Microbiology Spectrum

July/August 2022 Volume 10 Issue 4 10.1128/spectrum.01006-22 18

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

29
 O

ct
ob

er
 2

02
3 

by
 4

5.
70

.1
82

.2
08

.

https://doi.org/10.1093/jac/dkx192
https://doi.org/10.1128/AAC.00808-15
https://doi.org/10.1128/AAC.02204-19
https://doi.org/10.3390/pathogens10030344
https://doi.org/10.3390/pathogens10030344
https://doi.org/10.3389/fmicb.2021.739988
https://doi.org/10.3389/fmicb.2021.739988
https://doi.org/10.1038/s41598-017-16765-9
https://doi.org/10.1111/1462-2920.13525
https://doi.org/10.1038/srep13139
https://doi.org/10.1186/1471-2164-10-470
https://doi.org/10.3389/fmicb.2019.01372
https://doi.org/10.3389/fmicb.2019.01372
https://doi.org/10.1128/AAC.01459-18
https://doi.org/10.1002/pmic.201000807
https://doi.org/10.1128/AAC.01334-16
https://doi.org/10.1038/s41467-018-05944-5
https://doi.org/10.1128/JB.00055-16
https://doi.org/10.1128/JB.00055-16
https://doi.org/10.1093/femspd/ftv086
https://doi.org/10.1038/s41522-019-0113-6
https://doi.org/10.1128/JB.01342-06
https://doi.org/10.1111/j.1462-2920.2012.02849.x
https://doi.org/10.1016/j.ijmm.2014.07.002
https://doi.org/10.1016/j.diagmicrobio.2015.01.006
https://doi.org/10.1016/j.diagmicrobio.2015.01.006
https://doi.org/10.1016/j.ijantimicag.2013.10.015
https://doi.org/10.1016/j.ijantimicag.2013.10.015
https://doi.org/10.3390/ijms22073337
https://doi.org/10.1016/j.jtemb.2018.03.009
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.12688/wellcomeopenres.14826.1
https://doi.org/10.1128/JCM.00349-16
https://doi.org/10.1128/AAC.01429-20
https://doi.org/10.3791/3857
https://doi.org/10.1038/nprot.2010.71
https://doi.org/10.1038/nprot.2010.71
https://doi.org/10.1073/pnas.060030097
https://doi.org/10.1038/nrmicro2907
https://doi.org/10.1038/nrmicro2907
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01006-22

	Relevant increase of CTX-M-producing Escherichia coli carriage in school-aged children from rural areas of the Bolivian Chaco in a three-year period
	Background
	Methods
	Results and discussion
	Declaration of Competing Interest
	Funding
	Ethical approval
	Authors’contributions
	Acknowledgments
	References

	Introduction
	Materials and methods
	Bacterial strains
	Genomic analysis of fosfomycin- and colistin-resistant strains
	Chequerboard assays with planktonic cultures
	Activity against biofilms
	Determination of mutant prevention concentrations (MPCs)
	Statistical analysis

	Results
	Activity of fosfomycin/colistin combinations against Gram-negative pathogens in planktonic cultures
	Activity of fosfomycin/colistin combinations against biofilms
	MPCs and MSWs

	Discussion
	Activity of fosfomycin/colistin combinations against planktonic cultures
	Activity of fosfomycin/colistin combinations against biofilms
	MPCs and MSWs of fosfomycin, colistin and fosfomycin/colistin combinations
	Conclusions

	Funding
	Transparency declarations
	Supplementary data
	References
	RESULTS AND DISCUSSION
	Activity of NAC alone against preformed biofilm.
	Activity of NAC-colistin combinations against preformed biofilms.
	Activity of NAC-colistin combinations in the ASM biofilm model.
	Transcriptomic response of P. aeruginosa Z154 to NAC exposure.
	NAC-mediated inhibition of P. aeruginosa denitrification pathway.
	Time-kill assays of the NAC-colistin combination against planktonic cultures grown under anaerobic and aerobic conditions.
	NAC-mediated inhibition of P. aeruginosa swimming and swarming motility.
	Conclusions.

	MATERIALS AND METHODS
	Bacterial strains.
	Preparation of culture media.
	In vitro biofilm susceptibility testing.
	RNA-seq and transcriptomic analysis.
	NO3− and NO2− quantification.
	Time-kill assays.
	Motility tests.
	Statistical analysis.
	Data availability.

	ACKNOWLEDGMENTS
	REFERENCES

