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Objectives: We aimed to review and describe antimicrobial resistance (AMR) prevalence in humans, ani-
mals, and the environment in Ethiopia.
Methods: We conducted a structured review of literature on AMR in humans, animals, and the environ-
ment in Ethiopia from 2016-2020. We reported the pooled prevalence of AMR of bacterial pathogens in
all 3 sectors.
Results: We included 43 articles in our review. Only 5 studies evaluated AMR across multiple sectors. The
most common bacteria in humans were Escherichia coli, Klebsiella pneumoniae, and Staphylococcus aureus.
High prevalence of resistance to third-generation cephalosporins, fluoroquinolones, and sulfamethoxazole-
trimethoprim were seen in gram-negative organisms, often with >50% prevalence of resistance. High-
est resistance rates were seen in humans, followed by environmental isolates. Salmonella spp. exhibited
higher rates of resistance than previously reported in the literature. We found methicillin-resistant S. au-
reus (MRSA) in approximately half of S. aureus from the environment and a third from human isolates.
Few studies evaluated AMR across all 3 sectors.
Conclusion: Our review demonstrated high prevalence of AMR among bacteria in humans, animals,
and the environment in Ethiopia. Integrating a One Health approach into AMR surveillance as part of
Ethiopia’s national surveillance program will inform future implementation of One Health interventions.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious
Diseases.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction and mortality due to bacterial infections (Global Action Plan on

Antimicrobial Resistance2015a, Report to the Secretary-General

Antimicrobial resistance (AMR) is widely recognized as a global
problem, including in sub-Saharan African countries (Elton et al.,
2020, Gebretekle et al., 2020). Increasing rates of AMR render
many antibiotics ineffective and result in increased morbidity

* Corresponding author. Phone: 404-514-1586.
E-mail address: afujita@emory.edu (A.W. Fujita).
** Contributed equally

https://doi.org/10.1016/j.ijid.2022.03.041

of the United Nations IACG, 2019). Antimicrobial misuse and
overuse are attributed as drivers of increasing AMR worldwide,
compounded by additional challenges in low- and middle-income
countries (LMICs). In resource-limited areas, insufficient diagnostic
infrastructure and laboratory capacity, inconsistent AMR surveil-
lance, and inadequately resourced infection prevention and control
contribute to empiric antibiotic use on the basis of syndromic
approaches rather than microbiological data (Escher et al., 2021,
Gebretekle et al., 2020, Gebretekle et al., 2018). This has led to high
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rates of antibiotic consumption in LMICs (Gebretekle et al., 2020),
which create high selection pressure for resistant organisms.

In addition to human consumption, antibiotic use in food ani-
mals and agricultural crops are recognized as likely drivers of AMR
in low-resource settings (Rousham et al., 2018). Globally, >70% of
all antimicrobials are used in food animals, not only for treat-
ment of diseases but also for infection prophylaxis and growth pro-
motion (Van Boeckel et al.,, 2019). Transmission between humans
and animals can occur through consumption of contaminated food
of animal origin or direct contact with livestock (Rousham et al.,
2018, White and Hughes, 2019). Antibiotic resistance genes are
now considered an environmental pollutant, with exposure oc-
curring through human and animal waste released into the soil
and water, which are then used in agriculture (Manyi-Loh et al.,
2018, Zalewska et al., 2021). In LMICs, healthcare waste combined
with inadequately disinfected drinking water contribute to water
contaminated with drug-resistant bacteria (Rousham et al., 2018,
Talukdar et al., 2013). This complex interplay of AMR transmission
between humans, animals, and ecosystems underscores the need
for a One Health approach to better understand the mechanism of
transmission and mitigate its spread.

A One Health approach to AMR, which uses an interdisciplinary
approach to surveillance and implementation of programs, policies,
and research, is increasingly recognized as a vital component to
national and global AMR strategies (One Health Basics, 2018a)). In
2015, the World Health Organization (WHO) launched the Global
Antimicrobial Resistance Surveillance System (GLASS), a collabora-
tive effort to standardize AMR surveillance with the aim to inform
policies and infection prevention strategies (Global Action Plan on
Antimicrobial Resistance, 2015a). In Ethiopia, the Ethiopian Food,
Medicines, and Healthcare Administration and Control Authority
developed the “Strategy for the Prevention and Containment of
Antimicrobial Resistance” plan in 2015 (Strategy for the Preven-
tion and Containment of Antimicrobial Resistance for Ethiopia,
2015b). Then in 2017, they launched the Ethiopian Antimicrobial
Resistance Surveillance System, a standardized, laboratory-based
surveillance system and one of the first national efforts to combat
AMR (Ethiopia Antimicrobial Resistance Surveillance Annual Re-
port, 2020). More recently in December 2020, the Strategic Plan
was revised with particular attention to a One Health platform
(Ministry of Health MoA, 2020).

Since the implementation of Ethiopia’s AMR surveillance sys-
tem, substantial achievements have been made, including an ex-
panded surveillance network, collation of AMR surveillance data,
and increased laboratory capacity (Ethiopia Antimicrobial Resis-
tance Surveillance Annual Report, 2020). However, national AMR
surveillance in Ethiopia is currently primarily focused on humans,
and there remains a knowledge gap of AMR trends across animals
and the environment. Despite extensive interaction between the 3
sectors, few research studies have evaluated AMR through the lens
of One Health. Here, we provide a detailed, structured review of
the AMR literature published during 2016-2020 in Ethiopia to de-
scribe AMR rates across the One Health sectors.

Methods
Search Strategy

A structured literature search was performed using PubMed,
CINAHL, Global Health Database, AgriCOLA, Embase, and MEDLINE
online databases. We included all articles on AMR in Ethiopia
published in English from January 2016-October 2020. The lit-
erature search was conducted from October 6™-November 30t
2020, by 1 author (KW). The search strategy used the follow-
ing search string: (“antimicrobial resistance” OR “antibiotic re-
sistance” OR “drug resistance” OR “gram-negative” OR “gram-
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positive”) AND (“Escherichia coli “OR “E. coli” OR “Salmonella” OR
“Staphylococcus aureus “OR “Enterobacter cloacae” OR “Shigella “OR
“Methicillin-resistant Staphylococcus aureus” OR “Klebsiella pneumo-
niae “OR “Acinetobacter baumannii” OR “Streptococcus pneumoniae)”
AND (“foodborne infections” OR “healthcare infections”) AND (“an-
imal” OR “livestock” OR “cattle” OR “cows” OR “beef” OR “poul-
try” OR “chickens” OR “pig” OR “swine”) OR “human” OR “environ-
ment” OR “One Health”) AND (“Ethiopia”).

Selection Criteria

Articles were reviewed by a single reviewer according to
PRISMA guidelines. Full-text articles on AMR prevalence among
bacteria isolated from humans, animals, and animal products
(cows, pigs, and poultry), or the environment (swabs of surfaces
and objects in clinical settings, surfaces in community settings
including slaughterhouses, and water sources) in Ethiopia were
screened for inclusion. Publications were reviewed and included
if they reported AMR prevalence and information about sample
collection. Studies evaluating AMR from sources of bacterial col-
onization (eg, nares swabs and stool samples from asymptomatic
individuals) were excluded. Additionally, we excluded environmen-
tal samples collected from nonanimal food products (eg, juice and
fruit). After our initial literature review, we identified and added
3 additional environmental studies that were discussed and refer-
enced in another study. Publications reporting AMR for Mycobac-
terium tuberculosis or nonbacterial pathogens were excluded from
this review.

We assessed AMR in the following clinically relevant pathogenic
bacteria identified by the Global Antimicrobial Resistance Surveil-
lance System (GLASS organisms, Additional File 1): Escherichia
coli, Klebsiella pneumoniae, Acinetobacter spp., Staphylococcus
aureus/Methicillin-resistant Staphylococcus aureus (MRSA), Strepto-
coccus pneumoniae, Salmonella spp., and Shigella spp. Additionally,
we included Enterobacter spp., Serratia spp., Proteus spp., and Cit-
robacter spp. because there is concern of growing resistance among
these gram-negative organisms but excluded Neisseria gonorrhea,
which is limited to humans.

Data Extraction

Data extraction was performed by 1 author (KW) and reviewed
and confirmed by a second author (AWF). Data extracted included:
(i) article information (first author, year, city/region, and sample
source/host), (ii) study design (study approach, sample size, and
setting), and (iii) results (clinical syndrome/infection, sample site
[humans], sample source [animal and environment], organisms,
and rates of resistance).

Statistical analysis

Data were extracted by organism and sector (humans, animals,
and environment), and descriptive statistics were used for summa-
rizing frequencies and proportions. For calculating the prevalence
of AMR, we focused on resistance to antimicrobials prioritized by
GLASS (Additional File 1) (2015a). Confidence intervals for propor-
tions were used to estimate the pooled prevalence of AMR of each
organism-antibiotic combination, and this was reported separately
for humans, animals, and the environment, as well as overall. We
used oxacillin or cefoxitin resistance to determine the prevalence
of methicillin-resistant Staphylococcus aureus (MRSA). In our results
and main tables, we report the pooled prevalence of AMR among
the bacterial pathogens included. Resistance rates reported by in-
dividual studies are reported in Additional Files 2-4.
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Figure 1. Study selection process for literature review of AMR in humans, animals, and the environment in Ethiopia

Results

Initial literature search yielded a total of 1534 articles. After ex-
cluding 515 duplicates and 671 articles by screening titles and ab-
stracts that were not pertinent to AMR, 348 articles were reviewed
in full. An additional 308 articles were excluded because they did
not meet our selection criteria (Figure 1), leaving 40 articles in the
final data extraction. A total of 3 additional studies were later iden-
tified after reviewing references from included studies; thus, a total
of 43 studies were included in this review.

Study Characteristics

Of the 43 full-text articles included for review, all were cross-
sectional, most of which were retrospective. Studies were con-
ducted in 17 cities and 6 regions in Ethiopia, representing urban
and periurban areas (Figure 2). A total of 19 studies evaluated AMR
in humans, 14 studies in animals, and 13 studies in environmen-
tal samples. Only 5 studies evaluated AMR across multiple sec-
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tors, all of which were conducted in slaughterhouses or dairy farms
(Abdi et al., 2017, Abunna, 2017, Beyene et al., 2017, Garedew et al.,
2016, Takele et al., 2018).

Antimicrobial resistance rates in humans

A total of 19 studies evaluated bacterial AMR in humans. Most
studies were conducted in urban cities, predominantly in Addis
Ababa, Jimma, and Hawassa (Figure 2) and described AMR of
bacteria in a single, specific infectious syndrome, such as surgi-
cal site infections, urinary tract infections, otitis media, or diar-
rhea (Additional File 2) (Argaw-Denboba et al., 2016, Bitew Kifilie
et al., 2018, Deyno et al., 2017b, Gorems et al., 2018, Hailu, 2018,
Lamboro et al., 2016, Mamuye, 2016, Nigussie and Amsalu, 2017,
Shimekaw et al., 2020, Tadesse et al., 2018, Terfassa and Jida, 2018,
Teshome et al., 2019, Tsige et al., 2020). Only 1 study evaluated
AMR specifically in bloodstream infections (Arega et al., 2018). The
most frequently sampled sites for culture were urine (n = 1664,
29%), ear swabs (n = 1521, 25%), wounds (n = 1420, 25%), and stool
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Figure 2. Geographical locations of AMR studies conducted in Ethiopia between January 2016 and October 2020

(n = 752, 13%). Only 305 (5%) of all samples obtained were blood
cultures.

Most bacteria isolated were gram-negative organisms (80%),
most frequently E. coli (n = 676), Klebsiella spp. (n = 347), Pro-
teus spp. (n = 422), and Salmonella spp. (n = 97). Susceptibility
against broad-spectrum gram-negative antimicrobial agents such
as cefepime, piperacillin/tazobactam, and meropenem were infre-
quently tested for susceptibility, and only 20% of human samples
were tested for carbapenems. However, among the bacteria that
were tested, 20% (117/582) were carbapenem-resistant. When car-
bapenem susceptibility was assessed, resistance was observed in
Serratia spp. (n = 3, 60%), Enterobacter spp. (n = 20, 53%), Pro-
teus spp. (n = 3, 43%), Citrobacter spp. (n = 19, 38%), Klebsiella spp.
(n = 30, 18%), and E. coli (n = 19, 13%).

E. coli had high pooled prevalence of resistance to ciprofloxacin
(77%;  95% Cl: 74%-80%), sulfamethoxazole/trimethoprim
(SMX/TMP) (54%; 95% Cl. 50%-58%), ceftriaxone (46%; 95% CI:
42%-50%), and ceftazidime (29%; 95% Cl: 26%-33%) (Table 1).
Compared with E. coli, Klebsiella spp. had higher rates of resistance
to SMX/TMP (74%; 95% Cl: 69%-79%), ceftriaxone (66%; 95% Cl:
61%-71%), and ceftazidime (52%; 95% CI: 47%-58%) but lower rates
of resistance to ciprofloxacin (35%; 95% CI 30%-40%).

Most Salmonella species (97%) were obtained from stool speci-
mens, and only 2 were found in blood cultures. Data on serovars
were not available in most studies. Pooled estimates of Salmonella
spp. resistance to ciprofloxacin were 25% (95% CI 16%-34%) and
ceftriaxone 17% (95% CI 10%-25%).

Typical hospital-acquired gram-negative organisms, such as Cit-
robacter spp., Enterobacter spp., and Proteus spp., also demonstrated
high rates of AMR, especially to SMX/TMP, ceftriaxone, and amino-
glycosides (Table 1).

A total of 15 human studies identified Staphylococcus aureus
with a total of 1062 isolates, and we determined the pooled preva-
lence of MRSA to be 34% (95% CI 31%-36%) (Table 2). The pooled
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prevalence of S. aureus resistance to SMX/TMP was 49% (95% Cl
46%-52%) and ceftriaxone 28% (95% CI 25%-30%). Overall, few
studies tested S. aureus against vancomycin, daptomycin, linezolid,
doxycycline, or clindamycin.

Animicrobial resistance rates in animals

A total of 14 studies evaluated AMR in animals or food of an-
imal origin, including chickens (n = 5), cattle (n = 8), or both
(n = 1). We did not find any studies in Ethiopia assessing AMR
in pigs. Most studies evaluated bacteria isolated from food of an-
imal origin, such as milk, raw or cooked meat, and eggs. Animal
studies were conducted in 15 urban or periurban cities rather than
rural or pastoral regions. From a One Health perspective, 4 studies
tested for AMR in pathogens isolated from all 3 sectors (Abdi et al.,
2017, Abunna, 2017, Beyene et al., 2017, Garedew et al., 2016), and
1 study evaluated AMR in Salmonella isolated from both cattle and
human fecal samples (Takele et al., 2018).

In total 5237 samples were collected from animals or animal
products, and 700 samples (13%) tested positive for pathogenic
bacteria. Fewer types of bacteria were isolated and tested for AMR,
focusing primarily on E. coli/E. coli 0157:H7 (n = 297, 42%) and
Salmonella species (n = 274, 39%). Staphylococcus aureus was iso-
lated in 129 (18%) samples. Prevalence of carbapenem-resistant En-
terobacterales could not be calculated owing to lack of carbapenem
susceptibility testing performed in animal samples.

E. coli was the most common organism isolated from animals
and food of animal origin. High rates of resistance to SMX/TMP
were observed; however, lower resistance rates to fluoroquinolones
and third-generation cephalosporins were seen compared with E.
coli isolated from human clinical samples. The pooled prevalence
of resistance to SMX/TMP was 18% (95% CI 13%-22%), ceftazidime
10% (95% CI 7%-14%), ciprofloxacin 1.4% (95% CI 0%-3%), and ceftri-
axone 2% (95% CI 0%-4%) (Table 1).
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Pooled prevalence of AMR among Enterobacterales from humans, animals, and the environment.

Organism Sector Total Number Ceftriaxone Ceftazidime  Cefepime (%, ~Meropenem  Ciprofloxacin SMX/TMP (%, Gentamicin
Positive Cultures (%, 95% CI) (%, 95% CI) 95% CI) (%, 95% CI) (%, 95% CI) 95% CI) (%, 95% CI)
E. coli Humans 676 46 (42-50) 29 (26-33) 1(0-1) 6 (4-8) 77 (74-80) 54 (50-58) 36 (32-39)
Animals 297 2 (0.4-4) 10 (7-14) N/A N/A 1 (0-3) 18 (13-22) 3 (1-5)
Environment 254 13 (9-17) 9 (5-12) 31 (25-36) 18 (13-22) 35 (29-41) 38 (32-44) 26 (21-31)
Total 1227 28 (26-31) 20 (18-23) 7 (5-8) 7 (6-9) 50 (47-53) 42 (39-45) 26 (23-28)
K. pneumoniae Humans 97 43 (37-49) 44 (38-50) 0 5(2-8) 38 (32-45) 55 (49-62) 36 (30-42)
Animals 0 N/A N/A N/A N/A N/A N/A N/A
Environment 45 41 (27-55) 19 (7-30) 24 (11-36) 9 (1-17) 16 (6-27) 26 (13-39) 12 (3-21)
Total 142 42 (34-50) 36 (28-44) 7 (3-12) 6 (2-10) 31 (24-39) 46 (38-54) 28 (21-36)
Klebsiella spp. Humans 250 76 (71-81) 57 (51-63) 14 (9-18) 14 (9-18) 34 (28-40) 83 (78-87) 64 (58-70)
(not K. pneumoniae)
Animals 0 N/A N/A N/A N/A N/A N/A N/A
Environment 49 26 (14-39) 6 (-0.1-13) 6 (-0.1-13) 2 (-2-6) 14 (4-24) 37 (24-51) 29 (16-42)
Total 299 67 (61-72) 48 (42-53) 7 (4-10) 12 (8-15) 30 (25-36) 74 (69-79) 57 (52-63)
Proteus spp. Humans 422 82 (79-86) 3 (1-5) 4 (2-5) 1 (0-1) 11 (8-14) 83 (79-86) 21 (17-25)
Animals 0 N/A N/A N/A N/A N/A N/A N/A
Environment 22 N/A N/A N/A N/A N/A N/A N/A
Total 444 82 (79-86) 3 (1-5) 4 (2-5) 1 (0-1) 11 (8-14) 83 (79-86) 21 (17-25)
Salmonella spp. Humans 103 16 (9-23) 9 (3-14) N/A N/A 24 (15-32) 27 (19-36) 8 (3-14)
Animals 268 12 (8-16) N/A N/A N/A 8 (5-11) 46 (40-52) 8 (4-11)
Environment 15 N/A N/A N/A N/A N/A N/A N/A
Total 386 9 (6-11) 2 (1-4) N/A N/A 10 (7-13) 32 (28-37) 6 (4-9)
Citrobacter spp. Humans 158 44 (36-52) 19 (13-25) 5 (2-9) 12 (7-17) 16 (10-22) 58 (50-66) 26 (19-33)
Animals 0 N/A N/A N/A N/A N/A N/A N/A
Environment 37 19 (6-32) 5 (-2-13) 11 (1-21) 0 27 (13-41) 30 (15-44) 14 (2-25)
Total 195 39 (32-47) 16 (10-22) 6 (2-10) 10 (5-14) 18 (12-24) 53 (45-60) 23 (17-30)
Enterobacter spp. Humans 113 57 (48-66) 24 (16-32) 3 (0-6) 18 (11-25) 15 (9-22) 52 (42-61) 34 (25-42)
Animals 0 N/A N/A N/A N/A N/A N/A N/A
Environment 13 N/A N/A N/A N/A N/A N/A
Total 126 53 (45-62) 22 (14-29) 2 (0-5) 16 (10-22) 17 (10-23) 50 (41-58) 31 (23-39)
Shigella spp. Humans 55 20 (9-31) 22 (11-33) N/A N/A 29 (17-41) 37 (25-50) 9 (1-16)
Animals 10 N/A N/A N/A N/A N/A N/A N/A
Environment 15 N/A N/A N/A N/A N/A N/A N/A
Total 80 23 (14-33) 15 (7-23) N/A N/A 20 (11-29) 26 (16-35) 6 (1-11)

The pooled prevalence of AMR and 95% confidence intervals were calculated for each organism and antibiotic by sector and as an aggregated total. Pooled prevalence of
AMR was only calculated when the total number of positive cultures from a sector was >50. When susceptibility testing was not performed or when the sample size
was too small to calculate pooled prevalence, “N/A” was used to designate non-applicability. Acinetobacter spp. (n=39), Serratia spp. (n=15), and Streptococcus pneumoniae
(n=38) were excluded from the table, as their aggregated totals were <50. For full details of each study in our review, please see Additional Files 2-4.

Table 2

Pooled prevalence of AMR among Staphylococcus aureus isolates from humans, animals, and the environment.

Staphylococcus aureus Total Number

Pooled Cefoxitin 95% Confidence

Positive Cultures Resistance (n, %) Intervals

Humans 1062 357, 34% 31-36%
Animals 120 Not tested N/A

Environmental 240 128, 53% 47-60%

Community settings 61 21, 34% 22-46%

Hospital settings 179 107, 60% 53-67%

Total 1422 485, 37%* 35-40%

The pooled prevalence of MRSA and 95% confidence intervals were calculated for S. aureus isolates from humans,
animals, and the environment. Cefoxitin or oxacillin resistance were used as surrogates to determine prevalence
of MRSA. Environmental samples were further stratified by samples obtained from the community (e.g., slaugh-
terhouses and dairy farms) versus from hospital settings. We could not determine MRSA rates in animal sectors
as these studies did not report susceptibility testing for MRSA. For this reason, only human and environmental
samples were used to calculate the total pooled prevalence of MRSA.

Salmonella species were identified in 8 studies with a total of
274 isolates. Pooled prevalence of resistance against SMX/TMP was
34% (95% Cl 28%-39%) with lower rates of resistance observed
for ceftriaxone 6% (95% CI 3%-9%) and ciprofloxacin 5% (95% CI
3%-8%). However, we noted that susceptibilities against ceftriax-
one were only tested in 3 studies despite being a common alter-
native to fluoroquinolones for the treatment of severe Salmonella
disease.
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Staphylococcus aureus (n = 129) was identified in 2 studies and
all samples were collected from milk of dairy cattle. One of these
studies found that 62% of S. aureus isolates were resistant to ce-
foxitin (Sileshi and Munees, 2016). However, susceptibility testing
against oxacillin or cefoxitin was not consistently performed; thus,
pooled estimates of the prevalence of MRSA could not be calcu-
lated in animals. The study characteristics and AMR rates for indi-
vidual studies are shown in Additional File 3.
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Antimicrobial resistance rates in the environment

Thirteen studies evaluated AMR in environmental samples. We
included water sources, surfaces of clinical settings, and surfaces
of community settings and excluded swabs of human hands or
nonanimal food products (Additional File 4). Five studies used a
One Health approach by assessing AMR among bacteria from both
animal and environmental sources (Abdi et al., 2017, Abunna, 2017,
Beyene et al., 2017, Garedew et al., 2016, Takele et al., 2018). Four
studies included swabs of human hands in abattoir settings, which
offered a unique One Health perspective of AMR across the human-
animal-ecosystem interface.

A total of 1657 samples were collected, of which 906 (55%)
positive cultures yielded 1713 bacterial isolates. The most com-
mon pathogens isolated were E. coli (n = 254), followed by S.
aureus (n = 240) and Klebsiella spp. (n = 94) (Additional file 4).
Susceptibility to carbapenems was tested in fewer than half (44%)
of all gram-negative isolates; of these, carbapenem resistance was
identified in 38% of gram-negative bacterial isolates. Carbapenem
resistance was observed in Acinetobacter spp. (n = 29, 74%), Kleb-
siella spp. (n = 5, 50%), E. coli (n = 45, 28%), and Serratia spp.
(n =1, 25%).

Nearly all 184 samples from water sources had positive cultures,
all of which grew gram-negative organisms. A total of 255 bacte-
rial isolates were identified, and 75% were E. coli. Water samples
were collected from hospital wastewater systems, as well as from
abattoirs and downstream rivers in Addis Ababa (Belachew et al.,
2018, Takele et al., 2018, Tesfaye et al., 2019, Teshome et al., 2020).
Of 478 samples from surfaces in the community, 300 were swabs
from handles of city buses, where most positive cultures (54/66)
grew S. aureus. The remaining samples were obtained from sur-
faces from abattoirs or dairy farms, and Shigella (n = 15), S. au-
reus (n = 7), and Salmonella (n = 3) were isolated. From hospi-
tal settings, the most common organisms isolated were S. aureus
(n = 179), Klebsiella spp. (n = 60), and E. coli (n = 54), followed
by other nosocomial gram-negative organisms such as Acinetobac-
ter spp, Citrobacter spp, and Serratia spp (Table 2).

Among 254 positive cultures with E. coli, pooled prevalence
of resistance was highest for SMX/TMP (38%; 95% Cl: 32%-44%),
ciprofloxacin (35%; 95% Cl: 29%-41%), and cefepime (31%; 95% CI
25%-36%). For Klebsiella spp. (n = 94), the pooled prevalence of re-
sistance for ceftriaxone was 33% (95% Cl 24%-43%) and SMX/TMP
was 32% (95% Cl 22%-41%).

In total, S. aureus was isolated from 240 positive cultures,
and the pooled prevalence of MRSA was 53% (95% CI 47%-60%)
(Table 2). When stratified by community versus hospital settings,
MRSA prevalence was 34% among S. aureus isolated from the com-
munity versus 60% from hospital surfaces.

Salmonella was only identified in 15 bacterial isolates from wa-
ter sources and a dairy farm. Susceptibility testing to antibiotics
were inconsistent and low in frequency; however, when tested,
there was no resistance reported to ciprofloxacin or ceftriaxone
from these environmental samples.

Discussion

Our review of the AMR literature in Ethiopia revealed high
prevalence of resistance to common and clinically important an-
timicrobials among GLASS priority pathogens (Global Action Plan
on Antimicrobial Resistance, 2015a). Our broad overview included
studies from diverse regions across Ethiopia and included a wide
range of samples obtained from humans, animals, and the envi-
ronment. We identified a notable gap in the AMR literature of
studies with an integrated, One Health approach to surveillance in
Ethiopia, with only 5 studies describing AMR across all 3 sectors
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(Abdi et al., 2017, Abunna, 2017, Beyene et al., 2017, Garedew et al.,
2016, Takele et al., 2018). Previous studies in Ethiopia have focused
on only a single pathogen, a particular clinical syndrome, or only 1
or 2 One Health sectors. More recently, a systematic review and
meta-analysis of AMR was published in Ethiopia through a One
Health lens (Gemeda et al, 2021). However, authors focused on
bacteria in the animal-source food chain; thus, only food handlers
were included for human samples. Our literature review is unique
in that it included studies of human clinical samples along with
animal and environmental studies in Ethiopia.

Nearly all animal studies were conducted in urban and periur-
ban areas (Figure 2) and included animal husbandry systems, com-
posed mostly of dairy cattle and poultry. The absence of studies
in pigs is possibly because pork consumption is less common in
Ethiopia. Although intensive dairy cattle constitute only a small
portion of the nation’s cattle, this sector is important because it
represents a population with better access to pharmacies and vet-
erinary care, which may lead to greater exposure and risk to AMR.

For this review, we focused on priority antimicrobials identi-
fied by GLASS according to its Access, Watch, Research (AWaRe)
classification system (Additional File 1) (Sharland et al., 2018). An-
timicrobials classified as “Access” are those used to treat common,
susceptible bacteria and are expected to have low rates of resis-
tance. Those in the “Watch” group have higher rates of resistance
and are recommended to be prioritized in surveillance and stew-
ardship programs. Finally, the “Reserve” group of antimicrobials are
those that should be reserved to treat multidrug-resistant organ-
isms. We found high resistance rates among 5 antibiotics in the
AWaRe “Access” group and 8 in the “Watch” group, emphasizing
the importance of not only AMR surveillance programs but also of
implementation of antibiotic stewardship programs.

Antimicrobial susceptibility testing appeared to be inconsistent
and disproportionately low in animal and environmental isolates
compared with humans. In many animal and environmental iso-
lates, pooled prevalence of resistance could not be calculated due
to lack of susceptibility data, highlighting a gap in AMR data in
the animal and environmental sectors. We observed that in many
cases, clinically irrelevant antibiotics were tested for susceptibility,
whereas other clinically important antibiotics were not. In addi-
tion to increased laboratory capacity and support for susceptibility
testing, AMR surveillance would benefit from standardized proce-
dures or panels for susceptibility testing for different categories of
pathogens.

Susceptibility testing against carbapenems was exceedingly low
across all sectors, which is problematic given the growing con-
cerns of carbapenemase-producing bacteria in sub-Saharan Africa
(Manenzhe et al,, 2015). True rates of carbapenem resistance in
this region are difficult to ascertain owing to lack of carabapenem
susceptibility testing. However, in isolates where testing was per-
formed, the pooled prevalence of carbapenem resistance was as
high as 20%. Increased and consistent susceptibility testing to car-
bapenems should be performed to identify prevalence and trends
of carbapenem-resistant Enterobacterales.

Regarding distribution and types of culture samples, we found
low numbers of blood cultures, with only 5% of all cultures con-
sisting of blood. Cultures of sterile sites can offer important micro-
biological information because these typically represent true infec-
tions; whereas, cultures obtained from wounds and urine can rep-
resent colonization or contamination and are difficult to interpret
in the absence of clinical data.

We found higher rates of MRSA among S. aureus isolates in the
environment compared with humans (53% vs 34%). However, when
environmental samples were stratified by hospital and community
settings, we discovered higher rates of MRSA from hospital set-
tings (60% vs 34%), mostly from hospital surfaces and equipment,
suggesting a need for improved and thorough cleaning practices
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to reduce surface contamination with AMR organisms in health-
care settings. In a One Health study by Beyene, T et al, S. aureus
was isolated from dairy milk, beef, human hand swabs, and equip-
ment at dairy farms and abattoirs, demonstrating possible trans-
mission of organisms between humans, animals, and the environ-
ment (Beyene et al., 2017). Both settings suggest that AMR trans-
mission between One Health sectors may occur owing to inade-
quate hygiene during points of contact, such as touching hospital
surfaces or during milking or slaughtering of animals. Our review
found MRSA rates to be comparable with the pooled prevalence of
methicillin resistance (47%) noted in a meta-analysis of S. aureus
resistance in Ethiopia (Deyno et al., 2017a). High MRSA rates are
concerning as infections caused by MRSA have limited treatment
options and have been shown to have worse clinical outcomes, in-
cluding longer hospitalizations and higher mortality (Bassetti et al.,
2012, Cosgrove et al., 2005). To mitigate the spread of MRSA be-
tween the 3 sectors, we recommend improved cleaning protocols
of hospital surfaces and increased education about hand hygiene in
dairy farms and slaughterhouses.

Although the studies with a true One Health approach were
few, they showed the interconnection of the 3 domains, primar-
ily in abattoirs, dairy farms, and butcher shops. In these stud-
ies, samples were taken from human hands, animals or animal
products, and environmental surfaces and showed similar organ-
isms or resistance (Abdi et al., 2017, Abunna, 2017, Beyene et al.,
2017, Garedew et al., 2016, Takele et al., 2018). This suggests the
potential circulation of AMR isolates among the human-animal-
environment domains, which may have serious impact on hu-
man and animal health. Risk factors for AMR organisms in an-
imals varies depending on the type of production system, but
prophylactic antibiotics in animal feed and water may contribute
to the development of AMR, which could be transmitted to hu-
mans through consumption of animal products containing antibi-
otic residue. However, little research has been done in Ethiopia to
assess the impact of prophylactic antibiotics on the development of
AMR in farm settings. Additionally, studies that prospectively col-
lect samples from multiple sectors simultaneously are needed to
inform future areas for intervention to reduce AMR transmission.

Studies that identified drug-resistant organisms in hospital
wastewater systems suggest that healthcare-acquired resistance
could be transmitted into the community and environment
through wastewater (Belachew et al,, 2018, Tesfaye et al., 2019,
Teshome et al., 2020). Environmental exposure to antimicro-
bials has adverse effects on environmental and human health,
and a recent global study of pharmaceutical pollution in rivers
across 104 countries revealed high concentrations in sub-Saharan
Africa, South Asia, and South America (Wilkinson et al., 2022).
Rivers with highest rates of pharmaceutical contamination were
in LMICs where wastewater management infrastructure is poor
(Wilkinson et al., 2022). In fact, Addis Ababa, Ethiopia had the third
highest concentration of pharmaceutical pollution in rivers in the
world (Wilkinson et al., 2022). Future studies should sample not
only wastewater systems within the hospital but also in the com-
munity near or around the hospital and from rivers downstream
from the hospital, which would substantiate the One Health con-
cept of AMR transmission between humans in the healthcare set-
ting, agricultural crops, and livestock through contaminated water.

E. coli and Klebsiella spp. were the most common gram-negative
organisms isolated, and both exhibited high rates of AMR to third-
generation cephalosporins, fluoroquinolones, and SMX/TMP. A re-
cent One Health review of AMR in Cameroon found similarly high
rates of AMR in Enterobacterales isolated from hospital settings
(Mouiche et al., 2019). There has been growing attention to drug-
resistant gram-negative organisms, including those with extended-
spectrum beta-lactamases (Abayneh and Worku, 2020), which
render many commonly used antibiotics ineffective. For example,
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previous evidence showed that using piperacillin-tazobactam to
treat patients with E. coli or K. pneumoniae bacteremia with cef-
triaxone resistance had poorer outcomes than those treated with
carbapenems (Harris et al., 2018). In LMICs, where broad-spectrum
antibiotics such as carbapenems may be unavailable, options to
effectively treat resistant gram-negative infections may be limited.

Multidrug-resistant Salmonella is an increasing global concern
and has been reported in sub-Saharan Africa, including Ethiopia.
In our review, Salmonella spp. were primarily isolated from fe-
cal specimens, and only 2 of 305 blood cultures grew Salmonella.
In the most recent Typhoid Fever Surveillance in Africa Program,
blood cultures from 847 febrile patients from Butajira, Ethiopia
over 2 years revealed only 3 cases of invasive Salmonella dis-
ease, all S. typhi with no resistance to cephalosporins, fluoro-
quinolones, or SMX-TMP (Marks et al., 2017). In contrast, our re-
view showed higher pooled prevalence of resistance to antibiotics
commonly used to treat Salmonella disease in humans, including
ciprofloxacin, ceftriaxone, and SMX-TMP. Lower rates of resistance
to ceftriaxone and fluoroquinolones were seen in animals; how-
ever, resistance to SMX-TMP remained high at >30% (Figure 3c).
This suggests that there may be variance in AMR prevalence in
Salmonella spp. reported in the literature and to be suspicious of
single reports of pansusceptibility of Salmonella with small sample
sizes per study and a wide range of resistance rates reported in
Ethiopia.

Our review has several limitations. A known limitation of One
Health AMR research is the lack of studies evaluating all 3 sectors
simultaneously. Without integrated AMR data across all 3 sectors,
it is difficult to assess the true prevalence of AMR, the direction-
ality of transmission, and how to effectively combat resistance at
the human-animal-environment interface (Rousham et al., 2018).
Prospective studies sampling human, animal, and environments si-
multaneously are needed; however, this is resource-intensive and
logistically challenging, especially in resource-limited settings.

Another limitation is that our initial search did not include
small ruminants such as sheep and goats. However, when re-
examining the literature for AMR studies in Ethiopia in sheep and
goats, only a few studies were carried out during our search period
(Abreham et al., 2019, Messele et al., 2017).

Finally, all human samples were obtained from hospitalized pa-
tients in clinical settings, which may create bias toward including
patients with nosocomial infections. In these settings, cultures may
only be obtained after prolonged hospital courses when patients
have not improved on empiric antibiotics, thus selecting out for
patients with higher rates of drug-resistant organisms. However,
this approach is difficult to avoid, as gathering AMR data in hu-
mans usually occurs in clinical settings, and we aimed to avoid
collecting data from asymptomatic individuals with bacterial col-
onization.

On the basis of our review, there are several opportunities
for future AMR research with a One Health approach. First, we
need to identify barriers to routine cultures and antibiotic sus-
ceptibility testing in not only human clinical settings but also in
veterinary medicine and agricultural sectors. Susceptibility test-
ing with appropriate antibiotics should be standardized with pro-
tocols and discussed with clinicians to test for the most clini-
cally relevant antibiotics. Second, additional studies from animals
and the environment (particularly agriculture, aquaculture, live an-
imal markets, and small ruminants) are needed. These were under-
represented in our review and would offer greater generalizabil-
ity of the AMR data. Third, prospective studies with a One Health
approach—integrating collection of AMR data from all 3 sectors
simultaneously—would provide important surveillance information
and help us to better understand AMR transmission across sectors.

Fourth, it is imperative that we gain additional knowledge
about antibiotic-prescribing practices among physicians and veteri-
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narians, as well as usage among livestock owners. Despite the lim-
ited AMR data in Ethiopia, the existing data show increasing AMR
prevalence to commonly used empiric antibiotics. The WHO has
published a methodology for conducting point prevalence surveys
on antibiotic use in hospitals (WHO methodology for point preva-
lence survey on antibiotic use in hospitals, 2018b); however, addi-
tional information on antibiotic consumption in the animals would
inform policies on antimicrobial stewardship across all sectors.

Ethiopia has already established a national surveillance program
with increased support and funding for laboratory capacity, and
the revised Antimicrobial Resistance Prevention and Containment
Strategic Plan prioritizes a One Health approach. Our review is
aligned with its second strategic objective, which is to strengthen
the knowledge and evidence on antimicrobial use and resistance
through surveillance (Ministry of Health MoA, 2020). We found
high pooled prevalence of AMR in bacteria from humans, animals,
and environmental samples in Ethiopia, but we identified gaps in
AMR data from animal and environmental sectors. There is a no-
ticeable lack of studies that use a One Health approach to col-
lecting and reporting AMR data across all 3 sectors. Next steps to
optimizing a One Health approach would be to develop standard-
ized protocols for antimicrobial susceptibility testing in not only
humans but also animals and environmental samples. This will
support future AMR surveillance by making routine cultures and
susceptibility testing more efficient and clinically relevant. Future
AMR interventions and policies should prioritize representation
from all stakeholders, including the environmental sector, which
has historically been under-represented (Essack, 2018, Khan et al.,
2018). As Ethiopia carries out its “Strategy for the Prevention and
Containment of Antimicrobial Resistance,” a collaborative effort
among all 3 sectors will be crucial to a One Health approach to
AMR surveillance. Integrating AMR surveillance from humans, ani-
mals, and the environment is key to understanding mechanisms of
transmission and will inform future implementation of One Health
interventions to combat AMR across all 3 sectors.
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