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Summary 

In developing countries human immunodeficiency virus infected individuals are at 

increased risk of acquiring antibiotic resistant bacteria. High frequency of antibiotic 

use associated with HIV related illness drives emergence of bacteria with 

antimicrobial resistance (AMR) due to selection pressure. The carriage of antibiotic 

resistant bacteria coupled with virulence genes increases the risk of severe infections 

in this population.   The aim of this thesis was detection and characterization of 

antibiotic-resistant bacteria colonizing newly HIV diagnosed adults in a community 

setting in Tanzania. The findings could help in developing strategies for preventing 

and controlling the spread and infection of antibiotic resistant bacteria in HIV-positive 

individuals. Rectal and nasal/nasopharyngeal swabs collected from newly HIV 

diagnosed adults from the community were used for detection of antibiotic resistant 

bacteria including extended spectrum b-lactamase producing Enterobacterales (ESBL-

PE), carbapenemase producing Enterobacterales (CPE), methicillin-resistant 

Staphylococcus aureus (MRSA), and antibiotic-resistant Streptococcus pneumoniae. 

The study found that only 4% (22/537) of the HIV-positive participants carried MRSA 

in the nose/nasopharynx. These MRSA isolates were frequently resistant to 

gentamicin (95%), ciprofloxacin (91%), and erythromycin (82%), but less often to 

trimethoprim-sulfamethoxazole (9%). We found that the phenotypic susceptibility 

patterns of all MRSA isolates were highly concordant with genotypic findings 

(resistance genes and mutations in genome). All MRSA isolates belonged to the CC8 

and ST8-SCCmecIV MRSA clone and negative for panton-valentine leukocidin 

(PVL) and arginine catabolic mobile element (ACME) type 1. All ST8-SCCmecIV-

spa-t1476 MRSA clones from Tanzania were unrelated to the globally successful 

USA300 clone.  

The study showed a high prevalence (32.6%, 194/595) of fecal carriage of ESBL-PE 

in newly HIV diagnosed adults in the community setting, and confirmed the 

predominance of the blaCTX-M-15 genotype. Antibiotic use in the last 4 weeks and CD4 

count <350 cells/µL were independent risk factors for fecal carriage of ESBL-PE in 

this HIV-infected population. 
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In this study, we detected blaNDM-5 carried on an IncX3 type plasmid in one E. coli 

ST2083 isolate obtained from an HIV-infected adult from the community setting in 

Tanzania. In addition, E. coli from the HIV-infected adult carried three more plasmid 

types; IncFIA, IncFIB and Col(BS512). The IncFA type plasmid was found to carry 

several genes conferring resistance against fluoroquinolone, aminoglycosides, 

sulfamethoxazole, trimethoprim, macrolides and tetracycline.  

The study found that Streptococcus pneumoniae colonizing the nasopharynx of HIV-

infected adults displayed a high rate of resistance to penicillin (74%) and 

cotrimoxazole (71%), antibiotics commonly used as first line treatment in suspected 

bacterial pneumonia in Tanzania. Furthermore, 26.3% were multidrug-resistance 

(MDR) and cotrimoxazole-resistant Streptococcus pneumoniae had multiple 

mutations in the dihydrofolate reductase gene. 

In conclusion, we found that carriage of antibiotic resistant bacteria was common 

among newly diagnosed HIV-infected adults from community settings. This 

highlights the large-scale spread of these resistant bacteria in Tanzania, not only in 

hospitals, but also in the community as well. The detection of a blaNDM-5 producing E. 

coli carried on a plasmid with clusters of other resistance determinant genes calls for 

urgent implementation of intervention strategies to curb the spread of antimicrobial 

resistant bacteria. 
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1. Introduction 

1.1 Background on HIV infection 

1.1.1. Virology of HIV 

Human immunodeficiency virus  is the cause of acquired immunodeficiency 

syndrome (AIDS), which has killed millions in Sub-Saharan Africa [1]. HIV is a 

retrovirus virus belonging to the family Lentivirinae. It is an enveloped virus 

containing two identical copies of a positive-strand RNA genome. The virion contains 

reverse transcriptase (RNA dependent RNA polymerase), integrase, and two copies of 

cellular transfer RNA (tRNA) [2]. The envelope is a lipid bilayer surrounding the 

nucleocapsid, and the envelope contains a glycoprotein (gp) complex. The 

glycoprotein consists of trimer gp 120, which is responsible for viral attachment to the 

cell, and transmembrane spanning gp 41, which is a membrane fusion protein [2]. 

Beneath the lipid bilayer envelope is the matrix protein p17, capsid protein p24, and 

nucleocapsid protein p7 (bound to RNA). Figure 1. 

 
Image Courtesy from Stephen Cusack et al. The EMBOL journal. 1999 

Figure 1: Structure of HIV 1 Virus 
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1.1.2. Epidemiology of HIV 

In 2020, there were 37.7 million (30.2 million–45.1 million) people living with HIV 

globally, with 1.5 million (1.0 million–2.0 million) people becoming newly infected 

[1]. Eastern and Southern Africa account for more than half of the global HIV cases, 

with an estimated 20.6 million (16.8 million–24.4 million) adults and children living 

with HIV [1]. The prevalence of HIV in Tanzanian adults aged 15–49 years has 

steadily declined over the last decade, from 7% in 2003 to 4.6% in 2018 [3]. The 

number of people newly infected with HIV has been decreasing over the past decade 

(Figure 2), and in 2019 there were 58,000 new HIV infections [4]. In the last decade, 

there has been a significant decrease in the total number of people who have died from 

HIV/AIDS-related illnesses (Figure 3) [3]. The country has also reported an increase 

in the number of people living with HIV who are receiving antiretroviral therapy 

Figure 4. 
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Source: Global AIDS monitoring report 2020-United republic of Tanzania 

Figure 2: HIV incidence rate per 1000, United Republic of Tanzania (2010-2019)  

 

Source: Global AIDS monitoring report 2020-United republic of Tanzania 

Figure 3: AIDS mortality per 100 000, United Republic of Tanzania (2010-2019)  
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Source: Global AIDS monitoring report 2020-United republic of Tanzania 

Figure 4: People living with HIV who know their HIV status, United Republic of 
Tanzania (2010-2019)  

1.1.3. Immune-pathogenesis of HIV  

The immunological hallmark of HIV infection is destruction and depletion of CD+ T 

lymphocytes. Several potential mechanisms have been suggested in HIV-induced loss 

of CD+ lymphocytes including; 1) Direct cytopathic effects of HIV and its proteins on 

CD4+cells and progenitor cells 2) Effect of HIV on cell membrane permeability; 

enhanced fragility of CD4+ cells 3) Induction of apoptosis via immune activation 4) 

Anti-CD4+ cell cytotoxic activity (CD8+ and CD4+ cells; NK cells) and 5) Anti-

CD4+ cell autoantibodies [5].   

HIV infection also has a direct effect on cells involved in innate cellular response, 

cytokines, lymphocytes, and the complement system, which causes increased 

susceptibility to bacterial infection [6]. HIV mediates defects in phagocytosis, cell 

signaling, and cytokine production produced by monocytes and macrophages [7].  
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Th17 cells, a subset of CD4+ cells that predominate in the gastrointestinal tract and 

are important in antibacterial and antifungal defense, are significantly depleted in HIV 

infection, increasing susceptibility to bacterial infection [8, 9].  

Neutropenia is very common in HIV patients, increasing susceptibility to bacterial 

infections [10, 11]. Possible mechanisms include increased apoptosis caused by 

autoantibodies, activation in the absence of secondary infection, and decreased 

production caused by low CSF3 levels [12, 13]. 

1.2. Antibiotic resistance in HIV-infected populations 

1.2.1. Antibiotic resistance bacteria in an era of HIV 

In developing countries HIV-infected individuals are at increased risk of acquiring 

antibiotic resistant bacteria. High frequency of antibiotic use associated with HIV 

related illness drives emergence of antimicrobial resistance (AMR) due to selection 

pressure [14]. On the other hand, frequent exposure to hospital environments and their 

immune suppression status predispose HIV-infected individuals to a high risk of 

acquiring AMR bacteria [14]. Furthermore, HIV by itself is an independent risk factor 

for colonization with antibiotic resistant bacteria and subsequent infections [15]. 

Antibiotic resistant bacterial infections account for a large proportion of morbidity and 

mortality in the general population, worldwide. In HIV positive populations, the 

epidemic renders infected individuals drastically more susceptible to bacterial 

infections compared to HIV non-infected [16-19].  

Antiretroviral therapy has been shown to reduce the prevalence of opportunistic 

infections [20], and bacterial infections have now emerged as the leading cause of 

hospitalization and mortality among HIV patients [16, 21, 22].  

HIV-infected individuals are at higher risk of invasive AMR bacterial infections 

compared to HIV-uninfected [18, 19, 23] and these infections tend to be more 

invasive, severe, disseminated and associated with poor outcomes. The mortality of 

invasive bacterial infections is much higher in HIV-infected individuals compared to 

the HIV uninfected population [24, 25]. While antibiotics have helped save millions 

from the consequences of these infections, emerging AMR now threatens to reverse to 

pre-antibiotic era where simple infections resulted in death. Prevention and control of 
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antibiotic resistant bacterial infections in the HIV-infected population remains critical 

for their wellbeing. 

Bacterial pneumonia, bloodstream infection as well as enteric infections are common 

infections in HIV-infected individuals usually associated with hospitalization, 

prolonged hospital stay and increased mortality [24, 25]. Worldwide, nontyphoid 

Salmonella, Streptococcus pneumoniae, Staphylococcus aureus   and Escherichia coli 

are main pathogens in community-acquired bloodstream infections (CA-BSI) in HIV-

infected persons [17, 19, 23, 24, 26-28]. Methicillin resistant Staphylococcus aureus 

(MRSA), extended spectrum beta-lactamase (ESBL) producing Enterobacterales and 

penicillin non-susceptible Streptococcus pneumoniae have also been increasingly 

associated with CA-BSI in HIV-infected populations worldwide [19, 26, 27, 29]. 

Causative agents of bacterial community acquired pneumonia (CAP) [30] in HIV-

infected individuals are often similar to those in the HIV noninfected population. 

However, bacterial CAP remains one of the most common causes of morbidity in the 

HIV-infected population [31-34], with inpatient mortality exceeding 10% [34, 35].  

Bacterial colonization precedes development of infection and invasive diseases in 

humans and in experimental animal models [36, 37]. However, few studies have 

assessed the impact of colonization with antibiotic resistant bacteria on the 

development of infection in HIV-infected population [37, 38]. Several studies have 

reported fecal carriage of ESBL producers as a risk factor for BSI caused by ESBL 

producing bacteria in hospitalized patients [39-41], although these studies have not 

established the genetic relatedness of the isolates. On the other hand, a meta-analysis 

reported that MRSA colonized individuals had a relative risk of 24.2 of developing 

MRSA infection during hospital admission [42]. One study of HIV-infected 

individuals was able to establish genetic relatedness of colonizing MRSA isolates and 

isolates causing subsequent skin and soft tissue infections [37]. A study among HIV-

infected persons in South Africa showed that Streptococcus pneumoniae colonization 

density correlate with disease severity and poor outcome in patients with pneumonia 

[43].  Colonization with multi-drug resistant bacteria may pose a greater risk to HIV-

infected compared to HIV-negative people. Recent studies have shown HIV positive 

individuals were at high risk of being colonized with multidrug resistant bacteria 
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compared to those who are HIV negative [44-47]. Previous studies from HIV-infected 

children in Africa have reported high rates of antibiotic resistant bacteria including 

MRSA and ESBL producing Enterobacterales isolated from nasopharyngeal swabs 

[27, 48]. Another recent study among HIV-infected children from Zimbabwe reported 

high prevalence (13.7%) of fecal carriage of ESBL producing Enterobacterales, and 

carriage was associated with a history of recent hospitalization [49]. However, a study 

from Asia reported a low rate of gut colonization of ESBL producing Enterobacterales 

among HIV-infected compared to HIV uninfected population [50]. 

1.2.2. Mechanisms for resistance to antibiotic 

Antimicrobial resistance (AMR) occurs when changes in bacteria cause the antibiotics 

used to treat infections to become ineffective. It remains a major public health concern 

world-wide. Recent systematic analysis estimated there to be 495 million (3·62–6·57) 

deaths associated with bacterial AMR in 2019, with the estimated all-age death rate 

attributable to resistance to be highest in Sub-Saharan Africa, at 23·7 deaths per 

100,000 (18·2–30·7) [51]. It is estimated that unless action is taken, the burden of 

AMR deaths will rise to 10 million per year by 2050, surpassing cancer and any 

other disease [52]. 

The main mechanisms bacteria develop resistance to antibiotics include 1) Reduce 

permeability of drug, 2) Enzymatic inactivation of the drug (β-lactamases), 3) 

Modification of antibiotic targets and 4) active efflux of drugs using efflux pump, 

Figure 5. 

WHO has published a priority list of AMR pathogens categorized as critical, high, and 

medium priority, Table 1. These bacteria frequently display a multidrug-resistant 

(MDR) phenotype and associated with poor treatment outcome [53]. 
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Source: Wright BMC Biology 2010. 

Figure 5: Mechanism of actions of antibiotics and resistance mechanisms to 
resistance 
 
 
Table 1: WHO priority pathogens list 

Priority Name of the pathogens 
Priority 1: Critical  carbapenem resistant Enterobacterales 

3rd generation cephalosporin-resistant Enterobacterales 
(ESBL), 
carbapenem-resistant Pseudomonas aeruginosa, 
carbapenem-resistant Acinetobacter baumannii 

Priority 2: High vancomycin-resistant Enterococcus faecium 
methicillin-resistant Staphylococcus aureus, vancomycin 
intermediate and resistant Staphylococcus aureus   
Clarithromycin-resistant Helicobacter pylori 
Fluoroquinolone-resistant Campylobacter 
Fluoroquinolone-resistant Salmonella spp. 
3rd generation cephalosporin-resistant Neisseria 
gonorrhoeae, fluoroquinolone-resistant Neisseria 
gonorrhoeae 

Priority 3: Medium Penicillin-non-susceptible Streptococcus pneumoniae 
Ampicillin-resistant Haemophilus influenzae 
Fluoroquinolone-resistant Shigella spp. 
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1.3. MRSA in HIV infected population 

1.3.1. Historical background 

Methicillin resistance in S. aureus is mediated by acquisition of genes encoding for 

penicillin-binding protein 2a (PBP 2a), that has reduced affinity to penicillin and other 

beta-lactam antibiotics.  PBP 2a is encoded by the mecA gene, that is carried in a 

mobile genetic element known as the Staphylococcal cassette chromosomes (SCC) 

mec element.  

Methicillin was first introduced into clinical practice in 1959. Less than one year after 

its first discovery, MRSA was first described in United Kingdom [54] and widespread 

use of methicillin was thought to have driven emergence of this resistant strain. 

However, recent whole genome sequencing of early MRSA isolates, suggests MRSA 

emerged in the mid-1940s, and that methicillin was not a driving factor for its 

emergence [55]. Since its discovery, MRSA has undoubtedly caused a severe global 

health threat and contributed to mortality. It has been a leading cause of health-care 

and community associated infections.  

Since their initial description MRSA has been spread world-wide with marked 

geographical variations in burden [56]. The burden of MRSA infections is reported to 

be low in Europe and highest in some parts of America and Asia [57]. The few 

available studies from the African continent indicate a high prevalence of MRSA 

infections [58]. In Europe, the Scandinavian countries have low prevalence of MRSA, 

in 2020, only 1.4% (19/1367) of Norwegian blood culture isolates of S. aureus were 

MRSA [59]. Southern Europe has comparatively much higher prevalence of MRSA 

(25–50% of S. aureus) [60]. In the United States of America, a laboratory-based 

surveillance study reported that 57.8% of S. aureus of clinical isolates were MRSA in 

2007 [61]. Asia has been reported to have the highest prevalence of MRSA infections, 

although there are variations among countries. It has been observed in Asia that over 

50% of S. aureus causing blood stream infections were MRSA, ranging from 28% in 

Indonesia to >70% in Korea [62].  

There is paucity of data on MRSA from Africa, however, it appears that the 

prevalence of MRSA infections is on the rise on the continent. A recent meta-analysis, 
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reports an estimated prevalence approaching 50% of MRSA among clinical isolates 

obtained from most African countries [58]. 

1.1.1 MRSA colonization in HIV infected population 

MRSA is a common cause of both invasive and non-invasive disease in the general 

population. Previously, MRSA infections were largely associated with health-care 

settings (healthcare-associated MRSA, HA-MRSA) and limited to hospital settings 

[63]. However, in the last decade community acquired MRSA (CA-MRSA) has 

become more prevalent causing infection both in community and hospital settings. In 

recent years, MRSA bacteremia caused by CA-MRSA has increased steadily tending 

to replace HA-MRSA [64].  

CA-MRSA colonization/infections are disproportionally high in HIV-infected people 

compared to the general population [30, 65-67]. In people living with HIV infection, 

CA-MRSA infection is an important contributor to mortality, morbidity, prolonged 

hospitalization, and increased health care cost [19, 26, 37, 68-70]. Prospective studies 

in HIV-infected populations show that MRSA colonization is a risk factor for the 

development of MRSA infections [37, 38, 71-73]. Szumowski et al. reported that, in 

HIV-infected participants colonized with MRSA at study baseline, 36.7% developed 

skin and soft tissue MRSA infection compared to 8.1% of those who were not 

colonized [38]. Another prospective molecular study on MRSA colonization and 

subsequent infection in the HIV positive population, found that genetically similar 

colonizing strains caused skin and soft tissue infection in the same individual [37]. A 

multicenter study of HIV negative individuals found that nasal S. aureus colonization 

appeared to be a source for S. aureus bloodstream infection [74]. However, not all 

studies support the hypothesis that prior S. aureus colonization precedes infections. A 

South African study of HIV-infected children found that S. aureus bacteremia was not 

associated with prior S. aureus nasopharyngeal colonization [75].  

MRSA strains can colonize anyone; however, HIV-infected people are more 

susceptible compared to their counterparts, mainly resulting from low CD4 count. The 

prevalence of colonization of MRSA in HIV-positive people varies according to the 

geographical locations where the studies have been conducted.  A review and meta-

analysis on the global prevalence of MRSA colonization in the HIV-infected 
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population has reported an estimated prevalence between 5% and 9%, with the highest 

prevalence being in Southeast Asia, followed by the American region and Europe 

[76]. While few studies have assessed the burden of MRSA colonization in people 

living with HIV in the African region, a meta-analysis reported a pooled prevalence of 

7% (95%CI 4 –10%) [76]. The few available studies from Sub-Saharan Africa, the 

region where two-thirds of the world’s HIV-infected people live, have reported 

varying prevalence of MRSA colonization ranging from 2.4% – 20.8% among 

different populations [77-79]. Differences in study methodologies could account for 

some of this varying prevalence. Screening for MRSA colonization from multiple 

body sites and at different time points increases the rates of colonization [80], all these 

studies from Sub-Saharan Africa screened only one site (nasal) and sampled at only 

one time point. A study by Kyaw WM et.al. showed that including throat and/or peri-

anal swabs increased the sensitivity of MRSA colonization by 20% compared to only 

swabbing nose, axilla and groin [80]. 

The reason for the high burden of MRSA colonization in HIV-infected population 

compared to general population is not well known. However, frequent visits to health 

care facilities coupled with frequent exposure to antibiotics is likely to increase the 

probability of MRSA colonization in the HIV-infected population. Most literature 

have reported low CD4 counts to be an independent risk factor for MRSA 

colonization as well as infection [78, 81, 82]. However, MRSA colonization also 

occurs in HIV-infected individuals without evidence of immunosuppression and in 

HIV negative populations [37]. This suggests that there are other factors than CD4 T-

lymphocyte-mediated immunity that plays a role in MRSA colonization.  Similar to 

findings from the general population, prior antibiotic use and previous history of 

hospitalization have been reported as risk factors for increased carriage of MRSA in 

people living with HIV [83]. However, other authors have suggested that current use 

of trimethoprim-sulfamethoxazole is protective against MRSA colonization [81]. 

Some authors have argued that certain behavior risk factors increase the risk of MRSA 

colonization, including incarceration, illicit drug abuse and risky sexual behavior. 

Despite several risk factors being associated with nasopharyngeal colonization, HIV 

itself, has remained an independent risk factor for MRSA colonization [66]. 
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In Sub-Saharan Africa, data on circulating CA-MRSA genotypes in the HIV-infected 

population are scanty. However, predominance of Panton-Valentine ST8 CA-MRSA 

has been reported to colonize people living with HIV in other parts of world. This 

genotype has been associated with skin and soft tissue infection, commonly seen in 

the HIV-infected population. 

1.1.2 MRSA infections in HIV infected population 

In the HIV-infected population, invasive MRSA infections remains of particular 

concern. In the era of highly active antiretroviral therapy (HAART), the incidence of 

CA-MRSA infections in HIV-infected individuals have reported to increase compared 

to the general population [84-86]. A facility based retrospective study found that HIV-

infected persons have 6 –18-fold higher risk of developing CA-MRSA infections 

compared to the general population, with skin and soft tissue infections accounting for 

the majority of infections [30, 65, 67]. A 15 years follow up study found that MRSA 

infections were diagnosed in 11.0% of HIV-infected patients compared to in 1.4% of 

HIV-uninfected patients. Similarly, a seven-years follow-up study found that 8% (19.8 

infections/100-person years) of HIV-infected individuals developed MRSA infection 

[87]. All these studies reported low CD4 counts, high plasma viral load, injection drug 

use, absence of cotrimoxazole prophylaxis and high-risk sexual behavior as risk 

factors for development of MRSA infection in the HIV positive population [30, 65, 

87]. In addition, a recent study observed that deficient MRSA-specific IFNγ+ CD4 T-

cell responses in HIV-infected people are associated with development of MRSA skin 

and soft tissue infections (SSTIs) [88].  

The HIV epidemic in Sub-Saharan Africa may increase the incidence of MRSA 

infections. However, data on the incidence of MRSA infections in the HIV-infected 

population in Sub-Saharan Africa are scanty and could be accounted for by lack of 

diagnosis and identification of MRSA infections. A prospective study in South Africa 

studying community onset S. aureus bacteremia in HIV-infected children found an 

incidence of 26/100,000, with 39% of isolates identified as MRSA [19].   

Literature from developed countries indicate that, in the HIV-infected population, skin 

and soft tissue infections accounts for the majority of CA-MRSA infections, mirroring 
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the trend observed in the general population [30, 89]. Bacteremia is the second most 

frequent MRSA infection, followed by pneumonia and necrotizing fasciitis [30, 90]. 

Reviews and studies from developed countries have observed that 80-90% of CA-

MRSA infections in HIV-infected population are SSTI [65]. A 12 years follow up 

study in a HIV-infected population found that 90% of CA-MRSA infections were skin 

and soft tissue infections with predilection for the buttocks and scrotal areas [65]. 

Similarly, a review by Shadyab et al. echoed the same trend of HIV-infected persons 

having a propensity for MRSA SSTI and a high rate of recurrent disease [91]. The 

tendency of MRSA SSTIs to affect the perineum and buttocks seems to be related to 

sexual risk behavior, as compared to other types of CA-MRSA infections [65, 91]. 

HIV patients with CA-MRSA SSTI infections have increased genital and perineal 

MRSA colonization, partly attributable to sexual risk behavior. Studies on the etiology 

of CA-MRSA SSTI infection in HIV positive populations have observed 

predominance of the PVL-positive ST8 CA-MRSA (USA300) clone as causative 

strain [85, 89, 92]. The USA300 clone has been found to be the predominant clone in 

HIV-infected people in USA and some parts of Asia [83, 89]; and is associated with 

SSTI and necrotizing pneumonia [85]. In contrast, it is infrequently responsible for 

other infections, such as bloodstream infection and endocarditis. Studies from Sub-

Saharan Africa report varying epidemiology of USA300 like clones in the general 

population. Studies from Gabon and Cameroon have reported sporadic MRSA strains 

of USA300 like clones, which do not belong to the classic spa-t008 observed in 

USA300 clone [93, 94], but recent studies from the Democratic Republic of Congo 

(DRC) and East Africa have observed predominance of non-USA300 clones and PVL 

negative MRSA [95-97]. This might suggest that the epidemiology of SSTI in Africa 

could be different from that of developed countries. 

Bloodstream infections are the second most frequent type of MRSA infections in the 

HIV-infected population. Previous studies have reported that its incidence rate has 

increase during the HAART era. In a 4-year retrospective follow up study, the 

incidence of MRSA bacteremia increased from 5.3 per 1000 year at baseline to 11.9 

per 1000 year at the end of the study period [70]. In addition, a study among HIV-

infected children from South Africa has reported a high rate of community onset 
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MRSA bacteremia [19]. In contrast, more recent studies have observed decreasing 

trends of MRSA bacteremia in the HIV-infected population [69, 98]. Moreover, 

independent predictors for MRSA bacteremia in the HIV-infected population includes 

injection drug use, end stage renal disease, and low CD4 count [70, 98].  In CA-

MRSA bacteremia, SSTI has rarely been documented as the source of infection. 

Recent studies indicate that PVL positive CA-MRSA strains infecting skin and soft 

tissue [89] rarely are responsible for other types of infection. Studies from Sab-

Saharan Africa have reported that MRSA and multidrug resistant bacteria predict 

mortality in bloodstream infection [99, 100]. Overall mortality of MRSA bloodstream 

infection in the HIV-infected population has been reported to range from 10% to 40% 

[17]. However, studies on the outcome of MRSA bloodstream infections found no 

significant differences in mortality between HIV-infected compared to HIV negative 

patients [98]. 

MRSA pneumonia in the HIV-infected population is responsible for both community 

and hospital acquired pneumonia. Hospital acquired MRSA is becoming a more 

frequent cause of hospital acquired pneumonia and is associated with high mortality. 

A retrospective study in a HIV-infected population found that 65% of S. aureus 

causing nosocomial pneumonia were methicillin resistant and the sole predictor for 

mortality was isolation of MRSA [101]. In contrast, another hospital-based study 

examining predictors of mortality found no significant differences in mortality 

between MRSA and MRSA, despite a higher rate of MRSA (57%) infection than 

MSSA [102]. 

1.1.3  Laboratory detection of MRSA 

Specimens for detection of MRSA 

S. aureus including MRSA colonizes mucosa and skin of all animals. Strategies that 

limit both MRSA colonization and infection in HIV-infected persons are more likely 

to be successful in infection prevention and control. Nasal carriage of MRSA in HIV 

varies between studied populations, but increased colonization in other parts of the 

body including perineum, groins and axilla has been observed in HIV-infected 

persons.  Screening for MRSA nasal colonization alone may result in low recovery 
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[103]. Studies on MRSA colonization found that a combination of 

nares/throat/inguinal/perirectal sampling increases the recovery of MRSA [80, 104]. 

Methods for screening for MRSA 

Previously, screening of MRSA was processed on non-selective medium (sheep blood 

agar) and selective medium (mannitol salt agar), followed by confirmation of MRSA. 

In recent decades the use of chromogenic media for isolation of MRSA have gained 

popularity in clinical microbiology. In principle, these media are simple to use, have 

low turnaround time and makes it easy to detect MRSA colonies. Chromogenic media 

employ an enzyme which, when hydrolyzed by bacteria, produce a color change 

around the bacterial colonies. Studies have reported that MRSA chromogenic media 

exhibit high specificities and varying sensitivities [105, 106]. In addition, 

chromogenic media show good diagnostic performance in detection of MRSA from 

different clinical specimens. Enrichment into broth media and plating into 

chromogenic media have been found to increase recovery of MRSA from clinical 

specimens [107].   

Recent molecular methods including polymerase chain reaction (PCR) and whole 

genome sequencing have become more available and gained popularity for screening 

for MRSA with increased sensitivity and specificity [108]. Apart from identifying 

MRSA from clinical isolates, these methods have increased the ability to detect 

MRSA directly from clinical specimens with minimal turnaround time. Studies have 

shown that real-time polymerase chain reaction reduces the time of detection of 

MRSA from 48–72 hours to 2–5 hours [109]. However, cost and technical 

requirements are bottlenecks of the molecular methods, particularly for developing 

countries. 

Phenotypic and molecular confirmation of MRSA 

Phenotypic methods 

Phenotypic methods including cefoxitin disk diffusion, oxacillin disk diffusion and 

oxacillin agar dilution remains the main stay for confirmation of MRSA strains in 

resource limited settings. However, these methods present with low sensitivity and 

specificity, inconsistent results, and are time-consuming. Bhutia et al. found that the 

sensitivities of oxacillin disk diffusion, cefoxitin disk diffusion and oxacillin agar 
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dilution were 71%, 86%, 92%, respectively [110]. Likewise, the specificities for 

oxacillin disk diffusion, cefoxitin disk diffusion and oxacillin agar dilution were 76%; 

83%; and 91%, respectively. 

Of the disk diffusion methods, most literature have recommended cefoxitin disk 

diffusion compared to oxacillin disk diffusion, because it is a good discriminator and 

easier to interpret than oxacillin disk diffusion [111]. In addition, cefoxitin is a better 

inducer of mecA and mecC genes than oxacillin. Clinical and laboratory standards 

institute [111] recommends disk diffusion to be performed with strict incubation at 

33–35°C and 24 hours duration of incubation to avoid false negative results [44]. This 

is because two subpopulations of all isolates with mecA genes may co-exist but only a 

few isolates in these populations may express resistance in vitro, the phenomena 

referred to as hetero-resistance [112].  

Molecular methods 

Polymerase chain reaction detecting mecA, which encode for low affinity penicillin 

binding protein 2B (PBP 2B), is considered the gold standard for confirmation of 

MRSA. PCR based methods offer more benefits compared to culture based methods, 

including shorter turnaround time and high throughput in screening [113]. Availability 

of results in hours rather than days, can significantly strengthen infection prevention 

and control programs at health facilities.  Several multiplex PCR based platforms have 

been validated for the use of clinical specimens or isolates; and simultaneously detect 

the presence of a S. aureus specific target gene and the mecA gene [114]. Current 

commercially available PCR base methods include BD GeneOhmTM MRSA assay 

(BD GeneOhm, San Diego, CA, USA), the Hyplex StaphyloResist PCR (BAG, Lich, 

Germany), the GenoType MRSA direct assay (Hain Lifescience, Nehren, Germany) 

LightCycler Staphylococcus and MRSA detection kit (LC assay; Roche Diagnostics, 

Mannheim, Germany), and the GeneXpert MRSA assay (Cepheid, Sunnyvale, CA). 

These platforms commonly use S. aureus gene targets genes that include the nuc gene 

encoding heat-stable DNA nuclease, femA and femB encoding enzymes important for 

cross-linking peptidoglycan and spa encoding S. aureus-specific protein A [114].  

Several previous and recent studies have analyzed the performance of multiplex real-

time PCR using clinical isolates and specimens, all have showed high sensitivity and 
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specificity for detection of MRSA and S. aureus [113, 115, 116]. Furthermore, results 

were available within 2 hours of setting an assay [113].  

Recent development of next generation sequencing (NGS) has revolutionized 

diagnostic microbiology, outbreak investigation and surveillance of diseases. 

Sequencing of entire genomes provide information on the identification of bacteria, 

resistance genes, virulence genes and epidemiological typing. Several NGS systems 

are currently used in clinical diagnostics and research, however, they differ in several 

parameters including costs, read length, sequence quality and sequence coverage and 

depth [117]. Illumina, Pacific Biosciences and Nanopore sequencing are being 

commonly used in published research [118, 119].   Recent studies using Illumina 

Miseq on whole genome sequencing for MRSA were able to reveal SCCmecA, 

antibiotic resistance genes, virulence genes, sequence type, and single nucleotide 

polymorphism differences between isolates [120]. Nanopore technology has also been 

validated for identification of virulence genes and antibiotic resistance genes [121]. 

Analyzing the performance of Oxford Nanopore MinION, Judge K et.al found that the 

technology was able to detect all expected ESBL and carbapenemase genes in Gram-

negative bacteria and the mecA gene in MRSA [122]. Each of the three commonly 

used NGS systems has its own advantages and disadvantages. Although there has 

been a decline in costs in recent years, all NGS systems are still expensive compared 

to conventional molecular methods.  

Sequencing read length is an important parameter in analysis of whole genome 

sequencing data. Long read sequencing is more desired than short read sequencing, 

long read sequencing on DNA/RNA eliminate amplification bias while preserving 

base modifications [123]. Short read generated contigs may be more accurate at the 

base-pair level, but the short-read sequences have an inability to fully reconstruct the 

whole gene and detect multiple instances of genes. Illumina sequencing technology is 

a short-read sequencing system commonly used in diagnostic microbiology, while 

Pacific Biosciences and Nanopore sequencing technologies’ system is the most 

commonly used long-read sequencing platform [119, 124]. 
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Molecular typing of MRSA 

Molecular typing is key for epidemiological investigation and the control of MRSA 

outbreaks. Understanding of the MRSA evolution, transmission dynamics and 

population structures are critical for the prevention and control of MRSA infection. 

Several molecular typing techniques have been developed.  

Pulsed-Field Gel Electrophoresis (PFGE) 

PFGE is a restriction fragment length technology, based on digestion of chromosomal 

DNA generating large fragments which are separated by pulsed-field gel 

electrophoresis, followed by clonal assignment. The bands produced allow for the 

identification of specific clones. PFGE has been widely used for the typing of MRSA 

and other bacterial isolates as it remains affordable [125]. However, it is laborious and 

time consuming. A limitation of PFGE is that it has poor discriminatory power, inter-

laboratory variability and does not provide information on genealogy of the 

organisms. 

Multilocus Sequence Typing (MLST) 

MLST is a sequence based method which allows for the unambiguous assignment of 

isolates from infectious agents using sequences of internal fragments of 

seven housekeeping genes (i.e., constitutive genes required for the maintenance of 

basic cellular functions) [126]. The method is based on nucleotide sequences analysis 

of internal gene fragments with lengths of 450–500 base pairs. Since mutations 

accumulate slowly in housekeeping genes, the MLST is used to allocate clusters of 

closely related strains. The sequence of each gene allows obtaining the allelic profile 

or sequence type (ST). Organisms which share all seven alleles are defined as a clone, 

those sharing five or more out of seven alleles are defined as a clonal complex [127] 

and those sharing less than five of seven alleles are considered unrelated. The method 

has been used widely in molecular epidemiology, phylogenetics, and studies of 

population structures and dynamics. However, one of the limitations of MLST, is that 

it has low discriminatory power to characterize differences in strains in the case of 

outbreaks. 
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Whole genome sequencing 

Development of next generation sequencing has revolutionized molecular 

epidemiology, as it is based on determining the whole genome of the microbial 

pathogens [128]. The technique provides excellent discrimination between closely 

related strains and has high throughput. PFGE, MVLA and MLST methods are based 

on amplification of only small parts of the genome and have inherent low 

discriminatory power; often the methods fail to distinguish closely related strains in 

case of an outbreak [129, 130]. Madigan and colleagues reported that WGS was able 

to identify two major clusters of MRSA that PFGE failed to discriminate in their 

examination of an outbreak in the neonatal intensive care unit [130]. Development of 

next generation sequencing has revolutionized the detailed understanding of bacterial 

characteristics based on determination of the entire genome of the microbial 

pathogens [128]. The technique provides great discrimination between closely related 

strains and has high throughput. NGS has inherent high resolution in discriminating 

highly related strains compared to other molecular methods [131, 132]. WGS is very 

useful in resolving MRSA outbreaks, according to an assessment by Humphreys and 

colleagues. WGS investigations are now revealing the nature of MRSA transmission 

from the community to hospitals, inside and between hospitals, and from hospitals to 

the community [128].  

1.1.4 Prevention and control of MRSA infection 

MRSA infection is known to cause severe infections associated with increased 

mortality and health care costs. Efficient strategies to control its spread remains 

critical to reduce its clinical impact. Strategies for control relies on the identification 

of MRSA carriers which allows for contact isolation and prevention of transmission. 

Then, decontamination and treatment of carriers can help reducing MRSA reservoirs. 

Third, practicing hand hygiene can reduce transmission. Fourth, rational use of 

antibiotics can help reducing the selection pressure which increases the emergence of 

MRSA [133]. 

Screening to detect asymptomatic MRSA carriers has been advocated as a cost-

effective prevention strategy. However, several issues remain un-addressed including 

identifying the appropriate populations for targeted versus universal screening, the 
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choice of the screening methods; intervention strategies and cost issues. Studies on 

universal screening of MRSA in intensive care units and in surgical patients followed 

by intervention either in terms of contact isolation or decolonization have resulted in 

significant reduction in MRSA infection [134, 135]. The downside in one study was 

an increase in mupirocin resistant S. aureus were mupirocin was used to decolonize 

MRSA positive patients [136]. In light of the costs related to universal screening for 

MRSA, targeted screening of specific groups at risks (ICU patients, patient 

undergoing surgery) remain the cornerstone for control and prevention of MRSA 

infection [137]. Studies have found that HIV infection is a risk factor for MRSA 

infection/ colonization [30, 65]; however, the benefit of targeted screening of MRSA 

in HIV-infected patients at admission has not been studied. 

Unprecedented spread of MRSA in the community poses a great challenge for its 

control, and whether targeted or universal screening would be the best approach 

remained to be resolved. 

1.2 ESBL-PE in HIV infected population 

1.2.1 ESBL-PE background 

ESBL are a group of enzymes capable of hydrolyzing third-generation cephalosporins 

penicillins, and aztreonam (but not cephamycin or carbapenems) and are inhibited by 

β-lactamase inhibitors such as clavulanate, sulbactam and tazobactam and other newer 

inhibitors [138]. Although the strict definition of an ESBL remains, the inhibition by 

clavulanate is a requirement for designation in this group.  Based on the updated 

functional classification of beta-lactamases, ESBLs are classified in group 2 serine 

beta-lactamases, subgroup 2be [139].  Classification based on molecular are classified 

as amber class A [140]. 

The first and largest members of subgroup 2be are mutants of TEM-1, TEM-2 and 

SHV-1 beta-lactamases. To date, there are over 223 TEM type and 193 SHV type 

beta-lactamases derived from substitution of amino acids [141]. 

 The second largest and rapidly growing member of subgroup 2be is CTX-M, as the 

name implies it hydrolyzes more efficiently cefotaxime than ceftazidime. 

Furthermore, CTX-M is inhibited better by tazobactam compared to clavulanic acid 

[142].  The first CTX-M type enzyme was described from Enterobacterales in Europe 
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in 1980 [143].  Since its first discovery, CTX-M type ESBLs have rapidly 

disseminated world-wide; and there are more than 179 CTX-M variants described to 

date clustered into five groups CTX-M 1, CTX-M-2, CTX-M-8, CTX-M 9, and CTX-

M-25 [141].  

In Tanzania, the first report of discovery of CTX-M genotype was reported in 2004 

from children with septicemia with predominant of blaCTX-M-15 [144]. After this first 

report, several studies have reported blaCTX-M-15 producing Enterobacterales associated 

with community and hospital acquired infections in Tanzania [145-147]. 

However, there several other genes encoding for ESBL and others are predominant in 

Pseudomonas and Acinetobacter, including GES, PER, VEB, TLA, BEL, SFO and 

OXY [148].  

1.2.2 ESBL-PE colonization in HIV 

Due to suppressed immunity, ESBL-PE gut colonization in the HIV-infected 

population increases vulnerability to ESBL-PE infection. Recent studies from 

developing countries have found an increasing prevalence of ESBL fecal carriage in 

HIV-infected people [49, 50, 149].  A previous Tanzanian study found a significantly 

higher prevalence of fecal carriage ESBL-PE among HIV positive (89.7%) children 

compared to HIV negative (16.9%) children [149]. Furthermore, a study of outpatient 

HIV-infected children in Zimbabwe documented a 13.7 percent prevalence of fecal 

carriage. Using ART for less than a year and recent hospitalization were identified as 

risk factors for ESBL-PE fecal carriage in this study [49]. Interestingly, a more recent 

Nepalese study found a lower rate of ESBL-PE gut colonization in HIV positive 

individuals compared to HIV negative individuals. Contact with livestock and over-

the-counter medication were found to be associated with ESBL-PE fecal colonization 

in healthy individuals but not in HIV-infected individuals [50]. 

1.2.3  ESBL-PE infections in HIV 

Infections due to ESBL-PE has been increasing globally. In the general population, 

they are associated with prolonged hospital stay as compared to non-ESBL infections 

[150, 151]. Furthermore, studies have found that the mortality in ESBL-PE infections 

is almost 2-3-fold compared to non ESBL-PE infections [100, 151-154]. Likewise, 

ESBL production has been found as an independent risk factor for mortality in blood-
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stream infections [100, 151, 153, 155]. In addition, ESBL-PE infections have been 

found to increase health care costs both to patients and health facilities [151].  

Understanding the risk factors for ESBL-PE infections in a population at risk remains 

vital for the prevention of its spread. Recent history of antibiotics use and previous 

hospitalization have been well studied as an important risks factor for ESBL infections 

[156, 157]. These factors are thought to increase ESBL-PE colonization which is a 

prerequisite for infection. HIV infection by itself has been documented as an 

independent risk factor for both ESBL-PE colonization and infection by some authors 

[149, 158, 159]; while another study found no association [50]. 

HIV infection was found to be a significant risk factor for the development of ESBL-

K. pneumoniae blood-stream infections and mortality among patients with blood-

stream infections in South Africa [159, 160]. A more recent study in India found 

ESBL Klebsiella spp infection was significantly higher in HIV-infected individuals as 

compared to HIV negative individuals, concluding immunosuppression renders HIV-

infected individuals more susceptible to ESBL infection [158]. Likewise, it has been 

documented in India, that E. coli producing CTX-M is a growing threat to the HIV-

infected population. Padmavanthy et al. found that a significant number E. coli 

causing urinary tract infection were carrying CTX-M enzyme and the majority 

displayed multi-drug resistance [161].  

Surprisingly, a recent 10-year follow-up study of ESBL and non-ESBL-PE blood-

stream infections in children in South Africa documented that HIV infection was not a 

risk factor for the development of ESBL blood-stream infection [160]. 

Several studies have found a link between ESBL-PE colonization and subsequent 

ESBL-PE infections [162, 163].  The risk of ESBL infections in patients colonized by 

ESBL varies depending on the population studied and the location of admissions 

[164].  Several studies in intensive care units (ICUs) have identified prior gut ESBL-

PE colonization as the only independent risk factor for ESBL-PE ventilator-associated 

pneumonia, with high sensitivity and negative predictive value in predicting ESBL-PE 

VAP [165, 166]. Another study found that prior ESBL colonization was an 

independent risk factor for ESBL blood-stream infection in the general population 

among admitted patients in French hospitals [163]. It has been reported that ESBL-PE 
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gut colonization was independently associated with the development of both ESBL-

PE surgical site infections and bloodstream infections in patients with gastrointestinal 

and gynecological malignancies [164].  

1.2.4 Laboratory detection of ESBL producing Enterobacterales 

Specimens for detection of ESBL -PE 

Stool specimens are the gold standard for detecting digestive tract colonization of 

ESBL producing Enterobacterales and are more sensitive than swabs for detecting 

ESBL-PE carriage in the gut [167].  

Rectal and perineal swabs, however, have been used to detect gut ESBL-PE 

colonization due to the difficulty of obtaining stool in a timely manner. Rectal and 

perineal swabs have the advantage of being easier to obtain and can be collected 

immediately from a large group of patients. Rectal swabs, on the other hand, have 

been shown to be more effective than perineal swabs in detecting gut ESBL-PE 

colonization [168]. 

Screening methods 

Chromogenic ESBL screening agar plates 

Reliable screening methods are required for infection control measures for ESBL-PE 

infections. Several selective chromogenic media have been used for targeted or 

universal ESBL-PE colonization screening. With varying specificities, these media 

have improved sensitivity for isolating ESBL-PE from clinical specimens. ChromID 

ESBL (bioMérieux, Marcy l'Etoile, France), Brilliance Oxoid (Oxoid Ltd, 

Basingstoke, United Kingdom), CHROMagar ESBL (CHROMagar, Paris, France), 

and BD Drigalski agar with ceftazidime (Becton, Dickinson and Company, New 

Jersey, US) are among these media. In a study that evaluated the performance of these 

media, it was shown that all of them had a sensitivity of greater than 95%. For the four 

types of media, specificity was 72.3 percent, 72.9 percent, 57.9 percent, and 63.9 

percent, respectively [169]. Several studies have shown that pre-enriching rectal 

swabs in broth media improves the detection of ESBL-PE fecal carriage [170-172]. 

Similarly, Rondinaud et al. found that pre-enrichment followed by screening on 

ChromID ESBL improved detection of ESBL – Enterobacterales from traveler stool 

samples by 11.7 percent [170]. 
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Media supplemented by antibiotics for ESBL screening 

MacConkey agar supplemented with either ceftazidime, cefotaxime, or ceftriaxone, 

aztreonam, has been used for screening of ESBL production among Enterobacterales 

with varying sensitivities and specificities [173-175].  

The screening concentration of 1µg/mL for cefotaxime or ceftriaxone, ceftazidime, 

aztreonam or 4µg/mL concentration for cefpodoxime has been recommended by CLSI 

[111].  Growth at or above the concentrations listed may be presumed as ESBL 

production. However, one drawback of this medium is that it has low specificity, 

which allows growth of not only ESBL producers but inducible AmpC beta-lactamase 

producers and Gram-negative bacteria as well [176]. The addition of cloxacillin into 

the medium to inhibit AmpC beta lactamase producing bacteria has been 

recommended by some authors and increases its specificity [177]. On the other hand, 

CLSI and previous studies recommended, the use of two screening plates, one 

containing ceftazidime and another containing cefotaxime, to increase the sensitivity 

of ESBL detection [111, 174].   

ESBL confirmation methods 

Phenotypic confirmation methods 

Combination double disks diffusion method 

For phenotypic confirmation of ESBL production in Enterobacterales, the Clinical and 

Laboratory Standards Institute recommends using double combination disks [111]. 

The test is dependent on the presence of clavulanic acid and the use of cephalosporins 

alone (primarily ceftazidime and cefotaxime). Clavulanic acid has the ability to bind 

irreversibly to ESBL, preventing ESBL from hydrolyzing the beta-lactam ring. As a 

result, the zone of inhibition in the disk with clavulanate increased. Ceftazidime (30g) 

plus ceftazidime-clavulanate (30/10µg) and cefotaxime (30µg) plus ceftazidime-

clavulanate (30/10 µg) are both recommended.  

A ≥ 5mm increase in zone of inhibition for cephalosporins with clavulanate vs 

cephalosporin alone confirms ESBL production [111]. One disadvantage of the test is 

that it produces false negative ESBL results when Enterobacterales contain both 

ESBL and AmpC beta-lactamases. Clavulanic acid does not inhibit AmpC beta-

lactamase [178]. The addition of cefepime, which is stable against AmpC beta-
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lactamase to cefotaxime and ceftazidime confirmatory tests, could address the AmpC 

beta-lactamase drawback [178].   

Double disk approximation method 

The Double disk approximation test has been evaluated for confirmation of ESBL 

production with varying sensitivities and specificities[179-181]. In this test, 

ceftazidime/cefotaxime and amoxycillin clavulanic acid are placed 30mm apart, center 

to center. An enhanced zone of inhibition towards these cephalosporins indicates 

ESBL production [179]. As for combination disks methods, coexistence of ESBL and 

AmpC beta-lactamases may give false negative test results. 

Broth microdilution method 

The CLSI also recommends using the broth microdilution method for confirming 

ESBL production, in which ceftazidime and cefotaxime are used alone and in 

combination with clavulanic acid. A ≥3 two-fold decrease in the MIC for either 

combination with clavulanic acid compared to the MIC for cefotaxime/ceftazidime 

alone confirms ESBL production [111]. 

Epsilometer test method 

The Epsilometer test (E-test) has been used for confirmation of ESBL production in 

some studies [182, 183]. The strip carries two gradients: cephalosporines alone 

(ceftazidime, cefotaxime) and combinations of cephalosporines and clavulanate 

(ceftazidime-clavulanate and cefotaxime-clavulanate) [183]. A ratio of cephalosporine 

MIC to cephalosporine-clavulanic acid MIC equal to or greater than 8 confirms ESBL 

production. The use of both ceftazidime and cefotaxime strips improves detection of 

different types of ESBL enzymes, as ESBL types differ in hydrolyzing strength to 

different cephalosporines [138]. 

Molecular methods for confirmation ESBL production 

Using various primers, several polymerase chain reaction methods for detection of 

cefotaxime-Munich (CTX-M), sulfhydryl variable (SHV), and Temoniera [184] have 

been developed [185-188]. However, detecting specific variants of blaTEM and blaSHV 

has proven more difficult because all variants result from single point mutations in the 

narrow-spectrum beta-lactamases blaSHV-1, blaTEM-1, or blaTEM-2. Multiplex PCR 

methods have been validated for detecting different types of SHV and TEM using 
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universal primers, followed by sequencing to detect specific variant of SHV or TEM 

[185, 187, 189].  

The rising prevalence of blaCTX-M among ESBL, which is linked to both hospital and 

community-acquired infections, necessitates the development of reliable and rapid 

molecular methods for detection. Multiplex and simplex PCR have been used to detect 

the blaCTX-M genotype using both conventional and real-time PCR approaches [185, 

188]. Several previous studies [185, 190], used multiplex PCR with CTX-M group 

specific primers, followed by sequencing or gel electrophoresis, to detect different 

blaCTX-M genotypes. In a study of 633 Enterobacterales, Woodfold  and colleagues 

were able to detect all common blaCTX-M genotypes using multiplex PCR and a set of 

CTX-M group specific primers, followed by sequencing [190].   

A simplex Real-Time PCR approach with one set of primers targeting internal regions 

present in all five CTX-M phylogenetic groups[149], was recently used, followed by 

sequencing. The approach was able to detect the most common CTX-M genotypes of 

ESBL by sequencing the PCR products. 

1.2.5 Prevention and control of ESBL-PE infections 

Identifying risk factors for ESBL infection and addressing mitigating measures remain 

critical components of ESBL infection control. Several studies have found that prior 

antibiotic use, prior hospitalization, and immunosuppression all increase the risk of 

ESBL-PE infection/colonization. ESBL-PE colonization remains a requirement for 

ESBL infection [162, 163]. ESBL-PE dissemination has previously been reported in 

hospital outbreak infections. However, the recent spread of ESBL-PE in the 

community [191], demonstrates the need for improved infection prevention and 

control. Identifying patients with ESBL-PE colonization during hospitalization is 

critical for infection prevention and control. Screening for ESBL-PE colonization, pre-

emptive isolation of patients at risk on admission, and contact precautions have all 

been found to be effective ESBL-PE infection control measures in the developed 

world [192, 193]. A four-year multicenter study from developed countries 

documented that ESBL-PE admission screening was associated with lower hospital 

onset ESBL-PE infection [192]. However, in Sub-Saharan Africa, where HIV is 

endemic and antibiotic overuse is common, all of these are risk factors for ESBL-PE 
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infection/colonization. Screening of ESBL-PE at admission as a preventive measure 

for infection control has rarely been documented. 

1.3 Carbapenemase-producing Enterobacterales in HIV 

1.3.1 Carbapenemase production among members of Enterobacterales 

Carbapenem resistant Enterobacterales have been listed as critical priority pathogens 

in the WHO list of Priority pathogens for their association with mortality and 

morbidity [194]. Mechanisms of resistance to carbapenems in Enterobacterales may 

be conferred by decreased permeability, efflux pump, and production of 

carbapenemase [195]. The production of carbapenemase is the most worrying 

mechanism. The carbapenemases have the ability to hydrolyze most of the β-lactam 

antibiotics and frequently are encoded in mobile genetic elements (plasmids, 

transposons, integrons).  

Among the 4 classes of β-lactamases based on molecular structures (amber 

classification system), carbapenemases belong to three of the four classes. Amber 

class A serine-dependent include Klebsiella pneumoniae carbapenemase (KPC). 

Amber class B carbapenemases metal-dependent include metallo-lactamases (MBL), 

such as the New Delhi metallo-lactamases [196], the IMP family of carbapenemases, 

the Verona integron–encoded metallo-lactamases (VIM) and the Guiana-

extended spectrum (GES). The amber class D serine-dependent include oxacillinase-

48 (OXA-48) [140, 197]. Most carbapenemase genes are carried on mobile genetic 

elements, which are used as vehicles of dissemination intraspecies and interspecies 

[198-201].  

1.3.2 Carbapenemases producing Enterobacterales in the era of HIV 

An increased prevalence of ESBL infection has led to an increased consumption of 

carbapenems. [202, 203]. The increased use of carbapenems has been the driving 

force behind the rising rate of carbapenem-resistant Enterobacterales [204, 205]. The 

increasing prevalence of carbapenem-resistant Enterobacterales has necessitated the 

use of colistin in severe infections. This might drive resistance to colistin in Gram-

negative bacteria. Recent studies have already noted the co-existence of the 

carbapenemase gene and the mcr-1 gene (colistin-resistant gene) in the same plasmid 

[206, 207].  
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CPE infections have been linked to a high rate of mortality, which is largely due to the 

severity of the infections and the limited therapeutic options available [208-210]. CPE 

infection has been associated to an increased risk of death in patients living with HIV 

in a recent study [211].  A recent study from India observed that 43% of gram-

negative bacteria from HIV patients with infections were resistant to carbapenem 

[212]. In this study, resistance to carbapenems was conferred by the production of 

metallo β-lactamases and OXA-48.  

Another study in an HIV-infected community in Nigeria found that 25.2% of gram-

negative bacteria isolated from bacterial infections produced carbapenemase [213]. 

It's been proposed that CPE colonization precede CPE infection. According to recent 

studies, individuals colonized with CPE at the time of admission to an intensive care 

unit had a higher risk of CPE infection and mortality [214, 215].  

People living with HIV tend to have neutrophil and mucus membrane defects, which 

predispose them to bacterial infections. CPE colonization in this population 

predisposes to serious CPE infections. However, a recent study in healthy people 

living with HIV found no carbapenemase producing Gram-negative bacteria, despite 

high colonization with ESBL-PE [50]. 

1.3.3 Detection of carbapenemase producing Enterobacterales 

Phenotypic screening for CPE 

Several methods have been proposed for screening carbapenemase 

producing Enterobacterales from clinical samples, including those recommended by 

the CDC and commercially available media ChromID Carba and ChromID OXA-48 

(bioMérieux, Marcy l'Etoile, France), CHROMagar KPC (CHROMagar), Remel 

Spectra CRE (Remel, Lenexa, KS) and Brilliance CRE (Oxoid). Variations in 

sensitivity and specificity have been reported with these media [216]. However, one 

drawback of these media has been their failure to detect carbapenemase-

producing Enterobacterales with reduced MIC (imipenem and/or meropenem MICs of 

≤1 mg/ml) [217].  A recent study assessing seven commercial screening media, 

including 69 CPE and 40 CPE negatives, found the sensitivity of CRE agars for CPE 

detection ranged from 34.8 to 98.6%. The OXA-48 producers were the most difficult 

to detect; only 4/9 agars detected all isolates [216]. This study suggests the addition of 
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ESBL screening media increases sensitivity for detection of CPE, but would reduce 

the specificity. 

Confirmation of CPE 

Phenotypic confirmation methods 

Different methods have been used for confirmation of carbapenemase production 

in Gram-negative bacteria. Carbapenems-carbapenemase inhibitor disk diffusion 

methods have been recommended by EUCAST for detection of carbapenemase [218]. 

Different inhibitors are known to inhibit specific carbapenemases. Meropenem or 

ertapenem with and without boric acid, dipicolinic acid disk, EDTA, phenylboronic 

acid, or aminophenylboronic acid disk (which inhibits KPC) have been used to detect 

carbapenemases. 

Currently, CLSI recommends Carbapenemase Nordmann–Poirel (CarbaNP), 

carbapenem inactivation method, and modified carbapenem inactivation method for 

phenotypic detection of carbapenemase production in Enterobacterales and 

Pseudomonas aeruginosa [111]. The CarbaNP is based on the hydrolysis of 

imipenem by bacterial lysate, which leads to an acidic pH change determined by the 

change of the phenol red indicator from red to yellow. The test was reported 

previously to have high sensitivity and specificity [219, 220]. 

Carbapenem inactivation methods determines the carbapenemase production based on 

measuring the diameter of zone of inhibition of E. coli ATCC 25922 after the 

carbapenem disk has been hydrolyzed by the test bacterium [221]. The presence of a 

carbapenemase is indicated by the absence of a zone of inhibition. A zone of 

inhibition, on the other hand, means that the carbapenem disk was not inactivated, 

hence the absence of carbapenemase. Studies indicated CIM have high sensitivity and 

specificity, ranging 86% to 94% and 95% to 100%, respectively [222, 223]. 

Molecular confirmation methods 

Molecular methods are considered the gold standard for the detection of 

carbapenemase genes, as genes are not always expressed phenotypically. Previously, 

simplex PCR was traditionally used to detect carbapenemases genes using both 

conventional and real-time PCR approaches [224]. But it would be time-consuming, 

requiring several PCR runs. Recent studies have used multiplex PCR to detect 
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carbapenemase genes in Enterobacterales [225-227]. The major advantages of real-

time multiplex PCR include simple operation, multiplicity, robustness, and speed. 

Swayne et al. validated real-time TaqMan PCR, which was able to detect control 

strains known to produce five serine carbapenemase genes [228].  

Recently, a study indicated that real-time multiplex PCR appropriately differentiated 

strains harboring each carbapenemase gene (class A, B, and D) without cross-

reactivity [225]. 

Whole genome sequencing has now established itself as the most reliable method for 

detecting carbapenemase genes, with the ability to detect novel carbapenemase genes 

and predict phenotypic resistance to carbapenems [229]. 

1.3.4 Prevention and control of CPE infections 

Practicing infection and prevention measures are the robust tools for prevention of the 

spread CPE infections. Early detection of colonized patients through screening 

followed by isolation and decolonization has been recommended [230]. Infection 

surveillance system has been recommended as well for identification and control of 

CPE infections [231].  

1.4 Streptococcus pneumoniae in HIV infected population 

1.4.1 Streptococcus pneumoniae colonization and infection in HIV 

Streptococcus pneumoniae is a common bacterium that infects HIV-positive adults 

and children in Africa. Pneumococcal invasive diseases are much more common in 

HIV-infected people than in HIV-negative people [232-234]. In a recent South 

African study, the incidence of invasive pneumococcal diseases was found to be 43 

times higher in HIV-infected individuals than in HIV-seronegative individuals (52 per 

100 000 vs. 1.2 per 100 000) [235]. In the United States, an adult study found that the 

rate of invasive pneumococcal disease per 100,000 person-years was 160 for HIV-

infected adults and 8 for HIV-uninfected subjects [236]. Most studies on the topic 

have found that pneumonia, and meningitis and bacteremia without focus are the 

common invasive pneumococcal diseases in HIV patients, and bacteremia is a more 

common in HIV-positive than HIV negative patients [235, 237]. A 5-year South 

African surveillance study found that the majority of HIV-infected people had 

bacteremia, accounting for 74% of all invasive pneumococcal diseases [235]. 



Joel Manyahi – PhD thesis 
 

 42 

According to studies, the overall mortality rate of invasive pneumococcal diseases in 

HIV patients ranges between 12 and 15% [238], and the mortality rate is higher in 

HIV positive than HIV negative patients [235]. In a study assessing the clinical 

outcome of bacteriaemic pneumococcal pneumonia, Feldman et al. found that HIV 

patients had significantly higher mortality than HIV negative patients [24]. 

Pneumococcal meningitis was found to be a predictor of mortality in HIV-infected 

patients in a previous study in Malawi [237].  

Invasive pneumococcal diseases can occur at any clinical stage and at any CD4 count 

in people with HIV infection. Some studies have found that low CD4 count is a risk 

factor for invasive pneumococcal infection [239, 240]. However, it is evident that also 

HIV patients with high CD4 counts suffer high rates of invasive pneumococcal 

disease [232]. On the other hand, high viral load has been associated to invasive 

pneumococcal pneumonia [236, 238]. But, Bordon and colleagues, found that CD+ 

cell counts and HIV RNA levels do not predict outcomes in invasive pneumococcal 

diseases [241]. 

Previous research has found that nasopharyngeal colonization is a major risk factor for 

invasive pneumococcal disease[43, 242].  Recent studies from Uganda, Kenya, and 

Zambia have found higher prevalence of Streptococcus pneumoniae nasopharyngeal 

colonization in HIV-infected than HIV-uninfected adults[243-245]. HIV infection has 

been linked to an increased risk of nasopharyngeal colonization and repeated 

colonization, as well as a shorter time to new colonization [243, 245]. However, 

Rodriguez-Barradas and colleagues found that CD4 cell count at baseline had no 

effect on Streptococcus pneumoniae nasopharyngeal colonization [246]. Furthermore, 

studies have revealed that pneumococcal serotypes 6, 19, and 23 are the strains most 

commonly colonizing HIV-infected people in Africa. These African studies showed a 

predominance of non-vaccine serotypes in the majority of study settings [243-245, 

247]. 

Penicillin has long been used to treat pneumococcal infections. Several studies, 

however, have found an increase in resistance to penicillin [248, 249]. The risk of 

infection or colonization with multi-drug resistant Streptococcus pneumoniae has been 

reported in the HIV-infected population [14, 244]. This could be due to the increased 
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use of antibiotics in HIV patients. Previous research from Sub-Saharan Africa has 

shown that resistance to penicillin is increasing in Streptococcus pneumoniae isolated 

from HIV-infected patients compared to non-HIV-infected [233, 250].  

Feldman et al. showed that Streptococcus pneumoniae isolated from South African 

HIV-infected patients were more resistant to penicillin (13 percent vs 2.5 percent) 

than those from HIV-negative patients[250]. Streptococcus pneumoniae colonizing 

the nasopharyngeal tracts of HIV-infected people in Sub-Saharan Africa has also been 

found to have a high rate of resistance to penicillin [243, 244].  

Streptococcus pneumoniae resistance to commonly used antibiotics such as 

tetracyclines, macrolides, and cephalosporins is now common [251, 252].  

A study of HIV-infected adults in Uganda showed that 72% of Streptococcus 

pneumoniae colonizing the nasopharynx were resistant to penicillin and 99% were 

resistant to trimethoprim-sulfamethoxazole (TMP-SMX) [243]. High rates of 

resistance to cotrimoxazole and tetracyclines has also been observed in pneumococcus 

from HIV-infected populations in Tanzania and other African settings [247, 253]. 

Furthermore, a recent Ghanaian study of an HIV-infected population found that 18.5% 

of Streptococcus pneumoniae nasopharynx were multidrug resistant [247]. 

1.4.2 Laboratory detection of Streptococcus pneumoniae 

Specimen collection for detection of Streptococcus pneumoniae 

The Nasopharyngeal swab is the generally recommended specimen for the detection 

of Streptococcus pneumoniae, though nasal and nasopharyngeal washing are as effective as 

nasopharyngeal swabs for detection of Streptococcus pneumoniae. Nevertheless, nasal and 

nasopharyngeal washing are difficult to standardize and are not well tolerated. Skim milk, 

tryptone, glucose, and glycerin (STGG) has been recommended by WHO experts as the 

medium of choice for transport and storage of nasopharyngeal swabs for isolation of 

Streptococcus pneumoniae [254]. In a study comparing the detection of nasopharyngeal 

carriage using STGG and silica descant packages as transport media, it was found that silica 

descant packages underestimated the prevalence of Streptococcus pneumoniae carriage 

compared to STGG (40.9% vs 58.7%) [255]. According to Rubin et al., the composition of 

swabs influences the detection of Streptococcus pneumoniae from the nasopharynx [256]. 

They found that the number of colonies cultured from rayon swabs was significantly higher 

than the number of colonies cultured from calcium alginate swabs. Similarly, the number of 
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colonies on Dacron polyester swabs was significantly lower than on calcium alginate or 

rayon swabs [256]. 

Isolation of Streptococcus pneumoniae 

Streptococcus pneumoniae has been isolated successfully from nasopharynx secretion 

using sheep or horse blood agar as a primary medium. Previous research has shown 

that sheep blood agar supplemented with 5 micrograms of gentamicin per ml increases 

the isolation of Streptococcus pneumoniae colonizing the nasopharynx specimen by 

25–40% compared to plain sheep blood agar [257].  

Identification of Streptococcus pneumoniae 

Identification of S. pneumoniae is based on colonial morphology, microscopic 

characteristics, and biochemical tests as described by Murray et al. [258]. 

Streptococcus pneumoniae confirmation depends on susceptibility to optochin and 

bile salt solubility [258]. 

Serotyping of Streptococcus pneumoniae 

Understanding the circulating serotypes of Streptococcus pneumoniae is critical for 

the effective formulation of pneumococcal vaccine based on serotype predominance in 

specific geographic areas. Several studies have shown that the quelling reaction 

remains the gold standard for detecting pneumococcal capsular serotypes of 

Streptococcus pneumoniae [259]. However, the test is time-consuming, requires 

trained experts, and the reagents are prohibitively expensive. Several other methods 

for serotyping Streptococcus pneumoniae based on latex agglutination have been 

documented. Latex agglutination is a simple, quick, and low-cost method. It is highly 

recommended in resource-constrained settings compared to quelling swelling reaction 

[260]. Previous research has shown that the latex agglutination test is highly sensitive 

(Sensitivity 92.5–95.5 percent) in detecting Streptococcus pneumoniae serotypes 

when using the quelling swelling reaction as a gold standard [260, 261].  

1.4.3 Prevention of Streptococcus pneumoniae infections 

Vaccines continue to be the mainstay of Streptococcus pneumoniae infection 

prevention. Currently, both capsular and polysaccharide pneumococcal vaccines are 

used on children and vulnerable populations around the world. Since the introduction 

of pneumococcal capsular vaccines (PCV) 7 and PCV 13 into national childhood 
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immunization programs in developing countries, the incidence of invasive 

pneumococcal diseases and mortality has decreased dramatically [262, 263]. 

Immunization in children has provided herd immunity, preventing infection in at-risk 

adults. The emergence of non-vaccine serotypes invasive pneumococcal diseases, on 

the other hand, has been on the rise, reversing the remarkable success of 

vaccination.[264, 265]. Nevertheless, continued surveillance of 

circulating Streptococcus pneumoniae serotypes colonizing the nasopharynx remains 

critical for formulation of the pneumococcal vaccine in developing countries. 
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2. Rationale for the study 

The emergence and spread of antibiotic resistant bacteria in the community and 

hospitals is regarded as a major public health concern. Preventing the emergence and 

spread of resistant pathogens in vulnerable populations is critical. Because of their 

immune suppression, HIV-infected people are more vulnerable to MDR bacterial 

infections. [15, 250].  Infections with resistant pathogens in the HIV-infected 

population have serious consequences because they are difficult to treat and are 

associated with a high mortality rate [24, 25]. Understanding the magnitude, dynamics 

of colonization, and routes of transmission of MDR pathogens is critical for 

developing strategies for effective MDR bacteria prevention and control in the HIV-

infected population. Currently, information on MDR bacteria on HIV-infected 

individuals is scarce in Tanzania. 

This study focuses on the carriage and molecular characterization of multidrug 

resistant bacteria in HIV-infected people in the community, as well as the risk factors 

that influence its carriage. The discovery will aid in the development of strategies for 

preventing and controlling MDR spread in the HIV-infected population at risk of 

severe bacterial infections, such as isolation of colonized patients and active AMR 

surveillance culture. Furthermore, the study highlights the resistance pattern of 

bacteria colonizing HIV-infected individuals, and this finding may help to inform the 

development of empiric antibiotic treatment guidelines in HIV-infected individuals 

with suspected bacterial infections. 
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3. Hypothesis  

Does HIV infections associate with increased colonization of antibiotic resistant 

bacteria in the gut and nasopharynx/nose.   

4. Aims and objectives 

General aim 

To describe the prevalence and characteristics of antibiotic resistant bacteria 

colonizing the gut and nasopharynx/nose in newly HIV diagnosed adults in 

community setting, Tanzania 

Objectives 

1. To determine the prevalence and molecular characteristics of methicillin resistant 

Staphylococcus aureus   isolated from newly HIV diagnosed adults in Dar es 

Salaam, Tanzania (Paper I) 

2. To determine the prevalence of fecal carriage for extended spectrum b-lactamases 

producing Enterobacterales in newly HIV diagnosed adults in Dar es Salaam, 

Tanzania (Paper II)  

3. To determine the molecular characteristics of carbapenemase producing 

Enterobacterales isolated from the gut of HIV-infected adults in Dar es Salaam, 

Tanzania (Paper III) 

4. To determine phenotypic and genotypic characteristics of Streptococcus 

pneumoniae isolated from HIV diagnosed adults in Dar es Salaam Tanzania (Paper 

IV) 
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5. Materials and methods 

5.1 Study area/settings 

The cross-sectional study was conducted in Dar es Salaam, Tanzania (Figure 1, map 

of Dar es Salaam), the largest city and economic capital of Tanzania with a population 

of over 6 million. The city has an overall HIV prevalence of 4.3% among adults aged 

15–49 years old [4]. Participants were residents of the five main municipalities of Dar 

es Salaam city, namely Kinondoni, Temeke, Ilala, Ubungo, and Kigamboni, and were 

recruited through six HIV care and treatment clinics at Mwananyamala Hospital, 

Amana Hospital, Temeke Hospital, Pastoral Activities and Services for People with 

AIDS Dar es Salaam Archdiocese (PASADA), Mbagala Hospital, and Mnazi Mmoja 
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Figure 1 Map of Dar es Salaam showing 5 Municipals and clinics were 

participants were recruited 
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5.2 Study population 

This study was conducted between April, 2017 and May 2018 as part of the 

randomized clinical trial CoTrimResist (ClinicalTrials.gov identifier: NCT03087890). 

It included newly diagnosed HIV-infected people aged 18 and up who had not yet 

started antiretroviral therapy (ART) and were attending one of the HIV care and 

treatment outpatient clinics in Dar es Salaam, Tanzania, for the first time. Participants 

were recruited when they came in for HIV testing, and those who tested positive were 

invited to participate in the study.  

Pregnant women were excluded from the study. 

The aim of the CoTrimResist trial is to assess the impact of long-term cotrimoxazole 

prophylaxis in HIV on colonization with multidrug-resistant bacteria such as ESBL-

PE, MRSA, PRSP and VRE (vancomycin-resistant enterococci).  The trial part of the 

study was limited to newly diagnosed HIV-patients with CD4-counts ≥ 350. However, 

HIV-positive persons with CD4-count < 350, as well as HIV-negative persons were 

added as control groups. The outcome of the trial has not been published yet.  

5.3 Study subjects for paper I, II, III and IV 

For paper II and III, the studies included a total of 595 rectal swabs from newly 

diagnosed HIV-infected aged 18 years or older. The study included subjects with CD4 

counts <350 cells/µL in addition to those with CD4 counts of ≥350 cells/µL 

(participants in CoTrimResist trial).   

For paper IV, we included a total of 1877 nasopharyngeal swabs collected at baseline, 

at Day 14 and at Weeks 24 and 48, from HIV-infected adults with CD4 counts ≥350 

cells/µL, during their one year follow up. 

Paper I included a total of 537 individuals newly diagnosed with HIV infection with 

CD4 counts of ≥350 cells/µL.   

5.4 Collection and storage of clinical information 

Each participant's demographic and clinical information, including age, gender, 

height, weight, current and previous hospitalizations, clinical staging, CD4 cell 

counts, and history of antiretroviral therapy and antimicrobial treatment, including 

anti-TB treatment, was recorded. The data was entered using the electronic data 

capturing tools REDCap (Vanderbilt University, Tennessee, US) on tablet computers, 
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which were then synchronized daily to a main server hosted at MUHAS. Only 

investigators had access to the server's information. A key file containing research 

numbers as well as corresponding patient names and hospital record numbers was 

stored separately on a storage medium (USB disk) that was not connected to the 

internet and was password-protected and locked down in a primary investigator’s 

office. The key file was deleted once data collection was completed. 

5.5   Microbiological procedures 

5.5.1   Specimen collection, transport and storage 

Specimen collection for detection of MRSA and Streptococcus pneumoniae 

Streptococcus pneumoniae (paper IV) and S. aureus (MRSA) in paper I were detected 

using nasal/nasopharyngeal swabs. Both the nasopharynx and the anterior nares were 

swabbed with a single swab. The nasopharynx was swabbed first, followed by the 

anterior nares while retracting the swab. A trained clinician collected 

nasopharyngeal/anterior nares swabs with Sigma Transwab® and immediately 

transported them in liquid Amies transport medium [Sigma Transwab® PF with 

Liquid Amies; MWE Co (Bath) Ltd., Corsham, UK] to the Muhimbili University of 

Health and Allied Sciences (MUHAS) bacteriology research laboratory in a cool box 

at 4 °C. 

Specimen collection for detection of ESBL and CPE 

Stool or rectal swabs are recommended for detecting ESBL-PE (paper II) and CPE 

(paper III) fecal carriage. Rectal swabs were used in this study because they were the 

most convenient way to obtain the specimen. A rectal swab was collected from each 

participant and transported in liquid Cary-Blair medium (Fecal Transwab, MWE Co 

Bath Ltd., Corsham, United Kingdom) in a cool box at 4°C with an icepack to the 

MUHAS bacteriology research laboratory. Rectal swabs in liquid Cary-Blair medium 

were immediately frozen at -70°C upon arrival in the laboratory. At the conclusion of 

the study, all rectal swabs were shipped on dry ice to Bergen, Norway, for further 

laboratory analysis. 

5.5.2 Bacterial isolation 
S. aureus/MRSA isolation 
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Swabs from the nasopharynx/anterior nares were cultured in sheep blood agar as soon 

as they arrived at MUHAS bacteriology research laboratory. The plates were 

incubated at 33°C for 24 hours. 

Isolation of Streptococcus pneumoniae 

Immediately upon arrival at MUHAS bacteriology research laboratory, 

nasopharyngeal/anterior nares swabs were cultured in 7 percent sheep blood agar with 

optochin disk. Plates were incubated for 24 hours at 37°C in a 5 percent CO2 

atmosphere before being read. 

Screening for ESBL-PE and CPE colonization 

CHROMID ESBL (bioMérieux, Marcy l'Etoile, France) was used for ESBL-PE 

screening and CHROMID CARBA SMART (bioMérieux, Marcy l'Etoile, France) for 

CPE screening. Rectal swabs were first placed in enrichment medium (brain heart 

infusion broth) and incubated at 37°C for one night. Two drops (0.1mL) of brain heart 

infusion broth were sub-cultured on CHROMID ESBL, CHROMID CARBA 

SMART, and in-house made lactose agar for 24 hours at 37°C. Lactose agar, a Gram-

negative bacterium selective medium, was used as a quality control to ensure that the 

specimen contained viable bacteria. Bacterial growth was read and interpreted 

according to manufacturer's instructions. 

Screening for vancomycin resistant Enterococcus 

Rectal swabs were screened for fecal carriage of vancomycin resistant Enterococcus 

(VRE) using in-house made VRE agar. Two drops from overnight rectal swabs 

cultured into brain heart infusion broth were sub-cultured into VRE agar and sheep 

blood agar, and incubated at 37°C for 24 hours. The growth of mauve colonies was 

considered suspect of VRE. Sheep blood agar was used as a quality control for rectal 

swabs if they contained viable bacteria. Identification of VRE was done by MALDI-

TOF MS using the Microflex LT instrument and MALDI Biotyper 3.1 software 

(Bruker Daltonics, Bremen, Germany), MIC for vancomycin was performed following 

CLSI guidelines [111] and PCR as previously described [266]. 

5.5.3 Identification of bacteria 

In this study, initial identification of bacteria was based on colonial morphology, 

microscopic characteristics, and biochemical tests as described by Murray et al. [258]. 
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In paper IV, Streptococcus pneumoniae was further confirmed by susceptibility to 

optochin and bile salt solubility [258]. Further identification of bacterial isolates was 

done by MALDI-TOF MS using the Microflex LT instrument and MALDI Biotyper 

3.1 software (Bruker Daltonics, Bremen, Germany. Staphylococcus aureus was 

identified in paper I using PCR targeting the thermonuclease (nuc) gene, as previously 

described [267]. 

5.5.4 Antimicrobial susceptibility testing 

Antimicrobial susceptibility testing was carried out in accordance with the guidelines 

of Clinical & Laboratory Standards Institute [111]. Papers I, III, and IV used disk 

diffusion (Oxoid,UK) and an E-test (bioMérieux, Marcy l'Etoile, France) to determine 

antimicrobial susceptibility. Details on the choice of media and disks for susceptibility 

testing have been described in papers I, III and IV. MDR bacteria were defined as 

those that were resistant to three or more antibiotic classes/categories [268]. 

5.5.5 Detection and characterization of resistance genes 

DNA extraction  

For papers II (Enterobacterales) and I (S. aureus), genomic DNA was extracted by the 

boiling method. The DNA templates were prepared by re-suspending 10-20 bacteria 

colonies in 0.5ml of TE-buffer in an Eppendorf tube. The mixture was mixed by 

vortexing for about 10 seconds and boiled at 100 ⁰C for 10 minutes. The tubes were 

then centrifuged for 5 minutes at 15700 rpm and 200 µL of supernatant was stored at 

–20 ⁰C and used as a DNA template. 

The DNA template from Streptococcus pneumoniae in the paper IV, was extracted 

using a MagNA Pure LC instrument (Roche Diagnostics, Mannheim, Germany) using 

a Total Nucleic Acid Isolation Kit (Roche Diagnostics). Details of extraction are 

described in paper IV. 

PCR for detection of resistant genes 

PCR for detection of DHFR gene and sequencing paper IV 

Conventional PCR for detection of the DHFR gene was performed using 

2 × QuantiTect® Multiplex PCR NoROX Master Mix (QIAGEN) and amplification 

was carried out on a GeneAmpTM 9700 Thermocycler (Applied Biosystems, Foster 

City, CA, USA). Details on primers and PCR conditions are described in detail in 
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paper IV. The amplicons were analyzed by gel electrophoresis.  The amplified PCR 

products were sequenced using the same pairs of primers used in PCR. SnapGene® 

v.5.0.7 software (GSL Biotech LLC, Chicago, IL, USA) was used to assemble, edit, 

and analyze the sequences.  

PCR for detection of nuc and mecA genes in paper I 

Multiplex real-time PCR was used to detect both the nuc and mecA genes for the 

identification of S. aureus and the presence of methicillin resistance in S. aureus, 

respectively. PCR was carried out in a 25 µL reaction volume using a LightCycler 480 

Instrument II (Roche Diagnostics, Mannheim, Germany). 12.5 µL 2x QuantiTect 

Multiplex PCR NoROX Master Mix (Qiagen), 1µL mecA-F (0.4 M), primers 1µL 

mecA-R (0.4 M), 0.5µL mecA-FAM (0.2 M), 1L Nuc-F (0.4 M), 1µL Nuc-R (0.4 M), 

0.5µL Nuc-YAK (0.2 M) (Table 1), and 2µL of DNA template were used in the 

reaction. The PCR was performed with an initial activation temperature of 95°C for 

15 minutes, followed by 40 cycles of 94°C for 15 seconds and 60°C for 60 seconds 

[267]. Melting curve analysis was done to determine the specific gene (s) detected 

from the samples. A molecular characterized S. aureus carrying the mecA gene was 

used as a positive control and RNAse free water was used as a negative control. 

Table 1: Primers for detection of mecA and nuc genes 
Gene Primers 

mecA-F 5´-TGC-TAA-AGT-TCA-AAA-GAG-TAT-TTA-TAA-CAA-CA-3´  

mecA-R 5´-TGT-GCT-TAC-AAG-TGC-TAA-TAA-TTC-ACC-3´ 

mecA-FAM 5´-CAA-AGC-ATC-CTA-AAA-AAG-GTG-TAG-AGA-3´ 

nuc-F 5´-TTC-AAT-TTT-CTT-TGC-ATT-TTC-TAC-CA-3´ 

nuc-R 5´-ATT-ATG-GCT-CAG-GTA-CTG-CTA-TCC-ACC-CTC-AAA-3´  

nuc-YAK 5´-TTT-TCG-TAA-ATG-CAC-TTG-CTT-CAG-GAC-CA-3´ 

PCR and sequencing for detection and identification of ESBL genes 

Real-time PCR was used for detection of cefotaxime-Munich (CTX-M) encoding 

genes using a LightCycler 480 Instrument II (Roche Diagnostics, Mannheim, 

Germany). Forward primer CTXM-F 5´-ATGTGCAGYACCAGTAAR GT-3´, and 

reverse primers CTXM-R1 5´-TGGGTGAAGTAA GTGACCAGA-3 and CTXM-R2 
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5´-TGGGTAAARTAGG TCACCAGA-3´ (TIB Molbiol, Berlin, Germany) were used 

as previously described [149]. Details on PCR conditions and sequencing of PCR 

products have been explained in paper II. 

5.5.6 Whole genome sequencing and analysis 

DNA extraction and whole genome sequencing (WGS) for MRSA (paper I) and CPE 

(paper III) was performed by MicrobesNG (MicrobesNG, Birmingham, UK) using 

2x250 bp paired-end reads on Illumina Hiseq (Illumina, San Diego, CA, USA). 

Trimming and quality filtering of the sequencing reads were assembled using SPAdes 

and annotated in GenBank. In addition, long read sequencing was performed for CPE 

isolates using MinION (Oxford Nanopore Technologies). 

Assignment of multilocus sequence typing (MLST), was based on sequencing of 

seven housekeeping genes. Sequence type (ST) and clonal complex were determined 

by submission of sequence files to an online MLST database website 

(https://pubmlst.org/).  

For identification of antimicrobial resistance genes, virulence genes, SCCmec and 

spa-type, ResFinder v3.2, virulenceFinder 2.0, SCCmecFinder 1.2 and spaTyper 1.0 

of the Center for Genomic Epidemiology GEE server 

(http://www.genomicepidemiology.org/). For analysis of inter-strain whole genome 

single nucleotide polymorphism (SNPs) we used CSI phylogeny 1.4 

(https://cge.cbs.dtu.dk/services/CSIPhylogeny/).  

5.6 Statistical analysis 

Statistical analysis was performed using STATA v.16.0 (Stata Corp LLC, College 

Station, TX, USA). A significance level of 0.05 was used and all p-values refer to 

two-sided tests. 

In paper IV, categorical variables were presented as proportions, and continuous 

variables were presented using the median and range. The difference of proportions of 

resistant bacteria between vaccine-and non-vaccine serotype isolates were compared 

by χ2 test, and the medians of MICs were compared by the Wilcoxon rank-sum test. 

In paper II, we used χ2 test to assess the proportions of fecal carriage of ESBL 

producing Enterobacterales by patient characteristics. We analyzed the association 
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between risk factors of interest and fecal carriage of ESBL producers, adjusting for 

age, gender, educational status, district of residence, and study sites. For each main 

exposure variable, we controlled for confounders using both logistic regression and 

the Mantel–Haenszel method, defining a confounder as a factor that changes the effect 

size by ≥10%. The effect of modification of factors between different groups was 

examined by the Mantel–Haenszel method. 

In Paper I and III, mainly descriptive analysis was performed. 

5.7 Ethical approval and informed consent 

Ethical approval to conduct the study in Tanzania was obtained from Muhimbili 

University of Health and Allied Sciences senate research and publication committee 

(Ref. No. 2015-10-27/Vol.X/54)—Muhimbili University of Health and Allied 

Sciences, National Institute for Medical Research (NIMR/HQ/R.8a/Vol.IX/2144)—

Tanzania, Ministry of Health, Community development, Gender, Elderly, and 

Children. The clinical trial was also registered by Tanzania Food and Drugs Authority 

(TZ16CT007) and Clinical trial.org (NCT03087890). In Norway, the study was 

approved by the Regional Committee for Medical and Health Research Ethics of 

Western Norway (REK2015/540). Only study participants providing informed written 

consent were included in the study. 
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6. Summary of results of papers 
6.1 Paper I 

Predominance of PVL-negative community associated methicillin resistant 

Staphylococcus aureus   sequence type 8 in newly diagnosed HIV-infected adults, 

Tanzania. 

Joel Manyahi, Sabrina J Moyo, Said Aboud, Nina Langeland, Bjørn Blomberg 

European Journal of Clinical Microbiology & Infectious Diseases. 2021 Jul; 

40:1477–1485  

Difficult-to-treat infections caused by methicillin-resistant Staphylococcus aureus   (MRSA) 

are of concern in people living with HIV infection as they are more vulnerable to infection. 

We aimed to identify molecular characteristics of MRSA colonizing newly diagnosed HIV-

infected adults in Tanzania. Individuals newly diagnosed with HIV infection were recruited 

in Dar es Salaam, Tanzania, from April 2017 to May 2018, as part of the randomized clinical 

trial CoTrimResist (ClinicalTrials.gov identifier: NCT03087890). Nasal/nasopharyngeal 

isolates of S. aureus were susceptibility tested by disk diffusion method, and cefoxitin-

resistant isolates were characterized by short-read whole genome sequencing. Four percent 

(22/537) of patients carried MRSA in the nose/nasopharynx. MRSA isolates were frequently 

resistant towards gentamicin (95%), ciprofloxacin (91%), and erythromycin (82%) but less 

often towards trimethoprim-sulfamethoxazole (9%). Seventy-three percent had inducible 

clindamycin resistance. Erythromycin-resistant isolates harbored ermC (15/18) and LmrS 

(3/18) resistance genes. Ciprofloxacin resistance was mediated by mutations of the quinolone 

resistance-determining region (QRDR) sequence in the gyrA (S84L) and parC (S80Y) genes. 

All isolates belonged to the CC8 and ST8-SCCmecIV MRSA clone. Ninety-five percent of 

the MRSA isolates were spa-type t1476, and one exhibited spa-type t064. All isolates were 

negative for Panton-Valentine leucocidin (PVL) and arginine catabolic mobile element 

(ACME) type 1. All ST8-SCCmecIV-spa-t1476 MRSA clones from Tanzania were unrelated 

to the globally successful USA300 clone. Carriage of ST8 MRSA (non-USA300) was 

common among newly diagnosed HIV-infected adults in Tanzania. Frequent co-resistance to 

non-beta lactam antibiotics limits therapeutic options when infection occurs.  
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6.2 Paper II 

High Prevalence of Fecal Carriage of Extended Spectrum β-Lactamase-

Producing Enterobacterales Among Newly HIV-Diagnosed Adults in a 

Community Setting in Tanzania 

Joel Manyahi, Sabrina J Moyo, Said Aboud, Nina Langeland, Bjorn Blomberg 

Microb Drug Resist. 2020 Dec; 26(12) 

Colonization in HIV-infected populations with extended-spectrum β-lactamase-

producing Enterobacterales (ESBL-PE) is particularly worrisome in low-income 

settings. This study describes the prevalence of ESBL-PE carriage and associated risk 

factors among newly HIV-diagnosed adults in a community setting in Tanzania. A 

total of 595 newly diagnosed HIV-infected adults with a median age of 35 years with 

interquartile range (IQR) 29-42 years and a median CD4 count of 492 cells/µL (IQR 

390-666 cells/µL) were recruited. Among these, 194/595 (32.6%, 95% confidence 

interval [CI] 28.9-36.6) were ESBL-PE carriers. Participants with low CD4 count 

(<350 cells/µL) had significantly higher prevalence of ESBL-PE carriage compared to 

those with CD4 count ≥350 cells/µL (26/58, 44.8%, vs. 168/537, 31.3%, p = 0.04). 

Antibiotic use in last 4 weeks (odds ratio [OR] 1.55, 95% CI 1.08-2.22, p = 0.02) and 

CD4 count <350 cells/µL (OR 1.78, 95% CI 1.03-3.09, p = 0.04) were independent 

risk factors for fecal carriage of ESBL-PE. In total, 244 isolates of ESBL-PE were 

isolated from 194 participants. Of these, 238/244 (97.5%) harbored blaCTX-M genes, 

with blaCTX-M-15 being predominant (219/238 (92%), followed by blaCTX-M-27 (9/238 

(3.8%), blaCTX-M-14 (8/238 (3.4%), blaCTX-M-55 (1/238), and blaCTX-M 

211/3 (1/238). blaSHV-2a genes were detected in four isolates, whereas the blaSHV-12 gene 

was detected in one isolate. Phenotypic carbapenemase-producing Enterobacterales 

was detected in one HIV-positive person with CD4 count 132 cells/µL. In conclusion, 

the prevalence of ESBL-PE carriage is high among newly diagnosed HIV adults in 

Dar es Salaam, and is significantly associated with antibiotic use and low CD4 count. 
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6.3 Paper III 

First identification of blaNDM-5 producing Escherichia coli from neonates and a 

HIV infected adult in Tanzania. 

Authors: Joel Manyahi, Sabrina J. Moyo, Upendo Kibwana, Richard N. 

Goodman, Ellie Allman, Alasdair T.M. Hubbard, Bjørn Blomberg, Nina 

Langeland and Adam P. Roberts 

Journal of Medical Microbiology. 2022 Feb; 71(2). 

Introduction. Carbapenem-resistant members of the family Enterobacterales are 

emerging as a global public-health threat and cause substantial challenges in clinical 

practice.  

Gap Statement. There is a need for increased and continued genomic surveillance of 

antimicrobial resistance genes globally in order to detect outbreaks and dissemination 

of clinically important resistance genes and their associated mobile genetic elements 

in human pathogens.  

Aim. To describe the resistance mechanisms of carbapenem-resistant Escherichia 

coli.  

Methods. Rectal swabs from neonates and newly diagnosed human 

immunodeficiency virus [4] infected adults were collected between April 2017 and 

May 2018 and screened for faecal carriage of carbapenamases and OXA-48 producing 

members of the family Enterobacterales. Bacterial isolates were identified using 

matrix assisted laser desorption ionization time of flight mass spectrometry. 

Antimicrobial susceptibility testing was performed by E-test. Whole genomes of 

carbapenem-resistant E. coli were investigated using a hybrid assembly of Illumina 

and Oxford Nanopore Technologies sequencing reads.  

Results. Three carbapenem-resistant E. coli were detected, two from neonates and one 

from an HIV infected adult. All three isolates carried blaNDM-5. Two E. coli from 

neonates belonged to ST167 and blaNDM-5 co-existed with blaCTX-M-15 and blaOXA-
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01, and all were carried on IncFIA type plasmids. The E. coli from the HIV infected 

adult belonged to ST2083, and carried blaNDM-5 on an IncX3 type plasmid and 

blaCMY-42 on an IncI type plasmid. All blaNDM-5 carrying plasmids contained 

conjugation related genes. In addition, E. coli from the HIV infected adult carried 

three more plasmid types; IncFIA, IncFIB and Col(BS512). One E. coli from a 

neonate also carried one extra plasmid Col(BS512). All three E. coli harbored 

resistance genes to fluoroquinolone, aminoglycosides, sulfamethoxazole, 

trimethoprim, macrolides and tetracycline, carried on the IncFIA type plasmid. 

Furthermore, E. coli from the neonates carried a chloramphenicol resistance gene 

(catB3), also on the IncFIA plasmid. All three isolates were susceptible to colistin.  

Conclusion. This is the first report, to our knowledge, from Tanzania detecting 

blaNDM-5 producing E. coli. The carbapenemase gene was carried on an IncFIA and 

IncX3 type plasmids. Our findings highlight the urgent need for a robust antimicrobial 

resistance (AMR) surveillance system to monitor and rapidly report on the incidence 

and spread of emerging resistant bacteria in Tanzania.  

6.4 Paper IV 

High rate of antimicrobial resistance and multiple mutations in the dihydrofolate 

reductase gene among Streptococcus pneumoniae isolated from HIV-infected 

adults in a community setting in Tanzania 

Joel Manyahi, Sabrina J Moyo, Said Aboud, Nina Langeland, Bjorn Blomberg 

J Global Antimicrob Resist. 2020, Sept; 22:749-753 

Objectives: The aim of this study was to characterize molecular mechanisms of 

resistance to trimethoprim and other antibiotics in Streptococcus pneumoniae isolate 

from HIV-infected adults in Dar es Salaam, Tanzania. 

Results: A total of 76 pneumococcal isolates were obtained. Of the 70 isolates that 

could be serotyped, 42 (60.0%) were vaccine serotypes included in pneumococcal 

conjugate vaccine 23 (PCV23). The majority of isolates (73.7%; 56/76) were non-

susceptible to penicillin (MICs of 0.06-2µg/mL). Isolates were frequently resistant to 

co-trimoxazole (trimethoprim/sulfamethoxazole) (71.1%) but less so to azithromycin 
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(22.4%), erythromycin (21.1%), chloramphenicol (18.4%), tetracycline (14.5%), 

clindamycin (10.5%) and levofloxacin (0%). Moreover, 26.3% were multidrug-

resistant (resistant to ≥3 antibiotic classes). Vaccine-type pneumococci were resistant 

to more classes of antibiotics, were more frequently resistant to erythromycin, 

azithromycin, clindamycin and tetracycline, and had higher MICs to penicillin 

(median, 0.19µg/mL; range, 0.002-1.5µg/mL) compared to non-vaccine serotypes 

(median, 0.125µg/mL; range, 0.012-0.25µg/mL, P=0.003). Co-trimoxazole-resistant 

isolates carried from 1 to 11 different mutations in the dihydrofolate reductase 

(DHFR) gene, most commonly Ile100Leu (100%), Glu20Asp (91.8%), Glu94Asp 

(61.2%), Leu135Phe (57.1%), His26Tyr (53.1%), Asp92Ala (53.1%) and His120Gln 

(53.1%). 

Conclusion: Streptococcus pneumoniae isolated from HIV-diagnosed patients were 

frequently non-susceptible to penicillin and co-trimoxazole. Most isolates carried 

multiple mutations in DHFR. 
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7. Discussion 
7.1 Prevalence of MRSA ESBL, and CPE and MRSA in HIV-infected adults 

7.1.1 Prevalence of carriage of MRSA in newly diagnosed HIV-infected adults 

The prevalence of nasal/nasopharyngeal carriage of MRSA colonization in newly 

diagnosed HIV-infected adults from the community in Tanzania was 4% (paper I). 

This prevalence is in line with a pooled prevalence of 7% (95%CI 4 –10%) from a 

metanalysis of studies done among people living with HIV in Africa [76]. However, 

although there are relatively few studies from Sub-Saharan Africa, they have reported 

varying prevalence of MRSA colonization ranging from 2 to 21%  [77-79]. Studies 

show that swabbing multiple sites increases the likelihood of recovering MRSA [80, 

269]. The low prevalence of MRSA in our study could have been attributed to 

including only nasal and nasopharynx swabs in screening for MRSA. The 4% of 

newly diagnosed HIV-infected adults colonized with MRSA in our setting are at risk 

for developing subsequent MRSA infections. Furthermore, they could act as a 

reservoir for spread of MRSA in the community. On the other hand, the prevalence of 

MRSA observed in paper I warrant the need for screening of HIV-infected adults on 

diagnosis and enrollment in treatment programs in order to reduce the risk of cross-

transmission between patients. The findings also raise the question of whether MRSA-

colonized patients should be given appropriate antibiotics for 

decolonization/eradication therapy. 

7.1.2 Prevalence of ESBL-PE in HIV-infected adults 

The study documented high prevalence of fecal carriage of ESBL-PE among newly 

diagnosed HIV-infected adults from community settings in Dar es Salaam, Tanzania 

(paper II). High prevalence of ESBL-PE fecal carriage has also been reported in a 

recent study from Nepal amongst healthy people living with HIV [50]. However, a 

previous study from Zimbabwe among HIV-infected children has reported low 

prevalence of fecal carriage of ESBL-PE [49]. It is alarming to note the high 

prevalence of fecal carriage of ESBL-PE in this population, as carriage/colonization 

increases vulnerability to subsequent ESBL infection. Our findings show that a high 

percentage of newly diagnosed HIV-infected individuals are at high risk of developing 

ESBL-PE infections. When HIV-infected individuals are co-infected with ESBL-PE, 
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the risk of morbidity and mortality increases. Previous studies have documented that 

ESBL colonization is a great risk for subsequent ESBL-PE infections [162, 163]. 

Furthermore, the high prevalence of fecal carriage of ESBL-PE among newly 

diagnosed HIV-infected individuals from community settings observed in our study 

indicates that this population could be a reservoir for ESBL-PE spread in the 

community.  

7.1.3 Risk factors for fecal carriage of ESBL-PE in HIV-infected adults 

Previous studies have documented hospitalization and recent use of antibiotics as 

important independent risk factors for increased fecal carriage of ESBL-PE [156, 

157]. Our findings concur with those reported from previous studies [149, 157]. In 

this study we found the odds of fecal carriage of ESBL was 1.55 times in HIV-

infected adults who reported to have used antibiotics in last 4 weeks compared to 

those who did not use antibiotics (paper II). Prior antibiotic consumption was an 

independent risk factor for the observed high fecal carriage of ESBL-PE in this study 

(Paper II). Antibiotics, including third generation cephalosporins are easily accessible 

over-the-counter without prescription in Tanzania, therefore some of the participants 

might have used antibiotics for self-treatment because of their HIV related illness but 

failed to recall. Our study could not confirm whether hospitalization is an independent 

factor for fecal carriage of ESBL (paper II).   

Low CD4 count (<350 cells/µL) was found to be an independent risk factor for fecal 

carriage of ESBL -PE (paper II). Participants with low CD4 counts were more likely 

to have been HIV-infected for a prolonged duration than those with high CD4 counts, 

which could have increased the likelihood of antibiotics use and health facility visits 

for HIV related illness. In addition, the immune suppressed status in itself could have 

made these individuals more susceptible to exogenous ESBL-PE colonization. 

Contrary to our observation, a recent study in Zimbabwe found no association 

between low CD4 counts and fecal carriage of ESBL-PE among children on ART 

[49]. Early initiation of antiretroviral treatment in HIV is well documented to improve 

clinical outcome [270]. Our findings add to the arguments for early testing for HIV 

infection, so that more infected people can get diagnosed earlier when CD4 counts are 
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high, with the prospects of decreasing the risk for fecal carriage of ESBL-PE and 

subsequent infections. 

7.1.4 Prevalence of fecal carriage of carbapenemase producing Enterobacterales 

One of 595 (0.2%) newly diagnosed HIV-infected adults was found to carry 

carbapenemase producing E. coli (paper III). This finding implies very low prevalence 

of fecal carriage of CPE among HIV-infected population in Tanzania. Increased use of 

carbapenems especially at referral hospitals and the national hospital in recent years 

could further drive the emergence of CPE in Tanzania. This is the first report on fecal 

carriage of CPE in Tanzania. Despite the low prevalence observed in this population, 

continued surveillance of CPE needs to be implemented because carbapenemase 

resistance genes are transmitted by plasmids and could easily spread to other 

Enterobacterales. 

7.2 Antimicrobial resistance 

A large proportion of Gram-positive bacteria colonizing the nasopharynx and anterior 

nares in newly diagnosed HIV-infected adults were resistant to commonly prescribed 

antibiotics in Tanzania (Paper I and IV). Furthermore, 26.3% of Streptococcus 

pneumoniae colonizing the nasopharynx in this population were multidrug-resistant 

(resistant to ≥3 antibiotic classes) (paper IV). Observation of Gram-positive bacteria 

resistant to antibiotics commonly used in this setting is alarming and limits treatment 

options when HIV-infected individuals develop infections with the same bacteria. 

Worryingly, these bacteria display multi-drug resistance, and our study showed that 

26% and 29% of nasopharyngeal isolates of Streptococcus pneumoniae and S. aureus, 

respectively, were multi-drug resistant. Previous studies in Tanzania among children 

in 2013 and 2015 found that 15.4% and 16.5% of Streptococcus pneumoniae isolates 

were multi-drug resistant, respectively [248, 249]. It appears that there has been an 

increase in the prevalence of multi-drug resistance in nasopharyngeal isolates of 

Streptococcus pneumoniae in Tanzania compared to what was reported in previous 

studies.  Overuse and irrational use of antibiotics is rampant in Tanzania and is a 

likely driving force behind the increasing resistance to antimicrobial agents. 

The rate of Gram-positive bacteria resistant to penicillin was high in our study (paper I 

and IV). Non-susceptibility of Streptococcus pneumoniae to penicillin was 73.7% 
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(paper IV) and all MRSA isolated from nasal/nasopharynx were resistant to penicillin 

(paper I). Penicillins (including ampicillin and amoxicillin) have been the mainstay for 

treatment of non-severe pneumococcal and other Gram-positive infections in 

Tanzania. This practice was confirmed during the data collection period as most 

clinicians were commonly prescribing penicillin for empirical treatment of respiratory 

infections. Other studies in Tanzania, have reported high rates of Gram-positive 

bacterial resistance to penicillin [97, 248]. Bles and colleagues reported 69.2% of 

Streptococcus pneumoniae from HIV exposed children were non-susceptible to 

penicillin [249]. Furthermore, Moyo et. al found that 67.8% of Streptococcus 

pneumoniae isolated from healthy children were non-susceptible to penicillin [248]. 

Therefore, with increased resistance to penicillin, the practice of empiric prescription 

of penicillin for treatment of Gram-positive infection in HIV-infected individuals may 

not guarantee cure anymore in Tanzania.  

High rate of Streptococcus pneumoniae resistance to cotrimoxazole is worrying in 

Tanzania, with 71.1% of isolate being resistant to cotrimoxazole (Paper IV). 

Cotrimoxazole is one of the commonly used antibiotics in Tanzania for the treatment 

of respiratory tract infections. It is also widely used as prophylaxis for prevention of 

Pneumocystis jiroveci pneumonia, bacterial infections and protozoal infections, and 

all these could contribute to the high rate of resistance observed. High rates of 

resistance of Streptococcus pneumoniae to cotrimoxazole in the HIV-infected 

population has been reported previously in Tanzania and other HIV endemic settings 

[247, 249, 271]. Interestingly, MRSA were less resistant to cotrimoxazole (9%, paper 

I). Our recent and previous studies of S. aureus isolate in Tanzania found low rates of 

resistance to cotrimoxazole [272-274]. Our findings imply that cotrimoxazole could 

still be useful in suspected staphylococcal infections, however, should be used more 

cautiously in suspected pneumococcal infections. Moreover, increased rates of 

resistance of Gram-negative bacteria toward cotrimoxazole has been reported in our 

previous studies in Tanzania. Despite cotrimoxazole prophylaxis playing a significant 

role in the prevention of Pneumocystis jiroveci pneumonia and protozoal infection in 

HIV-infected people, its effectiveness in prevention of bacterial infections is 

jeopardized by the high resistance rates.   
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Whereas nasal/nasopharyngeal MRSA isolates from HIV-infected adults were 

frequently resistant to erythromycin (82%) (paper I), Streptococcus pneumoniae 

displayed a low rate of resistance to erythromycin (21.1%) (paper IV). High rates of 

resistance to erythromycin have previously been reported among clinical and 

colonizing S. aureus isolates in Tanzania [272]. This observed differences in 

susceptibility to erythromycin call for bacteriological confirmation and performance 

of susceptibility testing in suspected bacterial infections in the HIV-infected 

population.   

Interestingly, all Streptococcus pneumoniae from nasopharynx were susceptible to 

levofloxacin and showed low rates of resistance towards chloramphenicol (18.4%), 

tetracycline (14.5%) and clindamycin (10.5%) (Paper IV). With increased resistance 

to penicillin and macrolides, fluoroquinolones and other non-beta-lactam antibiotics 

may get increasing relevance for empirical treatment of respiratory tract infections. 

Unfortunately, the increased use of such broader spectrum antibiotics may contribute 

to escalating the AMR problem. Previous studies have documented that resistance to 

fluoroquinolones has remained relatively low compared to other antibiotics for 

treatment of pneumococcal infections [275, 276]. However, treatment failure has been 

reported where fluoroquinolones has been used [277]. Other previous studies from 

Tanzania have observed low levels of resistance of Streptococcus pneumoniae 

towards fluoroquinolones, chloramphenicol, tetracycline and clindamycin [278]. Our 

findings in paper IV and results from recent studies in Tanzania, confirm that these 

antibiotics could still be effective for empirical treatment of suspected pneumococcal 

infections. Confirmation of susceptibility by performing antimicrobial susceptibility 

testing is recommended. Unfortunately, respiratory infections frequently do not get 

confirmed bacteriologically, hindering further susceptibility testing.  

It was also observed that vaccine serotypes of Streptococcus pneumoniae were 

significantly more resistant towards tetracycline, clindamycin, erythromycin and 

azithromycin compared to non-vaccine serotype. The background for their inclusion 

into vaccine could have been their virulence factors and hence causing more serious 

diseases, which necessitated increased use of antibiotics and consequently driving 

emergence of resistance in these vaccine serotypes. 
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MRSA isolates from nasal/nasopharynx were highly resistant to ciprofloxacin (95%) 

and gentamicin (91%) (paper I). MRSA co-resistance to non-beta-lactam antibiotics 

limits empirical treatment options in suspected MRSA infections in the HIV-infected 

population in Tanzania. An increased trend of resistance to these antibiotics in 

Tanzania has been reported previously [272, 274], and has been attributed to frequent 

use of the respective antibiotics for treatment of urinary tract and gastrointestinal 

infections. All our MRSA isolates were susceptible to vancomycin, linezolid and 

clindamycin. However, these antibiotics are very expensive and their introduction in 

Tanzania could further strain the underfunded health care resources. 

The carbapenemase producing E. coli isolate was resistant to cefotaxime, tetracycline, 

ciprofloxacin and gentamicin, all with minimum inhibitory concentrations of >256 

µg/mL (paper III). This resistance pattern would limit treatment options in the event 

of CPE infections in newly diagnosed HIV-infected adults. The isolate was only 

susceptible to colistin, a drug that is not commonly available in Tanzania and is quite 

expensive. Plasmid-mediated colistin resistance has already spread out of Asia [206, 

207]. The introduction of colistin in Tanzania could have negative impact, as 

increased use could drive the spread of resistance to colistin among Gram-negative 

bacteria. 

7.3 Genomic resistance traits of bacteria colonizing HIV-infected adults in 

Tanzania 

Cefotaximase-Munich (CTX-M) ESBL has been extraordinarily disseminated among 

members of the family Enterobacterales worldwide. Results presented in paper II 

show predominance of the blaCTX-M genotype conferring resistance in Enterobacterales 

towards the third generation cephalosporins, with blaCTX-M-15 being the commonest. 

Since its first documentation in Tanzania in early 2000 [100, 144], blaCTX-M-15 has 

been widely reported from clinical and colonizing Enterobacterales isolates [145, 149, 

156]. The blaCTX-M-15 is carried in plasmids, which confer easy intra-species and inter-

species transferability [279]. Plasmids carrying blaCTX-M are likely to carry co-

resistance genes as well [280, 281], hence, bacteria become multi-drug resistant. 

Spread of ESBL-PE harboring blaCTX-M-15 in newly diagnosed HIV-infected adults in 

the community is of great concern. Since blaCTX-M-15 is carried on plasmids, ESBL-PE 



Joel Manyahi – PhD thesis 
 

 68 

with blaCTX-M-15 can easily disseminate in the community. Therefore, it is imperative 

to understand community drivers for spread of the ESBL-PE harboring blaCTX-M-15 in 

the communities in order to generate appropriate mitigation measures to limit the 

spread of this resistant strain. 

In Streptococcus pneumoniae, mutation to the dihydrofolate reductase gene (DHFR) 

rather than the dihydropteroate synthetase gene is more correlated with resistance to 

trimethoprim/sulfamethoxazole (cotrimoxazole) [282]. A total of 11 amino acid 

substitutions in the DHFR gene were observed in cotrimoxazole resistant 

Streptococcus pneumoniae that had available nucleotide sequences (paper IV). 

Previous studies have demonstrated that a single substitution of amino 

acid isoleucine at position 100 with leucine in DHFR is sufficient to confer resistance 

to trimethoprim [282, 283]. Results presented in paper IV concur with previous 

studies [282, 284], in that all sequenced Streptococcus pneumoniae isolates that were 

phenotypically resistant cotrimoxazole had substitutions at Ile100Leu. A recent study 

shows that an increased number of DHFR gene mutations correlates with an increased 

MIC of trimethoprim resistant Streptococcus pneumoniae [283]. In paper IV we could 

not confirm this hypothesis as isolates with this mutation did not show increased MIC 

of trimethoprim compared to those with less mutations. From our finding we could 

draw the conclusion that there is a high prevalence of known mutations in the DHFR 

gene associated with trimethoprim resistance in Streptococcus pneumoniae isolated 

from HIV-infected adults. Therefore, cotrimoxazole might not be effective for 

treatment of Streptococcus pneumoniae infections in HIV-infected people in 

Tanzania.  

Phenotypic resistance towards cotrimoxazole in MRSA isolates was very low as 

presented in paper I. However, all MRSA isolates carried acquired dfrG, which 

mediates high level resistance to trimethoprim. This confirms the concept that 

acquired dfrG is the main mechanism of resistance to trimethoprim in S. aureus. A 

multicenter cross-sectional study in Africa (Tanzania included) and Europe including 

travelers from Africa demonstrated that dfrG was the most predominant determinant 

gene conferring resistance to trimethoprim in S. aureus [285]. A recent study suggests 

that dfrG is located on a mobile genetic element, and successful transfer of plasmid-
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encoded dfrG has been documented [286]. Spread of the dfrG genetic determinant for 

resistance to trimethoprim in MRSA limits the empiric use of trimethoprim and 

cotrimoxazole, as well, for the treatment of SSTI in the HIV-infected population in 

Tanzania. Cotrimoxazole is a fixed combination of trimethoprim and 

sulfamethoxazole, which act synergistically in inhibiting bacterial folic acid synthesis. 

It may be hypothesized that bacteria resistant to one ingredient might acquire 

resistance to cotrimoxazole. It was surprising to observe a low rate of phenotypical 

resistance to cotrimoxazole in MRSA; despite all carrying dfrG mutations, which 

determine resistance to trimethoprim. Due to limited use of beta-lactam antibiotics, 

non-beta-lactam drugs like cotrimoxazole could be a viable option for MRSA 

infections in Tanzania, since a low rate of resistance was observed. However, it should 

be emphasized that in case of its use, careful clinical treatment monitoring is needed 

to prevent treatment failure.  

Macrolides and lincosamides are non-beta-lactam alternative antibiotics for empirical 

treatment of MRSA infections. Resistance to macrolides, lincosamides and 

streptogramins type B (MLSB) antibiotics in S. aureus are mainly mediated by target 

modification conferred by erm genes encoding for 23S rRNA methylase and MSB by 

presence of macrolides efflux pump encoded by msrA/B. Results in paper I show that 

ermC was the most predominant gene in MRSA conferring resistance to MLSB, none 

of isolates carried ermA or ermB. Previous studies from Tanzania and the Democratic 

Republic of Congo showed similar results of predominant ermC in MRSA resistant to 

MLSB [97, 120]. Studies analyzing the predominance of erm genes, have found that 

ermA is mainly observed in MRSA expressing constitutive MLSB (cMLSB); whereas 

ermC is common in MRSA expressing inducible MLSB (iMLSB) [287, 288]. Seventy-

three percent of MRSA expressed iMLSB, explaining the predominance of ermC in 

paper I. Despite all MRSA isolates in paper I being susceptible to clindamycin, the use 

of MLSB antibiotics, particularly macrolides could select for constitutive MLSB 

mutants in apparently susceptible MRSA carrying the ermC gene, leading to treatment 

failure due to global MLSB resistance [289]. This underscores the need for performing 

susceptibility testing, including detection of both cMLSB and iMLSB, in conjunction 

with use of MLSB antibiotics in MRSA infections in Tanzania. 
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Resistance of S. aureus to aminoglycosides is mainly mediated by enzymatic 

modification. Aminoglycosides modifying enzymes 6´-N-acetyltransferase-2@-O-

phosphotransferase” (aac6’-aph2”), which is encoded by the aac (6´)-Ie-aph(2”) gene 

inactivating gentamicin and other aminoglycosides was detected in all gentamicin 

resistant MRSA (paper I). The aac6’-aph2” gene has been detected in plasmids and is 

encoded by transposons [290, 291]. Detection of the aac6’-aph2” gene in plasmids, 

means plasmids could be a major vehicle for spread and transmission of this gene in S. 

aureus and other species. Fluoroquinolones, essentially ciprofloxacin, are common 

non-beta-lactam antibiotics used for empirical treatment of MRSA infections. 

Resistance to ciprofloxacin limits further options for managing MRSA infections. 

Results from paper I show that all ciprofloxacin resistant MRSA isolates harbored 

serine mutation of the quinolone resistance determining regions (QRDRs) sequences 

in the gyrA (S84L) and parC (S80Y) genes. Double mutations in QRDRs sequences 

have demonstrated high levels of resistance to ciprofloxacin with elevated MIC value 

[292, 293]. A previous study from East Africa observed similar type of mutation in 

ciprofloxacin resistant S. aureus [97].  

7.4 Genetic population structure of MRSA strains 

The PVL positive ST8-SCCmecIV (USA300) CA-MRSA clone has been successfully 

spread and is predominant in HIV-infected populations in the developed world, where 

it has been associated with SSTI and necrotizing pneumonia [85, 89]. In contrast, it is 

infrequently responsible for other infections, such as bloodstream infection and 

endocarditis in HIV-infected persons [89]. A PVL negative ST8-SCCmecIV CA-

MRSA strain was the predominant clone colonizing nose/nasopharynx of newly 

diagnosed HIV-infected adults in Tanzania (paper I). The association of nasal PVL-

negative ST8-SCCmecIV MRSA colonization with any specific MRSA infections in 

HIV-infected people has not been investigated. However, studies show that HIV 

patients with PVL positive ST8-SCCmecIV -CA MRSA SSTI infections have 

increased genital and perineal MRSA colonization compared to nasal MRSA 

colonization [82, 85]. Therefore, our stud could have underestimated the rate of 

colonization by this clone. It is possible that the epidemiology of diseases caused by 

PVL negative ST8 MRSA CA-MRSA differ from that of PVL positive ST8 CA-
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MRSA. Further studies need to be conducted to explore the epidemiology of PVL 

negative ST8 CA-MRSA infections. 

The ST8-spa-t1476 has been reported circulating in clinical and colonizing MRSA 

isolates in the Democratic Republic of Congo [95, 96]. Similarly, the spa-t1476 type 

was the predominant spa type among ST8-MRSA colonizing the nose/nasopharynx of 

newly diagnosed HIV-infected adults in Tanzania (paper I). The spa-1476 among ST8 

CA-MRSA has been reported once outside Africa, in UK, in an outbreak in patients 

with no evidence of travel to the African region [294]. It is not well known if specific 

spa-types are associated with specific types of disease or colonization. This needs to 

be investigated, because it will help in further understanding of the MRSA/ S. aureus 

epidemiology. 

Results from paper I show that all ST8-SCCmecIV-spa-t1476 MRSA from HIV-

infected adults from Tanzania were not related to already known ST8-CA MRSA 

(USA300) from Africa and USA. Furthermore, on phylogenetic analysis, all ST8-

SCCmecIV-spa-t1476 MRSA were clustered into one clade and may have shared a 

common ancestor. Evolutionary study suggest that ST8-MRSA evolved from an ST8 

Methicillin susceptible Staphylococcus aureus (MSSA) clone by acquisition of 

SCCmec type [295]. On the other hand, studies support MRSA to have no single 

common ancestor, rather SCCmec were introduced several times to different S. aureus 

lineages [196, 296]. Findings from the present study support those from a previous 

evolutionary study comprising ST8 MRSA isolates from several regions of the world, 

which found that no African ST8 had direct ancestry to USA300 clones, and that the 

African MRSA ST8 did not belong to spa-t008 which is seen in USA300 [295]. 

7.5 Molecular characteristics of blaNDM-5 Producing E. coli isolate 

Carbapenems have been widely considered as a last resort for treatment of multi drug 

resistant Enterobacterales infections. Lately, the use of carbapenems in Tanzania has 

increased and this is potentiated by weak regulation on prescriptions of antimicrobial 

agents. There is increased risk for emergence of resistance to carbapenems in the 

country. Resistance to carbapenems in Enterobacterales is mediated by 

carbapenemases, which hydrolyze carbapenems and other beta-lactam antibiotics. The 

blaNDM-5 carried on the IncX3 type plasmid was detected in one E. coli isolate 
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colonizing the gut of a newly diagnosed HIV-infected adult (paper III).  The blaNDM-5 

has preferably been located on an IncX3 type plasmid [297-299]; the IncX3 type 

plasmid has been reported as an important vehicle for spread and dissemination of 

blaNDM-5 among Enterobacterales [298]. Furthermore, the isolate contained an IncFIA 

plasmid type which carried genes conferring resistance towards multiple drugs, 

including fluoroquinolones (aac(6')-Ib-cr), aminoglycosides (aac(6')-Ib-cr); 

sulfamethoxazole (sul1 and sul2); trimethoprim (dfr17); aminoglycoside aac[257]-IId, 

aph(3”)-lb, aadA5); tetracycline (tetB); macrolides mph(A) and mdfA. The finding in 

paper III of an IncX3 type plasmid carrying blaNDM-5 and IncFIA carrying multidrug 

resistance genes in a newly diagnosed HIV patient from the community setting in 

Tanzania is of great concern, since these plasmids have great potential to efficiently 

disseminate in the community. Spread of blaNDM-5 in the community has serious 

implication since blaNDM-5 carrying isolates frequently are resistant to almost all 

clinically relevant drugs for the treatment of Gram-negative infections. 

7.6 Methodological discussion 

7.6.1 Study design and sample size 

The study design was cross-sectional involving only newly diagnosed HIV-infected 

adults. An ideal study design could have been a comparative cross-sectional study 

comparing cohorts of HIV-infected and HIV non-infected adults on outcome of fecal 

ESBL-producers carriage. This could have highlighted the difference in prevalence of 

carriage for multidrug resistant bacteria between HIV-infected and non-infected 

individuals. The comparative cross-sectional study design could also have provided an 

insight into whether HIV infection in itself could be a risk factor for carriage of 

multidrug resistant bacteria like ESBL, MRSA etc. Despite lacking a suitable, 

comparative group in this study, findings from our study represent a true picture of 

multidrug resistant bacterial colonization in newly diagnosed HIV-infected adults in 

Tanzania. This could be accounted for by a large sample size of newly diagnosed 

HIV-infected adults enrolled in this study. Furthermore, in paper II we compared the 

proportion of fecal carriage of ESBL in our study to other studies from adults with 

unknown HIV status; and found a high proportion of fecal carriage of ESBL in our 

study compared to the others.  
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7.6.2 Microbiological methods 

Specimen collection and transport 

Collection, transport and storage of specimens for culture are critical for isolation of 

the bacteria colonizing any anatomical site. The anterior nares are the primary 

reservoir for S. aureus and swabbing of the anterior nares is appropriate for detection 

of S. aureus colonization. In collection of nasal swabs, we swabbed the nasopharynx 

first, and the anterior nares next while retracting the swab. This procedure may have 

led to falsely low prevalence of MRSA observed in our study (paper I). However, the 

prevalence of nasal carriage of S. aureus in our study is similar to the range of 12% to 

30%, which is commonly documented in healthy individuals [300, 301]. This suggests 

that our prevalence of MRSA could represent the true rate in this population. On the 

other hand, a previous study on MRSA colonization among HIV-infected people 

found that swabbing a combination of nares/throat/inguinal/perirectal sites increases 

recovery of MRSA and subsequently the estimated prevalence [80]. 

Recent studies have documented that MRSA chromogenic media exhibit high 

specificities with varying degree of sensitivities [105-107].  

Skimmed milk, tryptone, glucose, and glycerin (STGG) medium has been 

recommended by WHO experts as the medium of choice for transport and storage of 

nasopharyngeal swabs for isolation of Streptococcus pneumoniae [254]. In paper IV, 

liquid Amies transport medium [Sigma Transwab® PF with Liquid Amies; MWE Co 

(Bath) Ltd., Corsham, UK] was used for transport and storage of nasopharyngeal 

swabs for detection of Streptococcus pneumoniae.  This medium has been shown to 

maintain the viability of Streptococcus pneumoniae when held at a different 

temperature for 0, 24 or 48 hours. In paper IV, the nasopharyngeal swabs were 

cultured immediately on arrival at our laboratory; and besides not using STGG we 

trust the swabs and medium used had good recovery and that our culture results 

presented a true picture for nasopharyngeal colonization of Streptococcus 

pneumoniae.  

Processing of Specimen in the Laboratory  

Enrichment of specimen into broth media and plating into chromogenic media have 

been found to increase the recovery of MRSA from clinical specimens [107]. In paper 
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I, screening for MRSA colonization was processed on sheep blood agar and mannitol 

salt agar incubated at 33–35°C ambient air. On the other hand, enrichment on broth 

media was not performed. This could have led to lower recovery of MRSA in 

circumstances of mixed growth of MRSA and MSSA. Selective medium could have 

been an ideal technique for detection of MRSA. 

Generally, stool culture rather than rectal swabs culture is considered superior for 

detection of fecal enteric pathogens [302, 303]. On the hand prior broth enrichment 

increases the sensitivity for recovery of ESBL isolates from stool/rectal swabs [304]. 

In paper II, rectal swabs were collected and were used for culture. However, prior to 

culture onto selective media, overnight enrichment in brain heart infusion broth were 

performed for all swabs. Overnight broth enrichment of the rectal swabs might have 

increased the recovery rate of fecal carriage of ESBL-PE observed in paper II. 

Several culture-based screening media for carbapenemase producing Enterobacterales 

have been evaluated with varying sensitivities and specificities [305, 306]. 

Commercially available screening media including Brilliance CRE (Oxoid), 

Chromogenic chromID® CARBA (bioMérieux) and CHROMagar KPC 

(CHROMagar) have been used for screening for CPE in clinical samples. However, 

culture-based screening for CPE may have difficulties in detecting Enterobacterales 

with low carbapenems MIC. Previous studies have document that CPE with 

meropenem and/or imipenem MIC of ≤ 1µg/ml are common and may fail to be 

detected in CPE screening media [305, 307]. In paper III Chromogenic chromID® 

CARBA (bioMérieux) was used for screening fecal carriage for CPE, and overnight 

broth enrichment was performed before subculture into the selective media. However, 

only one carbapenemase producing E. coli was isolated out of 595 rectal swabs 

screened. It is difficult to know the reason for the low yield observed, whether it was 

due to poor recovery of the media or low fecal carriage of CPE in our study setting.   

Whole genome sequencing  

In papers I and III, whole genome sequencing was used to determine antimicrobial 

resistant genes. Concordance of phenotypic and whole genome sequencing in 

predicting susceptibility was high in most antibiotics tested. However, in paper I, it 

was observed that all isolates carried the dfrG gene, which confers resistance to 
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trimethoprim (constituents of cotrimoxazole), but only 9% of MRSA were resistant to 

trimethoprim-sulfamethoxazole. This means, the whole genome sequencing did not 

predict susceptibility to trimethoprim-sulfamethoxazole.		
In paper III, one of the E. coli strains was categorized as susceptible according to 

EUCAST clinical breakpoint [218]. Whole genome sequencing, on the other hand, 

detected blaNDM-5, which encodes for New Delhi metallo--lactamase; thus, whole 

genome sequencing predicted susceptibility differed from phenotypic susceptibility 

results. From our findings, whole genome sequencing should be used to complement 

phenotypic testing but not for clinical guidance. However, whole genome sequencing 

facilitated understanding the genetic basis of AMR mechanisms in papers I and III and 

the location of AMR determinants on the chromosomes or plasmids, which is valuable 

information on the pathways of AMR spread. 
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8. Limitations 

This study dealt only with newly diagnosed HIV-infected adults from the community 

in a cross-sectional study design, with no comparative group like HIV non-infected 

individuals. This could have overestimated or underestimated the burden of antibiotic 

resistant bacteria. Therefore, it is difficult to generalize if an HIV-infected population 

has a high burden of carriage of antibiotic resistant bacteria. However, in this study, 

we recruited 537 newly diagnosed HIV-infected patients from several geographically 

separated treatment centers, and we believe that with such a large sample size, our 

findings are truly representative of the HIV-infected population. 

On the other hand, one caveat of this study is that it did not investigate if HIV 

infection was a risk factor for carriage/colonization of antibiotic resistant bacteria. 

This would have been important in addressing mitigation measures of antibiotic 

resistance in this population. 

The antimicrobial susceptibility pattern for ESBL-PE in paper II was not available for 

analysis. Therefore, we could not establish alternative antibiotic treatment options for 

ESBL suspected infections in HIV-infected populations. This would have been 

important as alternative antibiotics such as meropenem used in the developed world 

are very expensive. Therefore, finding a cheap alternative could have been helpful in 

this setting. 

For determination of fecal carriage of antibiotic resistant bacteria, rectal swabs were 

used instead of stool because the rectal swab has the advantage of immediate and 

uncomplicated specimen collection, while stool samples may not be readily available 

and can hamper the sample collection process. However, stool is recommended as the 

gold standard for detection of microbial gut colonization and failure to collect stool 

samples could have contributed to the low detection of ESBL and CRE and no 

detection of VRE. Despite this limitation, in papers II and III, all rectal swabs were 

incubated overnight and plated on lactose agar and sheep blood agar for quality 

checking if the swabs carried viable bacteria. Therefore, our findings represent a true 

picture of fetal carriage of ESBL and CRE. 

Another limitation of this study is that confirmation of ESBL was done by PCR to 

detect the CTX-M gene as a surrogate marker for ESBL carriage. Only those negative 
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for CTX-M were tested for SHV-12 and 12. This did not mean these isolates were not 

producing other SHV and TEM genes; and CTX-M was not the only predominant 

ESBL gene in Tanzania. However, most of the phenotypically characterized ESBL 

isolates were carrying the blaCTX-M-15 genotype, which correlates with previous 

findings from Tanzania [144, 145, 156].  

In this study only, anterior nares swabs were used to screen for MRSA carriage. Other 

anatomical sites, including the axilla, groins, and perineum, have been found to 

increase detection rates for colonization of MRSA in HIV-infected populations. 

Screening anterior nares only could have led to a low estimate for the prevalence of 

MRSA observed in this study. Furthermore, the use of sheep blood agar and mannitol 

salt agar for isolation of MRSA followed by confirmation using cefoxitin disk, could 

have missed MRSA colonies (not able to differentiate between MSSA and MRSA). 

Selective media like chromogenic agar, which have high sensitivity and specificity, 

could have been used instead of general-purpose medium. 

Another drawback of this study was the failure to isolate vancomycin-resistant 

Enterococcus from rectal swabs. We could not ascertain the reasons for this, whether 

the in-house prepared medium used contained low/high MIC value of vancomycin or 

other inhibitors for this isolate. However, the medium had high sensitivity as it 

allowed growth of other Enterococcus species, but confirmatory tests suggested there 

was no VRE. 
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9. Conclusion 

Findings from this thesis show that: 

Streptococcus pneumoniae isolated from HIV-infected adult patients were highly 

resistant to penicillin and cotrimoxazole; and were frequently multi-drug resistant. 

Resistance to cotrimoxazole in Streptococcus pneumoniae was mediated by multiple 

mutations in the DHFR gene and all had the amino acid substitution Ile100Leu. 

We found a high prevalence of fecal ESBL-PE carriage among people newly 

diagnosed with HIV, with a predominance of the blaCTX-M-15 genotype.  

Antibiotic use during the last 4 weeks and low CD4 counts were found to be 

associated with fecal carriage of ESBL producers.  

This is the first report of blaNDM-5 producing E. coli carried on IncFA type and IncX3 

type plasmids in Tanzania. The blaNDM-5 producing E. coli also carried multiple other 

resistance determinants on the IncFA type plasmids.  

ST8 CA-MRSA (non-USA300) was found to be the commonest circulating 

population structure in newly diagnosed HIV-infected adults in Tanzania. The 

circulating ST8 CA-MRSA isolates were not related to other common, successful 

circulating ST8 lineages. The spa-type t1476 is predominant in this case of CA-

MRSA. The majority of CA-MRSA showed high rates of resistance to non-beta 

lactam antibiotics. 



Joel Manyahi – PhD thesis 
 

 79 

10. Recommendations 

Based on our finding of a high prevalence of fecal carriage of ESBL in newly 

diagnosed HIV-infected populations in the community, we recommend the 

establishment and strengthening of an AMR surveillance system to monitor the spread 

of emerging antibiotic-resistant bacteria in community settings. 

The discovery of blaNDM-5 carried in plasmids both from community and hospital 

settings in paper III calls for intensification of infection prevention and control to curb 

the further spread of this resistant bacterium. Furthermore, the country needs to 

restrict and enforce regulation on the use of carbapenems, a driver of carbapenem 

resistant Enterobacterales in order to reduce the spread of CRE in the country. 

Unpublished data shows an increased use of carbapenems in Tanzania, posing a great 

risk for the further spread of CRE. 

In Tanzania, universal or targeted surveillance screening of antibiotic resistant 

bacteria like ESBL, MRSA, and CRE among risk groups during hospitalization is not 

routinely practiced either due to resource constraints or lack of evidence to support 

intervention. Based on our findings and previous studies from Tanzania showing a 

high burden of antibiotic resistant bacteria, we recommend the need for the country to 

integrate surveillance screening for colonization of antibiotic resistant bacteria like 

MRSA and ESBL among high-risk groups, including HIV-infected people when they 

are hospitalized, especially in areas like the intensive care unit. 

 

Further studies should investigate transmission dynamics of ESBL-PE in the 

community, complex factors driving the emergence of multidrug-resistant bacteria, 

and the relationship between ESBL-PE carriage and invasive disease. 
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Appendices 
Case report form (CRF) I 

 
MUHIMBILI UNIVERSITY OF HEALTH AND ALLIED SCIENCES (MUHAS) 

 
Title: Randomized clinical trial to assess whether the duration of cotrimoxazole 
preventive therapy in HIV patients with CD4 counts >350 CD4 cells/µL by 
antiretroviral treatment influences the rate of carriage of multidrug-resistant 
bacteria 
i) Study participation number: ____________ 
ii) Patient registration number: ____________ 
iii) Name of the patient: _________________________________ 
 
1.Date of birth    ___, ___, ______   Age: ________ 2.Sex            Male     ⃝:    Female     ⃝ 
3. (a)Place of residence………………………… (b)District……………………… 

4. Level of education: Informal     ⃝: Primary     ⃝ : Secondary      ⃝ : Post-secondary     ⃝ 
5. Height        _____________cm 6.Weight       _____________ Kg. 

8. (a) Anti-TB treatment:  Yes     ⃝     No     ⃝ (b) If Yes: Date started ___ ,___,_____(c) Date 
stopped ___ ,___,_____ 
9. (a) Previous antibiotic use last two years  Yes     ⃝  No     ⃝  
    (b) If YES: Fill name of drug and tick (x) when    

        Name of drug  Ongoing  Last week  Last 6 
months 

Last 2 years 

i) ⃝ ⃝ 				⃝ ⃝ 
ii) ⃝ ⃝ 				⃝ ⃝ 
iii) ⃝ ⃝ 				⃝ ⃝ 
10. (a) Previous hospitalization (last two years)  Yes     ⃝ No     ⃝ 
    (b) If YES: Fill diagnose and tick (x) when    

Diagnosis  Last week  Last 6 months Last 2 
years 

 

i) ⃝ ⃝ 				⃝  

ii) ⃝ ⃝ 				⃝  

iii) ⃝ ⃝ 				⃝  

11. (a)History of attending 
outpatient clinic 

Yes     ⃝: No      ⃝ (b) If yes when ___, ___, 
____________ 

12. Any travel abroad last two 
years:     

Yes     ⃝:   No     ⃝      
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13.(a) WHO stage 
____ 

(b)Date of staging   ___, ___, ______  

14(a) CD4 count 
_____ 

  

15. Started on which 
ART 

            

16.Starting on PJP 
prophylaxis 

Yes     ⃝     No     ⃝    
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Case report form (CRF) II 
 

MUHIMBILI UNIVERSITY OF HEALTH AND ALLIED SCIENCES (MUHAS) 
 

Title: Randomized clinical trial to assess whether the duration of cotrimoxazole 
preventive therapy in HIV patients with CD4 counts ≤350 CD4 cells/µL by 
antiretroviral treatment influences the rate of carriage of multidrug-resistant 
bacteria 
i) Study participation number: ____________ 
ii) Patient registration number: ____________ 
iii) Name of the patient: _________________________________ 
 
1.Date of birth    ___, ___, ______   Age: ________ 2.Sex            Male     ⃝:    Female     ⃝ 
3. (a)Place of residence………………………… (b)District……………………… 

4. Level of education: Informal     ⃝: Primary     ⃝ : Secondary      ⃝ : Post-secondary     ⃝ 
5. Height        _____________cm 6.Weight       _____________ Kg. 

8. (a) Anti-TB treatment:  Yes     ⃝     No     ⃝ (b) If Yes: Date started ___ ,___,_____(c) Date 
stopped ___ ,___,_____ 
9. (a) Previous antibiotic use last two years  Yes     ⃝  No     ⃝  
    (b) If YES: Fill name of drug and tick (x) when    

        Name of drug  Ongoing  Last week  Last 6 
months 

Last 2 years 

i) ⃝ ⃝ 				⃝ ⃝ 
ii) ⃝ ⃝ 				⃝ ⃝ 
iii) ⃝ ⃝ 				⃝ ⃝ 
10. (a) Previous hospitalization (last two years)  Yes     ⃝ No     ⃝ 
    (b) If YES: Fill diagnose and tick (x) when    

Diagnosis  Last week  Last 6 months Last 2 
years 

 

i) ⃝ ⃝ 				⃝  

ii) ⃝ ⃝ 				⃝  

iii) ⃝ ⃝ 				⃝  

11. (a)History of attending 
outpatient clinic 

Yes     ⃝ : No      ⃝ (b) If yes when ___, ___, 
____________ 

12. Any travel abroad last two 
years:     

Yes     ⃝ :   No     ⃝      
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13.(a) WHO stage 
____ 

(b)Date of staging   ___, ___, ______  

14(a) CD4 count 
_____ 

  

15. Started on which 
ART 

            

16.Starting on PJP 
prophylaxis 

Yes     ⃝     No     ⃝    

 

 



           Paper I 
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Predominance of PVL-negative community-associated
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Abstract
Difficult-to-treat infections caused by methicillin-resistant Staphylococcus aureus (MRSA) are of concern in people living with
HIV infection as they are more vulnerable to infection. We aimed to identify molecular characteristics of MRSA colonizing
newly diagnosed HIV-infected adults in Tanzania. Individuals newly diagnosed with HIV infection were recruited in
Dar es Salaam, Tanzania, from April 2017 to May 2018, as part of the randomized clinical trial CoTrimResist (ClinicalTrials.
gov identifier: NCT03087890). Nasal/nasopharyngeal isolates of Staphylococcus aureus were susceptibility tested by disk
diffusion method, and cefoxitin-resistant isolates were characterized by short-reads whole genome sequencing. Four percent
(22/537) of patients carriedMRSA in the nose/nasopharynx. MRSA isolates were frequently resistant towards gentamicin (95%),
ciprofloxacin (91%), and erythromycin (82%) but less often towards trimethoprim-sulfamethoxazole (9%). Seventy-three per-
cent had inducible clindamycin resistance. Erythromycin-resistant isolates harbored ermC (15/18) and LmrS (3/18) resistance
genes. Ciprofloxacin resistance was mediated by mutations of the quinolone resistance-determining region (QRDR) sequence in
the gyrA (S84L) and parC (S80Y) genes. All isolates belonged to the CC8 and ST8-SCCmecIV MRSA clone. Ninety-five
percent of the MRSA isolates were spa-type t1476, and one exhibited spa-type t064. All isolates were negative for Panton-
Valentine leucocidin (PVL) and arginine catabolic mobile element (ACME) type 1. All ST8-SCCmecIV-spa-t1476 MRSA
clones from Tanzania were unrelated to the globally successful USA300 clone. Carriage of ST8 MRSA (non-USA300) was
common among newly diagnosed HIV-infected adults in Tanzania. Frequent co-resistance to non-beta lactam antibiotics limits
therapeutic options when infection occurs.

Keywords Panton-Valentine leukocidin-negative . Sequence
type 8 (ST8) . Methicillin-resistant Staphylococcus aureus
(MRSA) . Human immunodficiency virus . Community .

Tanzania

Background

Methicillin-resistant Staphylococcus aureus (MRSA) infec-
tions are difficult to treat and MRSA-bacteremia is associated
with increased risk of fatal outcome [1]. Nasal colonizationwith
MRSA is a risk factor for invasive disease [2] and a particular
threat to HIV-infected individuals who are more susceptible to
severe bacterial disease, including staphylococcal infections [3,
4]. Therefore, spread of community-associated methicillin-re-
sistant Staphylococcus aureus (CA-MRSA) is of obvious con-
cern [5] and particularly so in communities with large vulnera-
ble population of HIV-infected people.

Understanding community transmission dynamics and
spread of emerging CA-MRSA clonal populations is critical
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for the control and prevention of MRSA infection in HIV
disease, and sequence typing can help shed light on the mo-
lecular epidemiology of circulating CA-MRSA population
structures [6, 7].

Despite the fact that nasal colonization with Staphylococcus
aureus/MRSA is a risk factor for invasive infection in HIV-
infected individuals, there are few countries in an African set-
ting, Botswana, Ethiopia, Nigeria, and South Africa, which have
reported carriage of MRSA among HIV-infected individuals
[8–11]. These reports have focused on prevalence and risk fac-
tors of Staphylococcus aureus and MRSA using either conven-
tional or PCR-based methods for detection and characterization
of MRSA isolates. In Tanzania, no study has reported carriage
of MRSA among HIV-infected individuals, and there is only
one study from the Northern part of Tanzania which has de-
scribed MRSA clone populations in clinical isolates, using
whole genome sequencing technology [12]. Therefore, in
Tanzania and many resource-limited countries in Africa, de-
tailed information on the CA-MRSA population structure
among HIV-infected individuals is scarce. As a result, measures
for prevention and control of MRSA spread are insufficiently
implemented in most health care facilities. This study used
whole genome sequencing approach to provide data on nasal/
nasopharyngeal carriage of MRSA among newly diagnosed
HIV-infected adults in a community setting in Tanzania.
Additionally, we report sequence types, virulence genes, and
phylogenetic analysis of the MRSA isolates.

Methods and materials

Study participants

A total of 537 individuals newly diagnosed with HIV infec-
tion were recruited at six sites: Amana, Mwananyamala,
Temeke Regional Referral, PASADA, Mbagala, and Mnazi
Mmoja hospitals in Dar es Salaam, from April 2017 to
May 2018, as part of the randomized clinical trial
CoTrimResist (ClinicalTrials.gov identifier: NCT03087890).

Microbiological procedures

Specimen collection and bacterial culture

Nasopharynx was swabbed first and, while retracting the swab
anterior nares were swabbed. Nasopharyngeal/anterior nares
swabs were collected by clinicians and transported to the mi-
crobiology laboratory (Muhimbili bacteriology research labora-
tory) immediately in a cool box at 4 °C. Swabswere cultured on
sheep blood agar for isolation of S. aureus. Isolates were iden-
tified by coagulase, mannitol fermentation and Staphaurex ag-
glutination tests (Remel, Europe Ltd., Dartford, UK).

Antimicrobial susceptibility testing and screening for MRSA

Antimicrobial susceptibility testing was performed on Muller
Hinton agar, and plates were incubated at 35 °C for 16–18 h.
Kirby Bauer disk diffusion method was used for susceptibility
testing for penicillin, gentamicin, erythromycin, trimetho-
prim-sulfamethoxazole, ciprofloxacin, and clindamycin;
cefoxitin was also included for initial screening of MRSA
(Oxoid, UK). Antimicrobial susceptibility testing was
interpreted using Clinical and Laboratory Standards Institute
(CLSI) guidelines [13]. The minimum inhibitory concentra-
tions (MICs) for vancomycin and linezolid were determined
by E-test (BioMérieux, Marcy-I’Etoile, France).

Polymerase chain reaction (PCR) testing

For all cefoxitin-resistant S. aureus isolates, we did real-time
multiplex PCR targeting the nuc and mecA genes to confirm
the bacterial identity and presence of methicillin resistance,
respectively. DNAwas extracted by a rapid boiling procedure.
PCR was performed using 2× QuantiTect Multiplex PCR
NoROX Master Mix (Qiagen), and amplification was carried
out on a Light Cycler 480 Instrument II (Roche Diagnostics,
Mannheim, Germany). Primers used and PCR conditions
have been described previously [14].

Whole genome sequencing for MRSA

All 22 MRSA isolates underwent whole genome sequencing
(WGS). DNA extraction and whole genome sequencing was
performed byMicrobesNG (MicrobesNG, Birmingham, UK).
For WGS, Illumina HiSeq technology approach was used
(2 × 250 bp paired-end reads protocol) (Illumina, San Diego,
CA, USA). Trimming and quality filtering of the sequencing
reads were assembled using SPAdes and annotated in
GenBank.

Assignment of multilocus sequence typing (MLST) was
based on sequencing seven housekeeping genes (pta, arcC,
tpi, aroE, gmk, yqiL, and glpF). Sequence type (ST) and clon-
al complex were determined by submission of sequence files
to an online MLST database website (https://pubmlst.org/).

For identification of acquired antimicrobial resistance genes,
virulence gene, SCCmec and spa-type, we used ResFinder
v3.2, virulenceFinder 2.0, SCCmecFinder 1.2 and spaTyper
1.0 of the Center for Genomic Epidemiology GEE server
(http://www.genomicepidemiology.org/). For analysis of inter-
strain whole genome single nucleotide polymorphism (SNPs),
we used CSI phylogeny 1.4 (https://cge.cbs.dtu.dk/services/
CSIPhylogeny/).

We used Figtree (https://github.com/rambaut/figtree/
releases) to construct the phylogenetic tree. The whole
genome SNPs tree included 22 ST8 from the present study,
S. aureusUSA300_FPR3757 (accession number CP000255),
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and 10 already well-characterized ST8 MRSA [15, 16]. This
Whole Genome Shotgun project for the present study has been
deposited at DDBJ/ENA/GenBank under BioProject number
PRJNA649684.

Results

Bacterial isolates

In this study, overall nasal/nasopharyngeal carriage rate of
S. aureuswas 14% (77/537), and 29% of the S. aureus isolates
(n = 22) were resistant to cefoxitin, corresponding to a four
percent MRSA carrier rate among all participants. All 22 iso-
lates carried the mecA and nuc gene, confirming methicillin-
resistant S. aureus. Of 22 isolates, five were isolated from
participants who reported having visited an outpatient clinic
during the 1 month prior to specimen collection, and one had
history of hospitalization during the month prior to specimen
collection. Sixteen participants had not visited any outpatient
clinics nor been hospitalized recently.

Antimicrobial susceptibility patterns and genomic
resistance traits

All MRSA isolates were susceptible to vancomycin, linezolid,
and clindamycin. The overall MRSA antimicrobial susceptibil-
ity profiles to other antibiotics are shown in Table 1. Resistance
to gentamicin, erythromycin, ciprofloxacin and trimethoprim-
sulfamethoxazole and were 95% (21/22), 82% (18/22), 91%
(20/22) and 9% (2/22), respectively. Inducible clindamycin re-
sistance was observed in 73% (16/22) of MRSA isolates.
Phenotypic susceptibility patterns of all MRSA were highly
concordant with genotypic findings (resistome and mutations
in genome) (Table 1). All isolates carried blaZ gene mediating
resistance to penicillin resistance. Resistance to aminoglyco-
sides was mediated by the aac6’-aph2” gene. MRSA isolates
resistant to erythromycin harbored ermC (15/18) and LmrS
(3/18) resistance genes (Table 1). MRSA resistance to cipro-
floxacin was mediated by mutation of the quinolone resistance-
determining region (QRDR) sequence in the gyrA (S84L) and
parC (S80Y) genes. All MRSA isolates carried trimethoprim
resistance gene dfrG, but resistance was not expressed pheno-
typically (91%, 20/22 susceptible to TMP-SMX). Fosfomycin
resistance gene (FosB) and tetracycline resistance gene (tetK)
were detected in 100% (22/22) and 55% (12/22) of MRSA
isolates, respectively.

Virulence factors and immune evasion cluster genes

Staphylococcal complement inhib i tor (scn ) and
Staphylokinase (sak), which are among immune evasion clus-
ter (IEC) genes, were detected in all MRSA isolates (Table 2).

None of the isolates carried other IEC genes, but one carried
staphylococcal enterotoxin A.

Gamma-hemolysins (hlgA, hlgB, and hlgC) and leucocidin
ED geneswere detected in allMRSA isolates. Almost all isolates
carried staphylococcal enterotoxin genes, with sej and ser genes
being the most predominant. None of the MRSA harbored ex-
foliative toxin A/B or leucocidin S/F-PV genes. Only one iso-
lates carried toxic shock syndrome toxin 1(tst) gene.

Population genetic structure of MRSA strains

AllMRSA isolates were ST8 and belonged to the CC8 lineage
(Table 1). All MRSA isolates were genotyped by spa type, the
most predominant (21/22, 95%) was spa-type t1476, and one
isolate was spa-type t064. On the other hand, genotype ST8-
SCCmecIV, which is a major CA-MRSA worldwide, were
detected in MRSA isolates. All but one of the MRSA isolates
belonged to SCCmecIV (2B&5) subtype, and the remaining
isolate had SCCmecIVa subtype.

Overall, genotype ST8-SCCmecIV-spa-t1476 was the pre-
dominant, and all isolates were negative for arginine catabolic
mobile element (ACME) type 1 and Panton-Valentine leuco-
cidin (PVL).

Genetic relatedness among CC8/ST8 MRSA isolates

We compared all 22 CC8/ST8 MRSA isolates from this study
with already known ST8 MRSA (USA300) and one MRSA
isolate from Tanzania (NZ_FMMT01000000), one from
Gabon [16], and eight from the USA [15]. The percentage of
reference genome (USA300_FPR3757 (accession number
CP000255) covered by all isolates was 91.1%, the size of the
reference genomewas 2,872,769, and 2,652,029 positions were
found in all analyzed genomes. SNP analysis of 22 ST8MRSA
from the present study revealed SNPs differences from 0 to
988, showing high genetic diversity.

Phylogenetic analysis showed the presence of two distinct
clades (Fig. 1). All MRSA isolates with ST8-SCCmecIV-spa-
t1476 from Tanzania formed one clade, had SNPs difference
between 1 and 199, and were unrelated to known ST8 clones.
Three MRSA isolates had 2 SNPs differences (TZ6, TZ 380,
and T207); these were from patients enrolled at different study
sites. In one instance, 2 MRSA isolates had 3 SNPs differ-
ences (TZ 4 and TZ127). These two instances indicated recent
spread of this isolates from a common source.

Two MRSA isolates with pairwise SNP difference of 102
SNPs, both ST8-spa-t064 from Tanzania (1 from present
study and 1 from previous study), were clustered in another
clade with USA300 isolates from the USA and Gabon, Africa.
While these two ST8 MRSA isolates from Tanzania pos-
sessed SCCmecIVa and grouped with ST8 (USA300) from
the USA, they were not closely related and had SNPs dis-
tances of more than 600 SNPs.
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Discussion

This is the first description of whole genome sequencing data
fromMRSA isolates from HIV-infected adults in Tanzania and
also the first report of nasal/nasopharyngeal MRSA coloniza-
tion among newly diagnosed HIV-infected adults in Tanzania.
Overall, four percent of all participants were nasal/
nasopharyngeal MRSA carriers, and all but one belonged to
lineage ST8-SCCmecIV-t1476. These isolates were collected
in the span of 2 years, from six HIV care and treatment centers
located in different municipalities in Dar es Salaam. This find-
ing suggests predominance and wide spread of the ST8 CA-
MRSA (non-USA300) clone in the HIV-infected population in
Dar es Salaam, Tanzania. Diverse lineages of ST8 CA-MRSA
dominate different regions in the world. However, the ST8-
SCCmecIV (USA300) clone has successfully spread in HIV-
infected populations in the developed world [17] and is com-
monly associated with skin and soft tissue infections [18]. No
previous study from East Africa has characterized MRSA iso-
lates from HIV-infected population using whole genome se-
quencing. The only other study in Tanzania, unveiling charac-
teristics of MRSA clinical isolates by whole genome

sequencing, found six out of ten MRSA which were ST8
(non-USA), followed by two ST239 and two had unknown
sequence type [12]. However, this study did not describe the
SCCmec and spa-type of those isolates.

The ST8-spa-t1476 CA-MRSA has rarely been reported
outside the African continent, and the types of infection it
causes are not known. It has been reported once in the UK in
an outbreak of patients with no evidence of links to the African
region [19]. The ST8-SCCmecV-t1476 clone has been fre-
quently reported among CA-MRSA in the Democratic
Republic of Congo (DRC) [20, 21]. Our ST8-SCCmecIV
MRSA isolates had close resemblance to those circulating in
DRC, despite carrying different staphylococcal cassette chro-
mosomes [20, 21]. There is evidence that MSSA acts as reser-
voir for MRSA before acquisition of staphylococcal cassette
chromosomes [22]. Isolates from Tanzania and DRCmay have
shared common genetic ancestors before each acquiring differ-
ent SCCmec.

On phylogenetic analysis, all ST8-SCCmecIV-t1476 from
the present study were clustered into one clade and might have
shared a common ancestor and were not related to already
known ST8 (USA300) clones from the USA and Africa.

Table 2 Virulence Genes of
MRSA PID number Toxin Exo-enzyme IEC

4 lukD, lukE, hlgA, hlgB, hglC, sej, ser aur, splA, splB, slpE sak, scn
6 lukD, lukE, hlgA, hlgB, hglC, sej, ser aur, splA, splB, slpE sak, scn
32 lukD, lukE, hlgA, hlgB, hglC, sej, ser aur, splA, splB, slpE sak, scn
60 lukD, lukE, hlgA, hlgB, hglC aur, splA, splB, slpE sak, scn
84 lukD, lukE, hlgA, hlgB, hglC, sej, ser aur, splA, splB, slpE sak, scn
127 lukD, lukE, hlgA, hlgB, hglC, sej, ser aur, splA, splB sak, scn
184 lukD, lukE, hlgA, hlgB, hglC, sej, ser aur, splA, splB sak, scn
201 lukD, lukE, hlgA, hlgB, hglC, sej, ser aur, splA, splB, slpE sak, scn
207 lukD, lukE, hlgA, hlgB, hglC, sej, ser aur, splA, splB, slpE sak, scn
228 lukD, lukE, hlgA, hlgB, hglC, sej, ser aur, splA, splB, slpE sak, scn
238 lukD, lukE, hlgA, hlgB, hglC, sej, ser aur, splA, splB sak, scn
240 lukD, lukE, hlgA, hlgB, hglC, sec sej, sel, ser aur, splA, splB sak, scn
272 lukD, lukE, hlgA, hlgB, hglC, sej, ser aur, splA, splB sak, scn
274 lukD, lukE, hlgA, hlgB, hglC, sej, ser aur, splA, splB, slpE sak, scn
370 lukD, lukE, hlgA, hlgB, hglC, sej, ser aur, splA, splB, slpE sak, scn
380 lukD, lukE, hlgA, hlgB, hglC, sej, ser aur, splA, splB, slpE sak, scn
497 lukD, lukE, hlgA, hlgB, hglC, sej, ser aur, splA, splB, slpE sak, scn
2003 lukD, lukE, hlgA, hlgB, hglC, sej, ser aur, splA, splB, slpE sak, scn
2010 lukD, lukE, hlgA, hlgB, hglC, sea, seb, sek, seq aur, splA, splB, slpE sak, scn
2028 lukD, lukE, hlgA, hlgB, hglC, sej, ser, tst aur, splA, splB, slpE sak, scn
2079 lukD, lukE, hlgA, hlgB, hglC, sej, seq, ser aur, splA, splB, slpE sak, scn
2130 lukD, lukE, hlgA, hlgB, hglC, sej, ser aur, splA, splB, slpE sak, scn

IEC Immune evasion cluster, luk leucocidin, hlgA gamma-hemolysin chain II precursor, hlgB gamma-hemolysin
component B precursor, hlgC gamma-hemolysin component C precursor, sea enterotoxin, sea enterotoxin A seb
enterotoxin B, sec enterotoxin C, sej enterotoxin J, sek enterotoxin K, ser enterotoxin R, seq enterotoxin Q, aur
aureolysin, spl serine protease, sak Staphylokinase, scn Staphylococcal complement inhibitor, tst toxic shock
syndrome toxin-1
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One isolate from the present study was clustered in a clade
with already known ST8 clone, but SNPs analysis showed
they were not related. Our findings demonstrate that the epi-
demiology of the ST8 CA-MRSA clone lineages varies re-
markably in different regions of the world. Evolutionary stud-
ies have shown that all ST8 clones have a common ancestor
but may subsequently acquire certain characteristics like PVL,
ACME, and SCCmec-type [23]. Repeated introduction of one
ST8 CA-MRSA clone in a geographic area may replace
existing clones. Our finding and previous data from East and
Central Africa confirms predominance of non-USA300 clones
[20, 21]. A previous evolutionary study involving ST8MRSA
clones from different continents found that no African ST8
isolates had direct ancestry to the USA300 clades [23].
Further studies are needed to understand the origin and evo-
lution of this clone in our region.

MRSA isolated from newly diagnosed HIV-infected pa-
tients were also resistant to gentamicin, erythromycin, and cip-
rofloxacin but showed low rate of resistance to trimethoprim-
sulfamethoxazole phenotypically. However, the presence of the
resistance gene dfrG in all isolates phenotypically susceptible to
trimethoprim-sulfamethoxazole in our study, suggests that this
antibiotic could be suboptimal for treatment of MRSA infec-
tions. In case it is used, careful clinical monitoring is needed to
avoid treatment failure, since in vitro susceptibility might not be
matched by susceptibility in vivo.

The present study demonstrates that vancomycin and linez-
olid could be used for treatment of MRSA infections; howev-
er, these drugs are not widely available in East Africa.
Macrolides and lincosamides are commonly used in treatment
of staphylococcal skin and soft tissue infections. MRSA resis-
tant to macrolides, lincosamides, and streptogramin type B are
mainly mediated by ermA and ermC, which codes for eryth-
romycin ribosomal methylase [24]. We observed predomi-
nance of ermC from our MRSA isolates (83%), and no iso-
lates carried ermA. Previous studies in Tanzania and the DRC
reported similar predominance of ermC among ST8 CA-
MRSA [12, 25]. The observation of 73% inducible
clindamycin resistance among MRSA implies that
clindamycin may not be a reliable treatment option for infec-
tions caused by MRSA. In such cases, treatment with
clindamycin may induce clinical resistance in apparently sus-
ceptible isolates harboring ermC genes [26], leading to clinical
treatment failure.

Gentamicin resistance in MRSA was mediated by aac6’-
aph2” and ciprofloxacin resistance bymutations in the QRDR
sequence of the gyrA and parC genes. This finding is similar
to other studies among ST8 CA-MRSA from East Africa and
Europe [12, 27, 28]. Although fosfomycin, an older broad
spectrum antibiotic [29], has not been commonly used in
Tanzania, we still found 100% of MRSA carrying genes con-
ferring resistance to fosfomycin. The high prevalence of FosB
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in the CA-MRSA isolates is surprising considering the ab-
sence of selective pressure by actual use of fosfomycin. This
finding could be accounted for by high consumption of other
antibiotics including tetracycline which may select for
fosfomycin resistance or by the emergence of spontaneous
mutation [30, 31].

The ability of MRSA to cause invasive disease depends on
virulence factors. Remarkably, the PVL, which is usually pres-
ent in ST8 CA-MRSA, was lacking from the MRSA isolates in
our study. However, several virulence factors were identified
including immune evasion cluster, gamma-hemolysins (hlgA,
hlgB, hlgC), enterotoxin, and leucocidin ED. Recently, an ani-
mal model has shown that leucocidin ED contributes to system-
ic infection by targeting neutrophils and promoting bacterial
growth in vivo [32]. The immune evasion gene cluster en-
hances capacity of S. aureus to colonize, disseminate and per-
sist in a human host [33]. The present study demonstrates that
MRSA colonizing the nose/nasopharynx of HIV-infected indi-
viduals may have a significant potential to cause invasive dis-
ease due to the variety of virulence factors observed.

One caveat of our study is that, although only one of our
participants had a history of recent hospitalization and five had
visited outpatient clinics, we cannot rule out that MRSA in these
patients could have been hospital acquired. However, the fact
that all MRSA had the same SCCmecIV type which is common-
ly found in community-acquired strains supports the notion that
theMRSA isolates were community acquired. The anterior nares
are a common place of staphylococcal colonization, and swab-
bing this site is appropriate to detect the bacteria. We swabbed
the nasopharynx first, and the anterior nares were swabbed after-
wards while retracting the swab. This procedure may have led to
falsely low prevalence of S. aureus, which could be a limitation
of the study.

Conclusion

ST8 CA-MRSA (non-USA300) was found to be the
commonest circulating population structure in newly diag-
nosed HIV-infected adults in Tanzania. The circulating ST8
CA-MRSA isolates were not related to other common, suc-
cessful circulating ST8 lineages. The spa-type t1476 is pre-
dominant in this CA-MRSA. The majority of CA-MRSA was
highly resistant to non-beta lactam antibiotics. Screening for
colonization of MRSA and intervention in HIV-infected out-
patients and inpatients may control the spread of the strain.
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High Prevalence of Fecal Carriage of Extended Spectrum
b-Lactamase-Producing Enterobacteriaceae

Among Newly HIV-Diagnosed Adults
in a Community Setting in Tanzania

Joel Manyahi,1–3 Sabrina John Moyo,1,3 Marit Gjerde Tellevik,2 Nina Langeland,1,2 and Bjørn Blomberg1,2

Colonization in HIV-infected populations with extended-spectrum b-lactamase-producing Enterobacteriaceae
(ESBL-PE) is particularly worrisome in low-income settings. This study describes the prevalence of ESBL-PE
carriage and associated risk factors among newly HIV-diagnosed adults in a community setting in Tanzania.
A total of 595 newly diagnosed HIV-positive adults with a median age of 35 years with interquartile range
(IQR) 29–42 years and a median CD4 count of 492 cells/mL (IQR 390–666 cells/mL) were recruited. Among
these, 194/595 (32.6%, 95% confidence interval [CI] 28.9–36.6) were ESBL-PE carriers. Participants with low
CD4 count (<350 cells/mL) had significantly higher prevalence of ESBL-PE carriage compared with those with
CD4 count ‡350 cells/mL (26/58, 44.8%, vs. 168/537, 31.3%, p= 0.04). Antibiotic use in last 4 weeks (odds
ratio [OR] 1.55, 95% CI 1.08–2.22, p = 0.02) and CD4 count <350 cells/mL (OR 1.78, 95% CI 1.03–3.09,
p= 0.04) were independent risk factors for fecal carriage of ESBL-PE. In total, 244 isolates of ESBL-PE were
isolated from 194 participants. Of these, 238/244 (97.5%) harbored blaCTX-M genes, with blaCTX-M-15 being
predominant (219/238 (92%), followed by blaCTX-M-27 (9/238 (3.8%), blaCTX-M-14 (8/238 (3.4%), blaCTX-M-55

(1/238), and blaCTX-M 211/3 (1/238). blaSHV-2a genes were detected in four isolates, whereas the blaSHV-12 gene
was detected in one isolate. Phenotypic carbapenemase-producing Enterobacteriaceae was detected in one HIV-
positive person with CD4 count 132 cells/mL. In conclusion prevalence of ESBL-PE carriage is high among
newly diagnosed HIV adults in Dar es Salaam, and is significantly associated antibiotic use and low CD4 count.

Keywords: ESBL, HIV, community, Tanzania

Introduction

Individuals living with HIV are at risk not only of
classical HIV-related opportunistic infections such as

pneumocystis pneumonia and tuberculosis, but also severe
infections caused by common bacterial pathogens such as
Escherichia coli, salmonella, pneumococci, and staphylo-
cocci.1–3 The World Health Organization (WHO) recognizes
antimicrobial resistance (AMR) in such bacterial infections
as a major threat to global health. Extended-spectrum b-
lactamase-producing Enterobacteriaceae (ESBL-PE) constitute
a particular challenge, as almost all are multidrug resistant.
Previously, infections due to ESBL producers were mainly a

health care-associated problem.4,5 However, ESBL-PE infec-
tions are now increasingly acquired in the community.6,7

In resource-constrained settings, ESBL-PE infections
are spread more easily due to deficient infection control,
whereas expensive reserve antibiotics such as carbapenems
and colistin are inaccessible. Consequently, infections caused
by ESBL-PE carries high mortality exceeding mortality out-
come of bacterial infections in the preantibiotic era.5,8

Colonization with ESBL-PE frequently precedes invasive
diseases.9,10 Fecal carriage of ESBL-PE could pose greater
risk in people living with HIV due to the increased risk of
severe bacterial infections.1,2 In Tanzania, studies have
documented high frequency of infections caused by ESBL-PE
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in hospitalized patients.5,11–13 ESBL-PE carriage is also
common in hospital settings, and carriage rates of 50% have
been documented in hospitalized children in Tanzania.14

Even in community settings, studies have documented ESBL-
PE carriage rates of 11–32% in healthy children15 and 17%
in healthy adults16 in the same country. Although high rates
(89.7%) of ESBL-PE carriage have been reported in hospi-
talized HIV positive children in Tanzania,14 others docu-
mented lower rates (14%) in HIV-infected children in the
community in Zimbabwe.17 To date, no community-based
studies from Africa have reported frequencies and risk factors
for ESBL-PE carriage among newly diagnosed HIV adults.

HIV is pandemic in sub-Saharan Africa, and Tanzania has
an estimated 1.4 million people aged between 15 and 64
years living with HIV.18 We designed this study aimed to
determine prevalence of fecal carriage of ESBL producers in
HIV-infected people in the community; and assess any in-
fluence of antibiotic use, hospitalization, and CD4 count on
fecal carriage of ESBL producers. The findings may help
develop strategies for reducing the burden of AMR in a
population at high risk of severe infections.

Materials and Methods

Study sites and study participants

Newly diagnosed HIV-infected adults with CD4 count of
‡350 cells/mL who had not yet started antiretroviral treatment
(ART) were recruited consecutively as part of a double-blinded
randomized clinical trial (RCT), CoTrimResist (Clinical-
Trials.gov identifier: NCT03087890) between April 2017
and May 2018. The study was performed in Dar es Salaam,
Tanzania, the largest city and economic capital of Tanzania.
Participants were residents of the main municipals of Dar es
Salaam city, namely Kinondoni, Temeke, Ilala, Ubungo,
and Kigamboni, and were recruited through six HIV care
and treatment clinics at Mwananyamala Hospital, Amana
Hospital, Temeke Hospital, Pastoral Activities and Services
for People with AIDS Dar es Salaam Archdiocese (PASADA),
Mbagala Hospital, and Mnazimmoja Hospital. In addition,
newly diagnosed HIV-infected adults with CD4 counts of
<350 cells/mL (n= 58) were recruited from the same Hospitals
during screening for eligibility to the RCT. This article reports
on the baseline data before interventions and treatment.

Data collection

Health workers recorded participants’ data such as de-
mographics and clinical parameters on tablet computers
using standardized electronic case report forms employing
the RedCAP system (Research Electronic Data Capture,
Vanderbilt University, Nashville, TN), which automatically
synchronizes study data to a central data server.

Screening for ESBL-
and carbapenemase-producing Enterobacteriaceae

From each participant, a rectal swab was collected and
transported in liquid Cary-Blair medium (Fecal Transwab,
MWE Co Bath Ltd., Corsham, United Kingdom) in a cool
box and maintained at 4!C with icepack. Rectal swabs were
inoculated into brain heart infusion (BHI) broth and incu-
bated overnight at 37!C. Two drops (0.1mL) from BHI
broth were subcultured on CHROMID ESBL (BioMérieux,

Marcy l’Etoile, France) for screening of ESBL-PE,19 and
CHROMID CARBA SMART (BioMérieux) for combined
screening for carbapenemase-producing Enterobacteriaceae
(CPE) and OXA-48-producing Enterobacteriaceae. The
plates were incubated at 37!C for 24 hours and bacterial
growth interpreted according to manufacturer’s instructions.
Molecular characterized strains harboring different combi-
nations of b-lactamases were used for quality control as
previously described.14

Bacterial isolates were identified by MALDI-TOF MS
using the Microflex LT instrument and MALDI Biotyper 3.1
software (Bruker Daltonics, Bremen, Germany).

PCR and sequencing for detection
and identification of ESBL genes

DNAwas extracted by a rapid boiling procedure and stored at
-20!C. Real-time PCR was used for detection of cefotaxime-
Munich (CTX-M) encoding genes using a LightCycler 480
Instrument II (Roche Diagnostics, Mannheim, Germany).
Forward primer CTXM-F 5¢-ATGTGCAGYACCAGTAAR
GT-3¢, and reverse primers CTXM-R1 5¢-TGGGTGAAGTAA
GTGACCAGA-3¢ and CTXM-R2 5¢-TGGGTAAARTAGG
TCACCAGA-3¢ (TIB Molbiol, Berlin, Germany), which target
a 595bp internal region present in all the five different CTX-M
groups, were used as previously described.14 Each run included
positive and negative controls in duplicates. The PCR products
were sequenced using the same reverse primers as for PCR.
Sequencing was done using BigDye Terminator v1.1 Cycle
Sequencing Kit (Applied Biosystems, Foster City, CA). Se-
quences were analyzed using the Basic Local Alignment
Search Tool program available at the website of the National
Center for Biotechnology Information.

For confirmation of ESBL producers, isolates negative for
CTX-M PCR were tested for the presence of blaSHV genes
as previously described by Kommedal et al.20

Statistical analysis

We used chi-square test to assess the proportions of fecal
carriage of ESBL producers by patient characteristics. We
analyzed the association between risk factors of interest
(antibiotic use, prior hospitalization, and low CD4 counts)
and fecal carriage of ESBL producers, adjusting for age,
gender, education status, district of residence, and study
sites (individual study sites). For each main exposure vari-
able, we assessed all potential confounders using both lo-
gistic regression and Mantel–Haenszel method, defining a
confounder as a factor that changes the effect size by ‡10%.
Effect modification of factor between different groups were
examined by Mantel–Haenszel method. A significance level
of 0.05 was used and all p-values refer to two-sided tests.
Statistical analysis was performed using STATA version 16
(College Station, TX).

Ethical approval and consent to participate

Ethical approval to conduct the study in Tanzania was
obtained from Muhimbili University of Heath and Allied
Sciences senate research and publication committee (Ref. No.
2015-10-27/Vol.X/54)—Muhimbili University of Health and
Allied Sciences, National Institute for Medical Research
(NIMR/HQ/R.8a/Vol.IX/2144)—Tanzania, Ministry of Health,
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Community development, Gender, Elderly, and Children. The
clinical trial was also registered by Tanzania Food and
Drugs Authority (TZ16CT007) and Clinical trial.org
(NCT03087890). In Norway, the study was approved by
the Regional Committee for Medical and Health Research
Ethics of Western Norway (REK2015/540). Informed written
consent was obtained from each of the study participants.

Results

Description of study participants

We recruited a total of 595 newly HIV-diagnosed adults
with a median age of 35 years with interquartile range (IQR)
29–42 years and a median CD4 count of 492 cells/mL with
IQR 390–666 cells/mL. Among these, 537 (90.2%) were
newly diagnosed HIV seropositive individuals with CD4
counts ‡350 cells/mL (median 518 IQR 413–687) and 58
(9.8%) were newly diagnosed HIV seropositive individuals
with CD4 counts of <350 cells/mL (median 159 IQR 61–
259). Out of 595, 451 (75.8%) were female and 233 (39.2%)
were aged between 30 and 39 years. The majority, 360/595
(60.5%), of the HIV seropositive individuals had WHO
stage 1 HIV disease. Although 64/595 (10.8%) of partici-
pants had been admitted to hospital within the last year, 191/
595 (31.7%) reported use of antibiotics during the last 4
weeks before enrollment (Table 1).

Prevalence of ESBL carriage and identification
of the bacterial isolates

The overall prevalence of fecal carriage of ESBL-PE was
194/595 (32.6%, 95% confidence interval [CI] 28.9–36.6),
and the proportions of carriage in subgroups are shown
in Table 2. The prevalence of fecal carriage of ESBL-PE
varied between study sites (Table 2). Participants with low
CD4 counts (<350 cells/mL) had significantly higher prev-
alence of ESBL-PE carriage than those with higher CD4
counts (44.8%, 26/58 vs. 31.3%, 168/537, p = 0.04).

A total of 244 isolates of Enterobacteriaceae were iso-
lated from 194 participants harboring ESBL-PE phenotypes.
The majority of participants, 74.2%, were colonized by a
single ESBL-PE isolate, whereas 50/194 (25.8%) had two
or more bacterial isolates. E. coli was the predominant mi-
crobe, 209/244 (85.7%), followed by Klebsiella pneumo-
niae, 33/244 (13.5%), and Enterobacter cloacae, 2/244
(0.8%). Patients with CD4 counts <350 cells/mL were more
likely to carry multiple isolates of ESBL-PE than those with
higher CD4 counts (15.5%, 9/58 vs. 6.9%, 37/537, p = 0.02).
One E. coli isolate was CPE and isolated from an HIV
participant with CD4 count 132 cells/mL.

ESBL genotypes

PCR confirmed ESBL genotype for 242/244 (99.2%) of
isolates with phenotypic ESBL-PE. The majority, 238 (97.5%),
harbored blaCTX-M encoding genes. The most predominant
blaCTX-M gene was blaCTX-M-15 (219/238, 92%), followed
by blaCTX-M-27 9/238 (3.8%), blaCTX-M-14 8/238 (3.4%),
blaCTX-M-55 (1/238), and blaCTX-M 211/3 (1/238). All
K. pneumoniae and E. cloacae isolates carried the blaCTX-M-15

gene only, whereas E. coli displayed a diversity of blaCTX-M

genes, including the ones mentioned earlier. BlaSHV-2a genes
were detected in two E. coli and two K. pneumonia, whereas
the blaSHV-12 gene was detected in one E. coli.

Predictors of ESBL producers

Among the main risk factors of interest, only antibiotic
use during the last 4 weeks (odds ratio [OR] 1.55, 95% CI
1.08–2.22, p= 0.02) and CD4 count <350 cells/mL (OR 1.78,
95% CI 1.03–3.09, p = 0.04) were independently associated
with fecal carriage of ESBL producers (Table 3). Prior
hospitalization during the last 1 year was not a significant
risk factor (OR 0.79, 95% CI 0.44–1.40, p = 0.41). The ef-
fect size of each risk factors did not change significantly

Table 1. (Clinical Demographics) Characteristics
of the Study Participants

Variable Frequency Percentage

Gender
Female 451 75.8
Male 144 24.2

Age (years)
Up to 29 165 27.7
30–39 233 39.2
40–49 148 24.9
50–59 33 5.5
60 and above 16 2.7

Education
Primary school 388 65.2
Secondary 126 21.2
Postsecondary 24 4.0
None/informal 57 9.6

District of residence
Temeke 289 48.6
Kinondoni 114 19.1
Ubungo 32 5.4
Ilala 139 23.4
Kigamboni 12 2.0
Others 9 1.5

HIV stage
1 360 60.5
2 173 29.1
3 59 9.9
4 3 0.5

CD4 counts (cells/mL)
‡350 537 90.2
<350 58 9.8

Study site
PASADA 168 28.2
Temeke 54 9.1
Amana 30 5.0
Mwananyamala 100 16.8
Mbagala 124 20.9
Mnazimmoja 119 20.0

Hospital admission within last year
No 531 89.2
Yes 64 10.8

Antibiotic use last 4 weeks
No 404 67.9
Yes 191 32.1

PASADA, Pastoral Activities and Services for People with AIDS
Dar es Salaam Archdiocese.
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(>10%), whereas adjusting for the other main risk factors
and potential confounders and effect modifiers, that is, age,
gender, education status, district of residence, and study
sites (individual study site). Thus, we did not find any sig-
nificant confounders or effect modifiers.

Discussion

This first community-based study reports prevalence of
fecal carriage of ESBL-PE in almost one third (194/595,

32.6%) of individuals newly diagnosed with HIV in Dar es
Salaam. This rate of ESBL-PE fecal carriage is much
higher than found among adults with unknown HIV status
in community-based studies in Northern Tanzania (55/334,
16.5%, p<0.001),16 Burkina Faso (22/101, 21.8%, p=0.03),21
Gambia (28/565, 5.0%, p<0.001),22 and Morocco (4/93, 4.3%,
p<0.001).23 Although we are not aware of other community-
based studies from HIV-infected adults in Africa, there was
significantly lower ESBL-PE carriage rate (24/175 13.7%,
p < 0.001) in a community-based studies of HIV-infected
children in Zimbabwe.17 The high carriage rate observed in
our study could be attributed to several factors, including the
choice of screening technique employed. Our use of broth
enrichment of rectal swabs may have increased the yield in
detecting ESBL-PE colonization.24,25 In contrast, our use of
rectal swabs may have inferior sensitivity compared with
stool culture used in other studies.19

We observed that antibiotic use during the last 4 weeks was
a strong risk factor for fecal carriage of ESBL producers in
this cohort. In Tanzania, almost all antibiotics can be accessed
over the counter. Overuse of antibiotics and misuse of broad-
spectrum antibiotics, such as cephalosporins for trivial infec-
tions, are known to contribute to increasing AMR, including
ESBL-PE. In this setting, people with an undiagnosed HIV
infection are likely to opt for self-medication with antibiotics
for intercurrent infections and symptoms related to an, as yet,
unrecognized immunodeficiency. Such overuse of antibiotics
may partially explain the high prevalence of ESBL-PE carriage
in our study. This study confirms our hypothesis that antibiotic
use affects carriage of resistant bacteria in HIV populations,
and our finding is consistent with earlier observations from
community and hospital settings in Africa.14,16,21,22

Previous hospitalization is a well-known risk factor for
fecal carriage of ESBL producers,12,21 contributing both to
increased likelihood of antibiotics uses and acquisition of
ESBL producers in gastrointestinal tract. However, this study
could not add support this observation. Tanzania’s current
implementation of the ‘‘test and treat’’ strategy for HIV is
expected to result in more people getting diagnosed before
actually experiencing symptomatic disease. Despite this, it is

Table 2. Prevalence of Extended-Spectrum
b-Lactamase-Producing Bacteria

by Clinical-Demographic Characteristics

Variable Frequency

Prevalence
of ESBL,
% (n)

Prevalence
of ESBL,
% (n)

Gender
Female 451 32.6 (147)
Male 144 32.6 (47) 1.000

Age (years)
Up to 29 165 35.8 (59)
30–39 233 30.0 (70)
40–49 148 32.8 (50)
50–59 33 18.2 (6)
60 and above 16 56.3 (9) 0.068

Education
Primary school 388 30.2 (117)
Secondary 126 31.7 (40)
Postsecondary 24 50.0 (12)
None/informal 57 43.9 (25) 0.053

District of residence
Temeke 289 29.4 (85)
Kinondoni 114 38.6 (44)
Ubungo 32 34.4 (11)
Ilala 139 36.7 (51)
Kigamboni 12 0.0 (0)
Others 9 33.3 (3) 0.072

HIV stage
1 360 31.9 (115)
2 173 31.8 (55)
3 59 40.7 (24)
4 3 0.0 (0) 0.344

CD4 counts (cells/mL)
‡350 537 31.3 (168)
<350 58 44.8 (26) 0.037*

Study site
PASADA 168 22.0 (37)
Temeke 54 20.4 (11)
Amana 30 33.3 (10)
Mwananyamala 100 40.0 (40)
Mbagala 124 39.5 (49)
Mnazimmoja 119 39.5 (47) 0.001*

Hospital admission within last year
No 531 33.1 (176)
Yes 64 28.1 (18) 0.418

Antibiotic use last 4 weeks
No 404 29.5 (119)
Yes 191 39.3 (75) 0.017*

*p-Values calculated by chi-square test with 0.05 as cutoff for
statistical significance.
ESBL, extended-spectrum b-lactamase.

Table 3. Risk Factors for Fecal Carriage
of Extended-Spectrum b-Lactamase

Producers in HIV Patients

Variable Frequency

ESBL
carriage,
% (n) OR 95% CI p

CD4 counts (cells/mL)*
‡350 537 31.3 (168) 1
<350 58 44.8 (26) 1.78 1.03–3.09 0.04

Antibiotic use last 4 weeks{

No 404 29.5 (119)
Yes 191 39.3 (75) 1.55 1.08–2.22 0.02

Hospital admission within last year
No 531 33.1 (176) 1
Yes 64 28.1 (18) 0.79 0.44–1.40 0.41

*Adjusted for antibiotic use in last 4 weeks, study sites, hospital
admission with last year, age, gender, and education status.

{Adjusting for age, gender, education status, hospital admission
within last year, CD4 count and study sites.
CI, confidence interval; OR, odds ratio.
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plausible that many patients will have consulted health care
services, without actually having been admitted, for un-
known HIV-related ailments before getting diagnosed with
HIV, and that this may have led to increased risks of gas-
trointestinal colonization with ESBL-PE.

This study found low CD4 count (<350 cells/mL) was an
independent risk factor for fecal carriage of ESBL. Low
immunity predisposes to risk of opportunistic infections
increasing the likelihood of antimicrobial use and hospi-
talization. However, adjustment for both antibiotic use and
hospitalization did not alter the independent association
between low CD count and fecal carriage of ESBL pro-
ducers. Furthermore, Wilmore et al.17 found no association
between low CD count and fecal carriage of ESBL pro-
ducers in children in Zimbabwe.17 The differences could
be explained by inclusion criteria, this study recruited
newly diagnosed HIV-infected adults not yet on ART,
whereas Wilmore et al. enrolled children who were stable
on ART.17

Our study confirmed blaCTX-M 15 as the predominant
ESBL gene type accounting 92% of all isolates, supporting
other reports on the extraordinary dissemination of the
blaCTX-M-15 genotype worldwide. In the first ever report of
ESBL-PE from Tanzania,5,13 we showed that blaCTX-M-15,
alongside TEM-63, was the dominant cause of ESBL-PE
bloodstream infections in Tanzania as early as 2001–2002.
Later on, we found predominance of blaCTX-M-15 in clinical
isolates from community-acquired urinary tract infections
from 2004 (Ref.7). Reports from elsewhere26,27 indicate that
when blaCTX-M-15 genotype penetrates in a new landscape
where other ESBL genes persist, blaCTX-M-15 tend to dis-
place other genes and becomes predominant. All recent
studies from community and hospital settings in Tanzania
have supported the predominance of blaCTX-M 15 genes
among Enterobacteriaceae isolated from feces.12,15,16 The
CTX-M group 9, blaCTX-M-27, and blaCTX-14 were also
documented in this study and were only isolated from E. coli.
This correlates with a recent study among HIV-infected
children in Zimbabwe.17 Our previous study on uropatho-
genic isolates did not detect any blaCTX-M group 9 genes,7

whereas a pediatric study reported only two E. coli isolates
carrying blaCTX-M-14 genes and none with blaCTX-M-27.

14 In
conclusion, the study found a high prevalence of fecal
ESBL-PE carriage among people newly diagnosed with
HIV. Antibiotic use during the last 4 weeks and low CD4
count were risk factors for fecal carriage of ESBL producers.
Further studies should investigate transmission dynamics of
ESBL-PE in the community, complex factors driving the
emergence of multidrug-resistant bacteria, and the relation-
ship between ESBL-PE carriage and invasive disease. Social
behavior and policies on AMR need to be crafted and reg-
ulation on antimicrobial use must be enforced.
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Abstract

Introduction. Carbapenem- resistant members of the family Enterobacteriaceae are emerging as a global public- health threat 
and cause substantial challenges in clinical practice.

Gap Statement. There is a need for increased and continued genomic surveillance of antimicrobial resistance genes globally 
in order to detect outbreaks and dissemination of clinically important resistance genes and their associated mobile genetic 
elements in human pathogens.

Aim. To describe the resistance mechanisms of carbapenem- resistant Escherichia coli.

Methods. Rectal swabs from neonates and newly diagnosed human immunodeficiency virus (HIV) infected adults were collected 
between April 2017 and May 2018 and screened for faecal carriage of carbapenamases and OXA- 48 producing members of 
the family Enterobacteriaceae. Bacterial isolates were identified using matrix assisted laser desorption ionization time of flight 
mass spectrometry. Antimicrobial susceptibility testing was performed by E- test. Whole genomes of carbapenem- resistant E. 
coli were investigated using a hybrid assembly of Illumina and Oxford Nanopore Technologies sequencing reads.

Results. Three carbapenem- resistant E. coli were detected, two from neonates and one from an HIV infected adult. All three 
isolates carried blaNDM- 5. Two E. coli from neonates belonged to ST167 and blaNDM- 5 co- existed with blaCTX- M- 15 and blaOXA- 01, and all 
were carried on IncFIA type plasmids. The E. coli from the HIV infected adult belonged to ST2083, and carried blaNDM- 5 on an IncX3 
type plasmid and blaCMY- 42 on an IncI type plasmid. All blaNDM- 5 carrying plasmids contained conjugation related genes. In addition, 
E. coli from the HIV infected adult carried three more plasmid types; IncFIA, IncFIB and Col(BS512). One E. coli from a neonate 
also carried one extra plasmid Col(BS512). All three E. coli harboured resistance genes to fluoroquinolone, aminoglycosides, 
sulfamethoxazole, trimethoprim, macrolides and tetracycline, carried on the IncFIA type plasmid. Furthermore, E. coli from the 
neonates carried a chloramphenicol resistance gene (catB3), also on the IncFIA plasmid. All three isolates were susceptible to 
colistin.

Conclusion. This is the first report, to our knowledge, from Tanzania detecting blaNDM- 5 producing E. coli. The carbapenemase 
gene was carried on an IncFIA and IncX3 type plasmids. Our findings highlight the urgent need for a robust antimicrobial resist-
ance (AMR) surveillance system to monitor and rapidly report on the incidence and spread of emerging resistant bacteria in 
Tanzania.
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BACKGROUND
Infections caused by carbapenem- resistant members of the family Enterobacteriaceae are emerging as a global public health concern. 
!ese infections cause substantial challenges in clinical practice as they are associated with increased morbidity and mortality as well 
as health care costs [1]. Carbapenems are considered a last resort for treatment of infections with multidrug- resistant members of 
the family Enterobacteriaceae. !e remaining alternative treatment options for infections by carbapenem- resistant members of the 
family Enterobacteriaceae are colistin and tigecycline [2–5], which are expensive, poorly tolerated and o"en unavailable in low- and 
middle- income countries.
Resistance to carbapenems in Enterobacteriaceae is mainly mediated by the production of carbapenemase enzymes, which 
hydrolyze carbapenems and all other ȕ-lactam antibiotics. Currently, three classes of carbapenemase enzymes of clinical impor-
tance have been identified in pathogenic bacteria. !ese are Ambler class A (KPC, IMI), class B (NDM, IMP, VIM) and class D 
(OXA- 48) [2, 6].
Previously, carbapenem resistance in Gram- negative bacteria was mainly mediated by production of KPC, IMP, VIM and OXA- 48 
carbapenemases [6, 7]. In recent years, New Delhi metallo-ȕ-lactamase has received global attention due to its world- wide dissemina-
tion, rapid evolution, and high levels of resistance to ȕ-lactam antibiotics [5]. Since the first report of blaNDM- 1 in 2008 [8], 24 variants of 
NDM have been discovered in Gram- negative bacteria [5]. Of the NDM variants, blaNDM- 5, which was first detected in Escherichia coli 
in the United Kingdom in 2011 [9], is notable for its elevated resistance to carbapenems compared with other variants [10]. NDM- 5 
differs from NDM- 1 by substitution of two amino acids (Val88Leu and Met154Leu) [11].
!e blaNDM- 5 is mostly carried on plasmids, which also may carry resistance genes to other antibiotics [12, 13] and catalyse their 
transfer between bacteria. Several plasmids have been reported to carry blaNDM- 5 [5], with IncX3 type plasmid being the most 
commonly reported [4, 14, 15]. Since its discovery, blaNDM- 5 producing E. coli has been reported in Asia, mainly PR China [16, 17], 
Europe [18, 19] and Africa [20, 21].
Meanwhile, in Tanzania, unpublished data shows increased use of carbapenems, but it is unknown whether this has led to an 
increased incidence of carbapenem resistance. !ree Tanzanian studies have described resistance to carbapenems in clinical 
isolates, documenting the presence of VIM, IMP, NDM- 1 and KPC type carbapenemases [22–24], but only one of these studies 
found NDM- 1 carbapenemases in members of the family Enterobacteriaceae [24]. We performed this study to assess the faecal 
carriage of carbapenem- resistant members of the family Enterobacteriaceae among newly diagnosed HIV infected adults and 
children hospitalized with fever in Dar es Salaam, Tanzania. We also identified resistance mechanisms to carbapenems and their 
genetic context using a whole genome sequencing approach.

METHODS
Study sites and study participants
Newly diagnosed HIV infected adults were recruited consecutively from six HIV care and treatment centres in Dar es Salaam, 
Tanzania, namely Amana hospital, Mwananyamala hospital, Temeke hospital, PASADA, Mbagala hospital and Mnazi Mmoja 
hospital, as part of the double blinded randomized clinical trial, CoTrimResist ( ClinicalTrials. gov identifier: NCT03087890) 
between April 2017 to May 2018. At the same time, children admitted with fever were enrolled in a febrile illness study at four 
hospitals in Dar es Salaam (Amana, Temeke and Mwananyamala Regional hospitals and Muhimbili National Hospital).

Screening for carbapenemase producing Enterobacteriaceae
Rectal swabs were collected from each participant and transported in liquid Cary–Blair medium (Faecal transwab, MWE). 
Screening for faecal carriage of carbapenamases and OXA- 48 producing members of the family Enterobacteriaceae was carried 
out on CHROMID CARBA SMART (BioMérieux) using two drops (0.1 ml) from an overnight culture in brain–heart infusion 
broth.

Bacterial identification and antimicrobial susceptibility testing
Carbapenem resistant bacterial isolates which grew on the selective media were identified by matrix assisted laser desorption 
ionization time of flight mass spectrometry using the Microflex LT instrument and matrix assisted laser desorption ionization 
Biotyper 3.1 so"ware (Bruker Daltonics).
Antibiotic susceptibility testing was determined by E- test (when available), following guidelines from the Clinical and Laboratory 
Standards Institute [25]. !e antimicrobial agents tested were cefotaxime, imipenem, tetracycline, ciprofloxacin, gentamicin and 
colistin. When E- tests were not available disc diffusion was used to determine meropenem susceptibility according to Clinical 
and Laboratory Standards Institute guidelines.



3

Manyahi et al., Journal of Medical Microbiology 2022;71:001513

Whole genome sequencing
Genomic DNA isolation for short read sequencing was carried out at MicrobesNG (Birmingham, UK). Short read whole genome 
sequencing was performed using HiSeq X10 (Illumina) by MicrobesNG, which also performed quality filtering and sequencing 
read trimming.
Genomic DNA for long read sequencing was extracted using a Fire Monkey High Molecular Weight DNA Extraction Kit 
(RevoluGen). Long read sequencing was carried out using a R9.4.1 flow cell (Oxford Nanopore Technologies) on a MinION 
sequencer. Base calling of the reads was performed with MinKNOW so#ware (v20.06.4) using the Guppy algorithm (v4.0.9). 
$e long- read sequences were trimmed using Porechop (https://github.com/rrwick/Porechop) and filtered using Filtlong 
(https://github.com/rrwick/Filtlong) with a minimum length threshold of 1000 bp, keeping 90 % of the best reads up to a total 
of 500 000 000 bp.
Long and short read sequences were assembled using Unicycler (v0.4.8.0) [26], running in ‘normal’ mode and the genome was 
annotated with Prokka (v1.14.6) [27] and the RAST annotation server [28]. Genomes were aligned using both Clinker (v0.0.12) 
[29] and BRIG (v0.95) [30]. $e genomes were visualized using Snapgene (v3.3.4) (https://www.snapgene.com/). All genome 
assemblies from this study have been deposited in GenBank under the BioProject numbers PRJNA756167 (strain PC- NDM34), 
PRJNA756168 (strain NDM_12_14482) and PRJNA756169 (strain NDM_11.16372).

Identification of resistance genes and sequence types
For identification of acquired antimicrobial resistance genes, and detection of virulence genes, we used ResFinder v4.1 [31] and 
virulence Finder 2.0 [32], respectively, from the Centre for Genomic Epidemiology GEE server (http://www.genomicepidemi-
ology.org/). For identification of mobile genetic elements and their relation to antimicrobial resistance genes and virulence factors 
we used Center of Genomic Epidemiology Mobile Element Finder v1.0.3 [33]. For assignment of multilocus sequence typing 
(MLST) and clonal complexes we used an online MLST database website (https://pubmlst.org/).

Phylogenetic analysis
Phylogenetic analysis of E. coli ST167 whole genomic sequence single nucleotide polymorphisms (SNPs) was performed using 
CSI phylogeny 1.4 [34]. For comparison, two E. coli ST167 from this study were compared with 22 globally available complete 
whole genome sequences of E. coli ST167 (blaNDM- 5- positive and blaNDM- 5- negative) downloaded from NCBI nucleotide GenBank 
and the European nucleotide archive (NEA). $e phylogenetic tree was visualized using the Fig Tree programme version 1.4.4 
(https://github.com/rambaut/figtree/releases).

Comparative analysis of IncFIA and IncX3 carrying blaNDM-5 plasmids
For comparison of the genetic environments surrounding blaNDM- 5 on IncFIA and IncX3 plasmids, approximately 20 kb segments 
were selected including the blaNDM- 5 gene from each strain, and annotated using Prokka (v1.14.6) [27] and aligned using Clinker 
(v0.0.12) [29].
IncFIA and IncX3 plasmids were compared with other available plasmids. A total of 17 IncX3 and 25 IncFI carrying blaNDM- 5 
plasmids' genome sequences available globally were downloaded from the NCBI ‘nuccore’ database using Entrez Direct as 
assembled genomes in fasta file format. BRIG v0.95 [30] was used for genomic comparison and to produce the visualisations. 
For the IncF comparisons, the 1446 NDM- 5 plasmid sequence was used as reference and for the IncX3 comparisons the PC34 
NDM- 5 plasmid sequence was used as a reference. ResFinder v4 [31]. was used to annotate the reference genomes with acquired 
antimicrobial resistance (AMR) genes.

RESULTS
Bacterial isolates
$ree carbapenem resistant E. coli designated as PC- NDM34 (from a HIV infected adult), NDM_12_14482, and NDM_11.16372 
(both from neonates) were isolated from screening of 737 rectal swabs (537 HIV infected outpatient adults and 200 under 
five years old inpatient children). Isolate PC- NDM34 was from a 49- year- old individual, an outpatient newly diagnosed with 
HIV at PASADA HIV care and treatment center in May 2018. $e patient had a CD4 count of 132 cell µl−1 with no recent 
history of hospitalization or antibiotic use. Isolates NDM_12_14482 (22 Jan, 2018) and NDM_11.16372 (05 Feb 2018) were 
isolated from two neonate patients aged three days from the same ward (Temeke Hospital) two weeks apart in February 2018.

Antimicrobial susceptibility pattern
Table 1 shows the minimum inhibitory concentrations (MICs) of different antimicrobial agents tested against the three 
isolates. $e MICs for all the three isolates to cefotaxime, gentamicin, ciprofloxacin and tetracycline were more than 256 µg 
ml−1. Meropenem susceptibility was checked for isolates NDM_11.16372 and NDM_12_14482 by disc diffusion, revealing 
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zones of inhibition of 13 mm and 12 mm respectively. For isolate PC- NDM34 meropenem susceptibility was determined 
by E- test and shown to be 6 µg ml−1. Subsequently, the MICs of these three isolates PC- NDM34, NDM_11.16372 and 
NDM_12_14482 to imipenem were determined to be 3 µg ml−1, 3 µg ml−1 and 1.5 µg ml−1 respectively. "e three isolates 
were susceptible to colistin at different MIC values as follows; 0.125 µg ml−1 for isolate PC- NDM34, 0.25 µg ml−1 for isolate 
NDM_11.16372 and 0.19 µg ml−1 for isolate NDM_12_14482.

Resistance determinant genes and association with plasmids
Isolate PC- NDM34 contained six plasmids, IncFIA (109 kb), IncFIB (108 kb), IncI (49 kb), IncX3 (46 kb), Col (BS512) (2 kb), and 
another unknown plasmid with an approximate size of 5 kb. Isolate NDM_11.16372 contained three plasmids, IncFIA (137 kb), 
Col (BS512) (2 kb), and another of about 4 kb, and isolate NDM_12_14482 contained one IncFIA plasmid of approximately 137 kb. 
All three carbapenem resistant E. coli carried plasmid- located blaNDM- 5. For isolate PC- NDM34, blaNDM- 5 was located on an IncX3 
type plasmid, while for both isolates NDM_11.16372 and NDM_12_14482 it was located on the IncFIA plasmid. All the blaNDM- 5 
carrying plasmids also carried genes whose products are predicted to be involved in conjugation.
Other ȕ-lactam resistance genes carried by PC- NDM34 were blaTEM- 1b and blaCMY- 42, located on IncI and IncFIA type plasmids, 
respectively. "e IncFIA type plasmid from P34 harboured other resistance genes including fluoroquinolone- aminoglycosides 
(aac(6')- Ib- cr); sulfamethoxazole (sul2); trimethoprim (dfr17); aminoglycoside [aac(3)- IId, aph(3')- lb, aadA5]; tetracycline (tetB); 
and macrolides mph(A). While blaNDM- 5 on IncFIA plasmid from both NDM_11.16372 and NDM_12_14482 co- existed with other 
ȕ-lactam resistance genes (blaTEM- 1b, blaOXA- 01 and blaCTX- M- 15), other resistance genes present on the IncFIA plasmid from both 
NDM_11.16372 and NDM_12_14482 conferred resistance to fluoroquinolone- aminoglycosides [aac(6')- Ib- cr]; aminoglycosides 
(aadA2, rmtB); sulfamethoxazole (sul1); trimethoprim (dfr12); chloramphenicol (catB3); tetracycline (tetA); and macrolides 
mph(A). Table 2 shows resistance genes present in the three isolates.

Multi-locus sequence typing (MLST)
MLST analysis revealed that both NDM_12_14482 and NDM_11.16372, the isolates from neonates, harbouring blaNDM- 5 
belonged to ST167 (ST10 clonal complex). In contrast, PC- NDM34 blaNDM- 5, isolated from an adult HIV infected patient, 
belonged to ST2083.

Phylogenetic analysis
A total of 22 E. coli ST167 (blaNDM- 5- positive and blaNDM- 5- negative) globally available from GenBank and the European 
nucleotide archive (see Supplementary file 1, available with the online version of this article, for accession numbers) were 
compared with two ST167 strains from this study. "e SNP analysis of all E. coli ST167 differed by between 2 and 3410 
SNPs, revealing the high genetic diversity of this high- risk clone. "e phylogenetic analysis revealed that E. coli ST167 was 
clustered into two distinct clades with multiple subclades (Fig. 1). "e two E. coli ST167 from this study had a SNP difference 
of two SNPs and were clustered in clades with other ST167 from PR China, Italy and Myanmar and two with undetermined 
origins. In this clade, the SNP difference between this study’s ST167 and other ST 167 ranged between 880 and 1312 SNPs.
"is analysis reveals that the two isolates (NDM_12_14482 and NDM_11.16372 E. coli) which were isolated from neonates, 
were closely related and probably arose from the same source. Furthermore, this revealed that the isolates from neonates 
were more distantly related to the ST167 isolates from other part of the world.

Table 1. Susceptibility and MIC of the three carbapenem resistant isolates

Antimicrobial agent MIC

PC- NDM34 NDM_11.16372 NDM_12_14482

Meropenem 6 µg ml−1 † 13 mm* 12 mm*

Imipenem 3 µg ml−1 † 3 µg ml−1† 1.5 µg ml−1†

Colistin 0.125 µg ml−1 † 0.25 µg ml−1 † 0.19 µg ml−1 †

Cefotaxime >256 µg ml−1 † >256 µg ml−1 † >256 µg ml−1 †

Tetracycline >256 µg ml−1 † >256 µg ml−1 † >256 µg ml−1 †

Ciprofloxacin >256 µg ml−1 † >256 µg ml−1 † >256 µg ml−1 †

Gentamicin >256 µg ml−1 † >256 µg ml−1 † >256 µg ml−1 †

*Meropenem E- tests were unavailable, therefore meropenem disc diffusion assays were used for isolates NDM_11.16372 and NDM_12_14482.
†, AST by E- tests.
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Genetic environment for the blaNDM-5 carrying plasmids
Comparative analysis of plasmids carrying blaNDM- 5, revealed the IncFIA type plasmids from NDM_12_14482 and NDM_11.16372 
harboured 100 % identical sequences and blaNDM- 5 co- existed with several resistance determinant genes (Fig. 2).

Comparative analysis of the genetic environments of blaNDM- 5 in IncX3 and IncFIA type plasmids revealed similar genetic context 
downstream of blaNDM- 5 flanked by conserved bleMBL–trpF–DsbD. In the IncX3 plasmid blaNDM- 5 was flanked upstream by IS5, and 
in the IncFIA type plasmid it was flanked upstream by IS26 interrupted by a gene predicted to encode a conserved hypothetical 
protein (Fig. 3). In the IncX3 type plasmid, blaNDM5–bleMBL–trpF–DsbD was flanked by IS5 upstream and IS26 downstream (Fig. 4). 

Table 2. Genotypic characteristics of the three blaNDM- 5 containing E. coli

Genotypic characteristics PC- NDM34 NDM_11.16372 NDM_12_14482

Resistance genes

Beta- lactams blaTEM- 1B blaTEM- 1B blaTEM- 1B

blaNDM- 5 blaNDM- 5 blaNDM- 5

blaCMY- 42 – –

– blaCTX- M- 15 blaCTX- M- 15

– blaOXA- 1 blaOXA- 1

Fluoroquinolone- aminoglycosides aac(6')- Ib- cr aac(6')- Ib- cr aac(6')- Ib- cr

Sulfamethoxazole sul2 sul1 sul1

Trimethoprim dfr17 dfr12 dfr12

Aminoglycosides aac(3)- IId, aph(3ƍ)- lb, aadA5 aadA2, rmtB aadA2, rmtB

Chloramphenicol catB3 catB3

Tetracycline gene tetB tetA tetA

Mdf MdfA MdfA MdfA

Macrolide mph(A) mph(A) mph(A)

Sequence type (ST) 2083 167 167

Plasmid replicon types IncFIA IncFIA, IncFIA

Col (BS512) Col (BS512)

IncI – –

IncIB – –

IncX3 – –

Unknown Unknown –

Virulence gene

Fimbrial protein yfcV – –

EAST- 1 heat- stable toxin astA – –

Long polar fimbriae lpfA – –

Glutamate decarboxylase gad gad gad

Increased serum survival – iss iss

OMP complement resistance trat trat trat

Heat resistant agglutinin – hra hra

Hexosyltransferase homology – capU capU

Tellurium ion resistance protein terC terC terC
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In the IncFIA plasmid, further downstream of blaNDM5–bleMBL–trpF–DsbD were a set of several genes including sul-2, ant(3ƍ)- Ia, 
dfrA12 and IntI1. !e blaNDM- 5 –IntI1 genetic complex was flanked on both ends by IS26 (Fig. 3).
Fig. 5 shows the results of the comparative analysis of the fully sequenced blaNDM- 5 carrying IncFIA plasmids from this study 
(NDM_12_14482 and NDM_11.16372) and the IncF plasmids (blaNDM- 5- positive and blaNDM- 5- negative) of global representatives 
(see Supplementary file 1 for accession numbers). Structural similarities (downstream) were observed within the genetic environ-
ment surrounding blaNDM5 (Fig. 5). !e NDM_12_14482 and NDM_11.16372 plasmid sequences differ slightly compared with 
other global IncF plasmids.
Comparative analysis of blaNDM- 5 carrying IncX3 plasmids is depicted in Fig. 6, comparing PC- NDM34 from this study with 
globally identified IncX3 plasmids (see Supplementary file 1 for accession numbers). !e genetic context of blaNDM- 5 on IncX3 
plasmids was similar downstream. !e genetic sequence of PC- NDM34 IncX3 was almost identical to those of most other global 
IncX3 plasmids, with slight differences observed (Fig. 6).

DISCUSSION
!is is the first report from Tanzania and East Africa, to our knowledge, on the detection of blaNDM- 5 producing E. coli. We found 
three E. coli carrying blaNDM- 5, one from a newly diagnosed HIV infected patient and two from admitted neonates.
!e comparative genomic analysis of blaNDM- 5 producing E. coli revealed that the carbapenemase gene was plasmid located 
and that these plasmids also carried resistance gene determinants to other antibiotics, including aminoglycosides, fluoro-
quinolones, macrolides, tetracycline, trimethoprim, sulfamethoxazole and chloramphenicol. !e finding of carbapenem 
resistance conferred by the blaNDM- 5 gene in Tanzania is of the great concern, since these isolates also were resistant to virtually 
all other antibiotics commonly used in Tanzania. Carbapenems have been used as the last alternative for treatment of severe 
infections caused by multi- drug resistant Gram- negative bacteria infection, the emergence of carbapenem resistance severely 

Fig. 1. Phylogenetic tree E. coli ST167 (blaNDM- 5- positive and blaNDM- 5- negative). Countries of origin of each E. coli ST167 have been highlighted in the tree, 
not determined indicates that the origin is not known.
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limits treatment options for these patients. Lately, the use of carbapenems in Tanzania has been frequent [35], and increased 
use is anticipated in the future due to increased extended spectrum beta- lactamase (ESBL) producing bacterial infections 
[36]. Increasing carbapenem use will increase selection for horizontal gene transfer events and, therefore, the movement of 
the gene and human movement will increase dissemination of carbapenem resistant bacteria around the country.
To date, reports on blaNDM- 5 producing Gram- negative bacteria from Africa have been uncommon. In Africa, blaNDM- 5 was 
first reported in Algeria in three E. coli recovered from urine and blood in 2012 [20]. Since then, blaNDM- 5 in humans has 
been reported in Egypt [37], Angola [38], South Africa [39], Nigeria [40], Chad [15] and Malawi [41, 42]. Recently, blaNDM- 5 
producing E. coli have been detected in Mali from one outpatient [21] and in Mozambique in a patient with a bloodstream 

Fig. 2. Comparative analysis of the three plasmids carrying blaNDM- 5, image produced using BRIG. A comparison between the three blaNDM- 5 positive 
plasmids across the three strains, each coloured accordingly. The reference genome was the plasmid of the isolate 14 482. The inner black ring 
represents GC content of the reference sequence. AMR genes are labelled. 14482= NDM_12_14482, 16372= NDM_11.16372 and PC34= PC- NDM34.

Fig. 3. Comparison of blaNDM- 5 genetic context on 16372 (IncFIA), 14482 (IncFIA) and PC34 (IncX3) plasmids. A sequence comparison between the genetic 
environments surrounding blaNDM- 5 in the three strains. Approximately 20 kb segments were selected including the blaNDM- 5 gene from each strain, these 
were annotated using Prokka and aligned using clinker. Unique sequences are coloured according to feature. Those features which are homologous 
across all three strains are highlighted with asterisks. 14482= NDM_12_14482, 16372= NDM_11.16372 and PC34= PC- NDM34.
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infection [12]. !e reason for increased detection of blaNDM- 5- producing Gram- negative bacteria in Africa is not known, it 
could be independent introduction from the rest of the world. Our three blaNDM- 5 E. coli were isolated from patients with 
no history of travel beyond Tanzania. It is therefore likely that the patients have acquired the blaNDM- 5 producing E. coli in 
Tanzania or their resident E. coli had acquired blaNDM- 5 from a transient donor also in Tanzania.
In analysing mobile genetic elements and their relationship with resistance genes, we found that the blaNDM- 5 producing E. 
coli ST2085 from the HIV infected patient was located on an IncX3 type plasmid. Similarly, a recent published study from 
Malawi reported detection of blaNDM- 5 contained in an IncX3 plasmid from E. coli ST2085 isolated from the stool of an 
HIV- infected adult [42]. !e results of previous studies have demonstrated that blaNDM- 5 is commonly carried on IncX3 type 
plasmid [13, 15, 43–45]. In addition, the results of previous studies have indicated that the IncX3 type plasmid plays an 
important role in dissemination of blaNDM- 5 in members of the family Enterobacteriaceae [13, 14, 21]. !is hypothesis has 
been supported by the results of several experimental conjugation studies, where blaNDM- 5 E. coli carrying IncX3 type plasmids 
were able to be successfully transferred amongst, and between, different species of the family Enterobacteriaceae [14, 43]. 
!e blaNDM- 5 carrying IncX3 plasmid from this study revealed almost identical plasmid sequence to globally identified IncX3 
plasmid. Our finding of an IncX3 type plasmid associated with blaNDM- 5 in a newly diagnosed HIV patient from the community 
setting in Tanzania is concerning, since this plasmid is epidemic and has been shown to carry multiple carbapenemase genes, 

Fig. 4. Genetic context of blaNDM- 5 on the IncX3 plasmid (PC- NDM34).

Fig. 5. A comparative analysis of the two IncFIA plasmids (16372 and 14482) containing blaNDM- 5 against IncF plasmids identified globally. BRIG was 
used for genomic comparison and visualization. Plasmid (137 Kb) from isolate NDM_12.14482 containing blaNDM- 5 was used as the reference. Sequences 
are named using their accession numbers. (16372=NDM_11.16372 and 14482=NDM_12.14482).
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including blaNDM- 5, and has a high potential to efficiently disseminate globally. Spread of blaNDM- 5 in the community has serious 
implication since blaNDM- 5 carrying isolates also display multidrug resistance [13].

IncF type plasmids have also been shown to contribute to the dissemination of blaNDM- 5 among E. coli [17, 18, 46]. In this study, we 
observed that the blaNDM- 5 in E. coli from neonates was carried on IncFIA type plasmids. "e blaNDM- 5 from these isolates co- existed 
with blaCTX- M- 15, blaTEM- 1B and blaOXA- 1 located on the IncFIA plasmid. Other recent studies in Africa and elsewhere have observed 
co- harbouring of blaNDM- 5 and blaCTX- 15, blaTEM- 1B, blaOXA- 1 in the same plasmid type in E. coli [3, 12, 46]. Co- localization of blaNDM- 5 
and extended spectrum ȕ-lactamase (blaCTX- M- 15) plus other resistance genes in the same plasmid could increase the dissemination of 
multiple resistances in a single gene transfer event.

Furthermore, the two blaNDM- 5 producing E. coli from neonates had similar resistance gene determinants, virulence genes and ST167, 
indicating that the isolates were likely to be clonal. Chromosomal DNA SNP analysis of the two isolates also revealed a pairwise 
distance of two SNPs. "is finding indicates that these two isolates were closely related and the source of spread was likely to be the 
same. It implies there was probably local transmission of blaNDM- 5 producing E. coli. E. coli ST167 carrying blaNDM- 5 has been reported 
in South Africa in one inpatient with nosocomial infection [39]. Recently, E. coli ST167 has been regarded as a high- risk and successful 
epidemic clone involved in transmission of the blaNDM- 5 gene [19, 43]. Furthermore, blaNDM- 5 producing E. coli ST167 has the potential 
for global dissemination due its combination of resistance and virulence genes [43]. "e blaNDM- 5 producing E. coli ST167 has been 
reported in neonatal and adult infections in PR China [3, 16, 17, 47], the USA [48], Europe [18] and Africa [39]. Similar to our finding, 
an E. coli ST167 strain co- producing blaNDM- 5,blaCTX- M- 15 and blaOXA- 1 has been reported in bacteria causing infection in PR China [3]. 
Phylogenetic analysis revealed the E. coli ST167 strains are clonally diverse and our study isolates were phylogenetically distant from 
global circulating E. coli ST167, (Fig. 1).

Our study revealed in all three E. coli, that the blaNDM- 5 on each plasmid was flanked by highly a conserved region (bleMBL–trpF–DsbD) 
downstream, indicating that the region is very probably transferring between replicons (plasmids) and between bacteria as a single unit. 
"e upstream genetic environment of blaNDM5 in two plasmids were different. Previous in- depth analysis of the genetic environment 
of blaNDM- 5 genes revealed that the blaNDM- 5 is flanked upstream by ISAba125 and downstream by bleMBL–trpF–DsbD (IS3000–IS5–
ΔISAba125–blaNDM- 5–bleMBL–trpT–DsbD) [21, 49, 50]. In this study we found complete deletion of IS3000–IS5–ΔISAba125 upstream 

Fig. 6. A comparative analysis of the IncX3 (PC34) plasmid of the isolate PC- NDM34 against IncX3 plasmids identified globally. BRIG was used for 
genomic comparison and visualization. The plasmid (46 Kb) from isolate PC- NDM34 containing blaNDM- 5 was used as a reference. All sequences were of 
plasmids containing IncX3 except for CP034348 which contained an IncX1 plasmid. Sequences are named using their accession numbers.
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of blaNDM- 5 in the IncFIA plasmid from the neonates. In the IncX3 plasmid, complete deletion of ΔISAba125 was observed and the 
IS3000–IS5 element was interrupted by IS30.

CONCLUSION
"is is the first detection of blaNDM- 5 producing E. coli in Tanzania, to our knowledge. We found blaNDM- 5 in E. coli ST167 located on 
an IncFIA plasmid colonizing the gut of two neonates and blaNDM- 5 producing E. coli ST2083 located on an IncX3 plasmid colonizing 
the gut of an outpatient newly diagnosed with HIV. Our findings highlight the urgent need for a robust AMR surveillance system to 
monitor and rapidly report on the incidence and spread of emerging resistant bacteria in Tanzania. In addition, long- term infection 
prevention and control procedures and antimicrobial stewardship policies need to be introduced, optimized and maintained to curb 
the spread of resistant bacteria within healthcare environments.
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A B S T R A C T

Objectives: The aim of this study was to characterize molecular mechanisms of resistance to
trimethoprim and other antibiotics in Streptococcus pneumoniae isolates from HIV-infected adults in
Dar es Salaam, Tanzania.
Methods: A total of 1877 nasopharyngeal swabs were collected and screened for pneumococcal
colonization from 537 newly diagnosed individuals with HIV at four clinic visits during a 1-year follow-
up from 2017–2018 as part of the randomized clinical trial CoTrimResist (ClinicalTrials.gov ID:
NCT03087890).
Results: A total of 76 pneumococcal isolates were obtained. Of the 70 isolates that could be serotyped, 42
(60.0%) were vaccine serotypes included in pneumococcal conjugate vaccine 23 (PCV23). The majority of
isolates (73.7%; 56/76) were non-susceptible to penicillin (MICs of 0.06–2 mg/mL). Isolates were
frequently resistant to co-trimoxazole (trimethoprim/sulfamethoxazole) (71.1%) but less so to
azithromycin (22.4%), erythromycin (21.1%), chloramphenicol (18.4%), tetracycline (14.5%), clindamycin
(10.5%) and levofloxacin (0%). Moreover, 26.3% were multidrug-resistant (resistant to !3 antibiotic
classes). Vaccine-type pneumococci were resistant to more classes of antibiotics, were more frequently
resistant to erythromycin, azithromycin, clindamycin and tetracycline, and had higher MICs to penicillin
(median, 0.19 mg/mL; range, 0.002–1.5 mg/mL) compared with non-vaccine serotypes (median, 0.125 mg/
mL; range, 0.012–0.25 mg/mL) (P = 0.003). Co-trimoxazole-resistant isolates carried from 1 to 11 different
mutations in the dihydrofolate reductase (DHFR) gene, most commonly Ile100Leu (100%), Glu20Asp
(91.8%), Glu94Asp (61.2%), Leu135Phe (57.1%), His26Tyr (53.1%), Asp92Ala (53.1%) and His120Gln (53.1%).
Conclusion: Streptococcus pneumoniae isolated from HIV-diagnosed patients were frequently non-
susceptible to penicillin and co-trimoxazole. Most isolates carried multiple mutations in DHFR.

© 2020 The Authors. Published by Elsevier Ltd on behalf of International Society for Antimicrobial
Chemotherapy. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

1. Introduction

Streptococcus pneumoniae is a common cause of invasive and
non-invasive diseases. Unfortunately, pneumococcal disease
remains a primary cause of morbidity and mortality in immuno-
competent and immunodeficient populations [1,2]. Nasopharyn-
geal colonization with S. pneumoniae is considered a prerequisite
both for invasive and non-invasive pneumococcal diseases [3,4]. In
human immunodeficiency virus (HIV) infection, widespread use of

co-trimoxazole (trimethoprim/sulfamethoxazole) and other anti-
biotics has been associated with increased carriage of multidrug-
resistant (MDR) bacteria, including MDR S. pneumoniae [5–8].
Infections with penicillin-resistant strains are difficult to treat and
are associated with increased morbidity and mortality as well as
increased healthcare costs [2].

Few studies have been carried out in Tanzania on pneumococcal
nasopharyngeal carriage. Among these, some have found that HIV-
exposed and non-exposed children have high rates of S. pneumo-
niae resistant to commonly prescribed antibiotics, including co-
trimoxazole and penicillin [9–11]. Likewise, nasopharyngeal S.
pneumoniae isolates with non-susceptibility to commonly pre-
scribed antibiotics such as penicillin, macrolides and tetracycline
have been reported previously in healthy children in Democratic
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Republic of Congo [12] and HIV-infected patients in Cameroon
[13].

In recent years, trimethoprim has rarely been used alone in
the treatment of bacterial infections, with the exception of
urinary tract infections. The combination of trimethoprim and
sulfamethoxazole (co-trimoxazole) has been used extensively
instead in the treatment of respiratory tract infections, urinary
tract infections and gastrointestinal tract infections [14]. Resis-
tance to either trimethoprim or sulfamethoxazole renders
bacteria resistant to co-trimoxazole as well. Resistance to
trimethoprim and sulfamethoxazole is conferred by acquisition
of mutations in the dihydrofolate reductase (DHFR) and
dihydropteroate synthase (DHPS) genes, respectively. Studies
have shown that in S. pneumoniae, a single substitution of amino
acid isoleucine at position 100 with leucine in DHFR is sufficient
to confer resistance to trimethoprim [15,16]. A recent report from
Malawi found that substitution of amino acid at position 92 of
DHFR without Ile100Leu could also confer resistance to trimeth-
oprim [17]. However, in previous studies multiple mutations have
been observed in the DHFR gene in S. pneumoniae, although their
role in conferring trimethoprim resistance is not well known.

In Tanzania, no previous study has assessed the molecular basis
of co-trimoxazole resistance in S. pneumoniae isolated from HIV-
infected adults. Moreover, there are limited data on S. pneumoniae
colonization and antimicrobial resistance among HIV-infected
adults from community settings in Tanzania. The aim of this study
was to determine the molecular mechanisms conferring trimeth-
oprim resistance in S. pneumoniae as well as to understand the
antimicrobial resistance patterns of S. pneumoniae colonizing the
nasopharynx of HIV-infected adults from a community setting in
Tanzania.

2. Materials and methods

2.1. Study participants

Newly diagnosed adults with HIV were recruited from six HIV
care and treatment clinics at Amana, Mwananyamala, Temeke
Regional Referral, PASADA, Mbagala and Mnazi Mmoja hospitals in
Dar es Salaam (Tanzania) as part of the randomized clinical trial
CoTrimResist (ClinicalTrials.gov ID: NCT03087890) to assess any
effect of prolonged co-trimoxazole prophylaxis on emerging
antimicrobial resistance in HIV patients (data not yet analyzed).
A total of 537 participants were recruited at baseline between April
2017 and May 2018 and were followed-up for 1 year.

2.2. Microbiological methods

2.2.1. Specimen collection, isolation and identification of
Streptococcus pneumoniae

A total of 1877 nasopharyngeal swabs were collected at
baseline, at Day 14 and at Weeks 24 and 48. Nasopharyngeal
swabs were collected by a trained clinician from each healthcare
facility using Sigma Transwab1 and were transported immediately
in liquid Amies transport medium [Sigma Transwab1 PF with
Liquid Amies; MWE Co (Bath) Ltd., Corsham, UK] in a cool box at
4 !C. Upon receipt in the laboratory, nasopharyngeal samples were
immediately inoculated onto 5% sheep blood agar and were
incubated at 37 !C in 5% CO2 for 24 h. Identification of S.
pneumoniae was made by colonial morphology, presence of α-
haemolysis, optochin susceptibility and bile salt solubility.

2.2.2. Antimicrobial susceptibility testing
Antimicrobial susceptibility testing was performed on Mueller–

Hinton agar supplemented with 5% sheep blood and plates were
incubated at 35 !C in 5% CO2 for 20–24 h. Minimum inhibitory

concentrations (MICs) for penicillin, azithromycin and trimetho-
prim/sulfamethoxazole were determined by Etest (bioMérieux,
Marcy-I’Étoile, France). Antimicrobial susceptibility testing for
chloramphenicol, tetracycline, erythromycin, clindamycin and
levofloxacin was performed by the Kirby–Bauer disk diffusion
method. Antimicrobial susceptibility test results were interpreted
according to Clinical and Laboratory Standards Institute (CLSI)
guidelines. MDR was defined as bacteria resistant to three or more
classes/categories of antibiotics [18].

2.2.3. Nucleic acid extraction
From pure growth, 5–10 colonies were suspended in 500 mL

of phosphate-buffered saline (PBS). DNA was extracted using a
MagNA Pure LC instrument (Roche Diagnostics, Mannheim,
Germany) using a Total Nucleic Acid Isolation Kit (Roche
Diagnostics). Extracted DNA was eluted in 100 mL of elution
buffer. DNA templates were stored at "20 !C until further
analysis.

2.2.4. PCR
PCR for detection of the DHFR gene was performed using

2 # QuantiTect1 Multiplex PCR NoROX Master Mix (QIAGEN) and
amplification was carried out on a GeneAmpTM 9700 Thermo-
cycler (Applied Biosystems, Foster City, CA, USA). The following
set of primers was used as previously described [16]: 50-TGT AAG
CTA TTC CAA ACC AG-30 and 50-CTA CGT TCC ATT AGA CTT CC-30

(PCR product, 760 bp). PCR conditions consisted of initial
denaturation at 95 !C for 15 min, followed by denaturation at
94 !C for 60 s, annealing at 45 !C for 30 s and extension at 72 !C
for 1 min, and a final extension at 72 !C for 7 min. A final reaction
volume of 25 mL consisted of the following: 12.5 mL of 2#
QuantiTect1 Multiplex PCR NoROX Master Mix, 1 mL of each
primer (0.4 mM), 8.5 mL of RNase-free water and 2 mL of DNA
template. Amplified PCR products were analyzed by gel
electrophoresis.

2.2.5. DNA sequencing
Amplified PCR products were purified and both strands were

sequenced using the same primers as for PCR. Sequencing was
performed using an ABI PRISM 3730 DNA Analyzer (Applied
Biosystems) with a BigDyeTM Terminator v.1.1 Cycle Sequencing Kit
(Applied Biosystems). SnapGene1 v.5.0.7 software (GSL Biotech
LLC, Chicago, IL, USA) was used to assemble, edit and analyze the
sequences.

2.2.6. Serotyping of Streptococcus pneumoniae isolates
Serotyping was performed from an overnight growth of S.

pneumoniae on 5% sheep blood agar using a commercial kit for
latex agglutination (ImmulexTM Pneumotest Kit; SSI Diagnostica
A/S, Hillerød, Denmark). The agglutination kit contains latex
particles coated with rabbit antibodies that react with specific
pneumococcal capsular polysaccharides. Performance and inter-
pretation of the test results followed the manufacturer's
instructions.

2.3. Statistical analysis

Categorical variables were presented as the proportion, and
continuous variables were presented using the median and
range. Proportions of resistant bacteria between vaccine- and
non-vaccine serotype isolates were compared by χ2 test, and the
medians of MICs were compared by Wilcoxon rank-sum test
using STATA v.16.0 (StataCorp LLC, College Station, TX, USA). A P-
value of <0.05 was defined as the cut-off for statistical
significance.
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3. Results

3.1. Streptococcus pneumoniae isolates

A total of 76 S. pneumoniae were isolated from 1887
nasopharyngeal swabs. The number of S. pneumoniae isolates
obtained at different time points was as follows: 20 at baseline
(n = 537 swabs); 13 at Day 14 (n = 509 swabs); 17 at Week 24
(n = 436 swabs); and 26 at Week 48 (n = 395 swabs).

3.2. Serotyping of Streptococcus pneumoniae isolates

The majority of isolates (55.3%, 42/76) were serotypes present
in the pneumococcal conjugate vaccine 23 (PCV23), whilst 36.8%
(28/76) were non-vaccine serotypes and 7.9% (6/76) could not be
typed by the method used. The most frequent conjugate vaccine
serotypes were 19 (9/42), 3 (8/42), 7 (6/42) and 15 (4/42) (Fig. 1).

3.3. Antimicrobial susceptibility testing

Table 1 shows the number and percentage of S. pneumoniae
resistant to different antibiotics. The majority of isolates (73.7%;
56/76) were penicillin-non-susceptible (MICs of 0.06–2 mg/mL),
but no isolate was fully penicillin-resistant. Most isolates were also
resistant to co-trimoxazole (71.1%; 54/76). In addition, co-
trimoxazole resistance was significantly more frequent in pneu-
mococci with non-susceptibility to penicillin (82.1%; 46/56) than in
fully penicillin-susceptible isolates (40.0%; 8/20) (P < 0.001).

Rates of resistance to azithromycin, erythromycin, chloram-
phenicol, tetracycline and clindamycin were 22.4% (17/76), 21.1%
(16/76), 18.4% (14/76), 14.5% (11/76) and 10.5% (8/76), respectively.
All isolates were susceptible to levofloxacin. Approximately one-
quarter of the isolates (26.3%; 20/76) were MDR. Vaccine-type S.
pneumoniae were resistant to more classes of antibiotics compared
with non-vaccine serotype S. pneumoniae [median of 3 (range 3–5)
vs. 2.5 (range 0–5); P = 0.03] and were more frequently resistant to
erythromycin (33.3% vs. 7.1%; P = 0.011), azithromycin (33.3% vs.
10.7%; P = 0.031), clindamycin (19.0% vs. 0.0%; P = 0.014) and
tetracycline (23.8% vs. 0.0%; P = 0.005). Although vaccine serotype
isolates displayed significantly higher MICs to penicillin (median,
0.19 mg/mL; range, 0.002–1.5 mg/mL) compared with non-vaccine
serotype isolates (median, 0.125 mg/mL; range, 0.012–0.25 mg/mL)
(P = 0.003), there were no significant differences in the proportions
of isolates with non-susceptibility to penicillin. Neither co-
trimoxazole MICs nor the proportion of co-trimoxazole resistance

was significantly different between vaccine and non-vaccine
serotypes.

3.4. Mutations in dihydrofolate reductase (DHFR)

Among the 61 S. pneumoniae isolates with a co-trimoxazole
MIC > 2 mg/mL, 49 were successfully sequenced and had nucleo-
tide sequences available for analysis.

Co-trimoxazole-resistant isolates carried from 1 to 11 different
mutations in the DHFR gene, with the majority (71.4%; 35/49)
having 5 to 9 mutations (Table 2). The most common mutations
conferring resistance to trimethoprim were substitution of
Ile100Leu (100%), Glu20Asp (91.8%), Glu94Asp (61.2%), Leu135Phe
(57.1%), His26Tyr (53.1%), Asp92Ala (53.1%) and His120Gln (53.1%)
(Table 3). There was no difference in the number of mutations in
the DHFR gene between vaccine and non-vaccine serotype
pneumococci (median, 5.5; range, 0–11 for both; P = 0.4). There
was no significant association between co-trimoxazole MICs and
the number or types of mutations observed.

4. Discussion

This study demonstrated that S. pneumoniae isolated from the
nasopharynx of HIV-infected adults were frequently resistant to
commonly prescribed antibiotics in resource-limited settings.
Approximately one-quarter of the isolates were MDR bacteria. The
non-susceptibility of S. pneumoniae to penicillin and co-trimox-
azole is worrisome as these antibiotics are commonly used as first-
line treatment for pneumococcal pneumonia in resource-con-
strained countries.

The high rate of co-trimoxazole-resistant S. pneumoniae
colonizing the nasopharynx observed in this study is in line with
findings from HIV-infected populations in Tanzania [9] and other
resource-limited settings [19,20]. Co-trimoxazole is widely
available over the counter in resource-constrained counties.
Irrational use of co-trimoxazole could possibly explain the
observed finding. Previous studies have indicated that co-
trimoxazole use increases the risk of carriage of co-trimoxazole-
resistant S. pneumoniae [21–23].

Previous studies have found that trimethoprim resistance
mutations, more than sulfamethoxazole resistance mutations, are
correlated with resistance to trimethoprim/sulfamethoxazole (co-
trimoxazole) [15]. In the current study, the DHFR genes of co-
trimoxazole-resistant S. pneumoniae (n = 49) were sequenced to
determine alterations in the chromosomal DHFR gene conferring
pneumococcal resistance to trimethoprim. Overall, substitutions
were detected in up to 11 amino acid positions; these substitutions
were far fewer than those reported previously among 68
trimethoprim-resistant S. pneumoniae in North America [16].
Previous studies have demonstrated that substitution of Ile100Leu
is critical for development of trimethoprim resistance in S.
pneumoniae [15,17,24]. In the current study, it was also found that
all sequenced co-trimoxazole-resistant pneumococcal isolates had
the same mutation of Ile100Leu. Mutations at other locations are
thought to increase the MIC of trimethoprim [17]. Mutations of
Glu20Asp (91.8%), Glu94Asp (61.2%) and Leu135Phe (57.1%) were
also frequently found as documented previously [16,25]. A recent
study in Malawi [17] reported that mutation at residue 92 without
substitution of Ile100Leu was associated with an increase MIC of
trimethoprim-resistant pneumococci. In the current study, a
number of isolates with substitution at residue 92 were found,
but all of them also had the Ile100Leu mutation. This study did not
investigate the mechanism of resistance to sulfamethoxazole, the
other ingredient of trimethoprim/sulfamethoxazole (co-trimox-
azole). However, the study confirmed the high prevalence of
known resistance mutations in the DHFR gene associated with

Fig. 1. Serotypes distribution among nasopharyngeal Streptococcus pneumoniae
isolates from HIV-infected adults in Tanzania (n = 76).
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trimethoprim resistance in S. pneumoniae isolates. Hence, co-
trimoxazole might not be effective to treat pneumococcal infection
in HIV-infected individuals.

The rate of penicillin-non-susceptibility in isolates of S.
pneumoniae (73.7%) in the current study is comparable with that
found among children in the pre-PCV era (67.8–69.2%) [9,10] and
post-PCV era (31–53%) [11] in Tanzania. However, in the current
study a much higher rate was found than in a recent study in Ghana
that reported only 25.9% of penicillin-non-susceptible S.

pneumoniae from the nasopharynx among HIV-infected individu-
als in the PCV era [19]. Although none of the S. pneumoniae isolates
had a high level of resistance to penicillin (>2 mg/mL), the current
finding questions the appropriateness of using penicillin for the
treatment of severe pneumococcal infections such as meningitis in
Tanzania. However, at high intravenous doses, it can still be used to
treat non-meningeal pneumococcal infections. Fully penicillin-
resistant S. pneumoniae have been reported elsewhere in Africa
[26,27]. Although they are currently uncommon in Tanzania, there
is need for continuous surveillance to monitor the emergence of
fully penicillin-resistant strains.

Interestingly, vaccine serotype isolates of S. pneumoniae
showed higher rates of resistance to erythromycin, azithromycin,
clindamycin and tetracycline. The background for this may be that
vaccine serotype were selected for use in vaccines because they
were quite virulent. With a history of such virulence, the ancestor
bacterium of the vaccine serotypes may have caused much illness
and elicited more antibiotic use, which in turn may have selected
for re-emerging drug resistance. Both tetracycline and macro-
lides, particularly erythromycin, have been used extensively as
they are oral medicines with broad-spectrum activity [28]. What
we see now may thus be the result of antibiotic use in the pre-
vaccine era. Our observation is similar to a previous study on
clinical isolates which found that vaccine serotypes displayed
more multidrug resistance compared with non-vaccine serotypes
[29].

The current findings are in line with other studies from different
populations of children in Tanzania [9–11] as well as studies from
Ghana and Cameroon of nasopharyngeal carriage in HIV-infected
adults [13,19] and children [26], which have reported low rates of S.
pneumoniae resistant to erythromycin in the PCV era.

The relatively low rates of resistance to azithromycin docu-
mented in this study are also comparable with the findings
reported previously in semi-urban settings in Tanzania [30,31]. In a
previous study conducted in Tanzania, mass administration of
azithromycin was found to correlate with an increased risk for
nasopharyngeal carriage of azithromycin-resistant S. pneumoniae
[32]. Based on the current findings, both azithromycin and
erythromycin could still be an option for non-severe S. pneumoniae
infections in HIV-infected patients. However, rational use of
macrolides needs to be advocated in the country, as observed in a
previous 6-month cohort study in central Tanzania [32].

5. Conclusions

Streptococcus pneumoniae isolated from HIV-infected adult
patients were frequently non-susceptible to penicillin and resis-
tant to co-trimoxazole. The majority of these isolates displayed
MDR traits. Most isolates carried multiple mutations in the DHFR
gene and all carried the Ile100Leu substitution.

Table 1
Distribution of Streptococcus pneumoniae resistance to various antibiotics in HIV-infected adult patients.

Antibiotic % (n) P-value*

All (n = 76) Vaccine serotype (n = 42) Non-vaccine serotype (n = 28) Non-typeable (n = 6)

Penicillin-non-susceptiblea 73.7 (56) 78.6 (33) 64.3 (18) 83.3 (5) 0.188
Co-trimoxazole-resistanta 71.1 (54) 76.2 (32) 67.9 (19) 50.0 (3) 0.442
Azithromycin-resistanta 22.4 (17) 33.3 (14) 10.7 (3) 0.0 (0) 0.031
Erythromycin-resistantb 21.1 (16) 33.3 (14) 7.1 (2) 0.0 (0) 0.011
Clindamycin-resistantb 10.5 (8) 19.0 (8) 0.0 (0) 0.0 (0) 0.014
Tetracycline-resistant b 14.5 (11) 23.8 (10) 0.0 (0) 16.7 (1) 0.005
Chloramphenicol-resistantb 18.4 (14) 21.4 (9) 7.1 (2) 50.0 (3) 0.108
Levofloxacin-resistantb 0.0 (0) 0 (0) 0 (0) 0 (0) –

a Determined by Etest.
b Determined by the Kirby–Bauer disk diffusion method.
* P-value for difference between vaccine and non-vaccine serotype isolates (χ2 test).

Table 2
Prevalence of mutations in and median co-trimoxazole minimum inhibitory
concentrations (MICs) of co-trimoxazole-resistant Streptococcus pneumonia isolates
(n = 49) from HIV-infected adult patients in Tanzania.

No. of mutations n (%) Median MIC (range)

1 2 (4.1) 3 (3–3)
2 2 (4.1) 19 (6–32)
3 2 (4.1) 4 (4–4)
4 2 (4.1) 5 (2–8)
5 5 (10.2) 8 (4–32)
6 9 (18.4) 16 (4–32)
7 8 (16.3) 5 (2–16)
8 9 (18.4) 3 (2–32)
9 4 (8.2) 3.5 (2–7)
10 2 (4.1) 10 (4–16)
11 4 (8.2) 7 (4–8)

Table 3
Types of mutation and median co-trimoxazole minimum inhibitory concentrations
(MICs) of co-trimoxazole-resistant Streptococcus pneumoniae isolates (n = 49) from
HIV-infected adult patients in Tanzania.

Mutation Prevalence
[n (%)]

Median MIC (range) (mg/mL) P-
value*

Mutation present Mutation absent

E20D 45 (91.8) 6 (2–32) 3 (3–32) 0.4
H26Y 26 (53.1) 6 (2–32) 4 (2–32) 0.7
P70L 5 (10.2) 4 (3–32) 6 (2–32) 0.5
P70S 17 (34.7) 4 (2–32) 6 (2–32) 0.2
A78T 16 (32.7) 4 (2–16) 6 (2–32) 0.06
Q81H 12 (24.5) 4 (2–32) 7 (2–32) 0.1
Q81Y 11 (22.4) 6 (2–8) 5 (2–32) 0.5
V83I 15 (30.6) 4 (2–32) 6 (2–32) 0.7
Q91H 5 (10.2) 8 (4–16) 4 (2–32) 0.3
D92A 26 (53.1) 6 (2–32) 4 (2–32) 0.9
D92V 3 (6.1) 4 (4–32) 5 (2–32) 0.7
D92G 13 (26.5) 7 (2–32) 4 (2–32) 0.9
E94D 30 (61.2) 6.5 (2–32) 4 (2–32) 0.2
I100L 49 (100.0) 6 (2–32) N/A –

H120Q 26 (53.1) 6 (2–32) 4 (2–32) 0.7
L135F 28 (57.1) 6.5 (2–32) 4 (2–32) 0.4

N/A, not applicable.
* Wilcoxon rank-sum test (Mann–Whitney).
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