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a b s t r a c t 

Antimicrobial resistance (AMR) is one of the most pressing public health concerns; therefore, it is im- 

perative to advance our understanding of the factors influencing AMR from Global and One Health per- 

spectives. To address this, Aeromonas populations were identified using 16S rRNA gene libraries among 

human, agriculture, aquaculture, drinking water, surface water, and wastewater samples, supporting its 

use as indicator bacteria to study AMR. A systematic review and meta-analysis was then performed from 

Global and One Health perspectives, including data from 221 articles describing 15 891 isolates from 

57 countries. The interconnectedness of different environments was evident as minimal differences were 

identified between sectors among 21 different antimicrobials. However, resistance to critically important 

antibiotics (aztreonam and cefepime) was significantly higher among wastewater populations compared 

with clinical isolates. Additionally, isolates from untreated wastewater typically exhibited increased AMR 

compared with those from treated wastewater. Furthermore, aquaculture was associated with increased 

AMR to ciprofloxacin and tetracycline compared with wild-caught seafood. Using the World Health Orga- 

nization AWaRe classifications, countries with lower consumption of “Access” compared to “Watch” drugs 

from 20 0 0 to 2015 demonstrated higher AMR levels. The current analysis revealed negative correlations 

between AMR and anthropogenic factors, such as environmental performance indices and socioeconomic 

standing. Environmental health and sanitation were two of the environmental factors most strongly cor- 

related with AMR. The current analysis highlights the negative impacts of “Watch” drug overconsumption, 

anthropogenic activity, absence of wastewater infrastructure, and aquaculture on AMR, thus stressing the 

need for proper infrastructure and global regulations to combat this growing problem. 

Published by Elsevier Ltd. 

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 

Antimicrobials have undoubtedly revolutionized modern 

edicine. However, their imprudent application has propelled 

he rapid evolution of a natural phenomenon, antimicrobial re- 

istance (AMR), amongst human and animal pathogens [1] . To 

eet the demands of an ever-increasing global human population, 

ntimicrobial use remains on the rise. Between 20 0 0 and 2015, 

orldwide antimicrobial consumption increased by 65% to 34.8 

illion defined daily doses (DDD) [2] . Up to 90% of an antimicro- 
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ial dose may be excreted, unchanged, through feces and urine 

3] , where it can then interact with non-target microorganisms. 

ith 1.7 billion people lacking basic sanitation, and over 10% of 

he world irrigating crops with wastewater [4] , AMR transmission 

an occur between interconnecting ecosystems in many natural 

ystems [ 5,6 ]. Additionally, multidrug-resistant strains in human 

nd animal feces [ 7,8 ] are released into the environment and are 

nother significant public health risk. 

Increased international travel has ‘decreased the distance’ 

etween humans and, accordingly, the microbes associated with 

hem [9] . Emerging forms of AMR, including those from diverse 

quatic and terrestrial habitats, foodstuffs, and water resources 

rom vastly disparate nations, territories, and socioeconomic strata, 

re rapidly spreading around the world [10] . The myriad of settings 
D license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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n which new AMR variants arise necessitates a greater under- 

tanding of natural, agricultural, and human-impacted systems. 

hus, multifaceted approaches must be taken by researchers and 

eaders alike to address this issue. In response, holistic approaches, 

uch as One Health and Global Health, are now regularly employed 

o understand AMR [11] . 

Multidisciplinary and multisectoral concepts enable collabora- 

ion to develop comprehensive mitigation strategies for complex 

ational and global health threats [12] . One strategy implemented 

y the World Health Organization (WHO) has been to classify the 

HO Essential Medicines List of therapeutic antibiotics against 26 

ommon clinical infections of children into three “AWaRe” cate- 

ories (A: Access; Wa: Watch; Re: Reserve), based on their poten- 

ial to induce and disseminate AMR. The goal is to prescribe more 

arrow-spectrum Access drugs as first and second choice against 

ommon pathogens, instead of higher resistance potential Watch 

nd last-resort Reserve drugs. It is suggested that the latter drugs 

e closely monitored and used only for a limited number of se- 

ere infections [13] . The ratio of Access drugs to Watch drugs, 

nown as the A:Wa index, can be used in national action plans 

or antimicrobial stewardship [14] . Application of these concepts to 

idespread AMR requires an equally omnipresent but tractable in- 

icator species. A species found ubiquitously in multiple intercon- 

ected ecosystems is ideal to enable further understanding of an- 

ibiotic resistance genes (ARGs) transmission dynamics. Escherichia 

oli is a common indicator species used to monitor AMR, but the 

se of multiple indicators would strengthen the understanding of 

MR dynamics and movement among environments. The genus 

eromonas has emerged as a potential candidate [15] because it 

ives in both natural and host-associated environments. The genus 

eromonas consists of oxidase-positive, Gram-negative, facultative 

naerobic bacilli that commonly live in freshwater, wastewater, es- 

uarine, and marine ecosystems; some members infect a broad 

ange of host taxa from cold- to warm-blooded animals, including 

umans [16] . 

Aeromonas are common pathogens to both farm-raised and wild 

sh, and cause diseases such as furunculosis and septicemia [17] . 

hese infections vary from acute to chronic, and can spread rapidly, 

epleting fish populations [ 18,19 ]. While the environmental im- 

act alone is substantial, human reliance on wild and aquacul- 

ure seafood reserves means that Aeromonas spp. pose serious risks 

o global economies and food stocks [18] . The aquatic nature of 

eromonas spp. also provides potential for human contact and in- 

ection. Aeromonas- related disorders in humans include gastroen- 

eritis, septicemia, necrotizing fasciitis, and myonecrosis, and are 

ignificant challenges for healthcare systems [18] , particularly in 

he context of resistance to treatments. 

Aeromonas spp. are common in wastewater [ 20,21 ], and within 

iofilms lining sewer pipes [22] , and are often exposed to antimi- 

robials and other stressors, potentially increasing horizontal gene 

ransfer (HGT) of ARGs [23] . The presence of AMR in Aeromonas re- 

iding in environmental, clinical and agricultural ecosystems, and 

he involvement of Aeromonas with intra- and inter-species HGT, 

osition it as an indicator species that could expand the under- 

tanding of AMR dynamics [24] . Although interconnected ecosys- 

ems are pivotal in the global transmission of AMR [11] , there is 

 lack of holistic studies of bacteria in these ecosystems that also 

onsider economic, infrastructural, and ecopolitical factors and an- 

imicrobial consumption at national level. 

With its ubiquity in the aquatic and anthropogenic-impacted 

nvironments, ease of culture in the lab, resistance to critical an- 

imicrobials, intra- and inter-species horizontal genetic exchange, 

nd pathogenicity throughout the animal kingdom, Aeromonas of- 

ers a strong and important indicator bacteria for surveillance of 

MR transmission dynamics from a One Health perspective [15] . 

he aim of this study was to apply Aeromonas as an indicator 
2 
pecies for analysing global AMR patterns from a One Health per- 

pective and to examine its AMR patterns in relation to environ- 

ental and socio-economic factors. To address this aim, the dis- 

ribution of Aeromonas in 16S rRNA gene libraries derived from 

nvironments considered to be significant contributors to the de- 

elopment of AMR was examined. This distribution of Aeromonas 

as compared to that of E.coli , a typical AMR indicator, to support 

ts utility in this role. A systematic review and meta-analysis was 

hen performed of articles published between January 20 0 0 and 

ecember 2020 containing AMR data against AWaRe drugs among 

eromonas spp., with a focus on isolates from sectors including 

linical, wastewater, surface and drinking water, seafood, and agri- 

ulture. The objectives were: 1) To assess whether various sectors 

ssociated more strongly with specific resistance patterns; 2) To 

dentify if Gross National Income (GNI) is associated with AMR; 3) 

o determine the impact of wastewater infrastructure and aquacul- 

ure on AMR; 4) To provide the first assessment of antimicrobial 

tewardship by comparing the change in a country’s AWaRe in- 

ex scores from 20 0 0 to 2015 to AMR levels; and 5) To determine

hether environmental policy correlates with AMR. Together, this 

ork provides a comprehensive analysis of AMR among Aeromonas 

opulations globally from a One Health perspective and identifies 

otential targets to combat AMR. 

. Methods 

.1. 16S rRNA gene sequence dataset processing 

Proportions of Aeromonas and Escherichia/Shigella in each sam- 

le from three datasets (Supplemental Methods) were calculated 

s the number of reads of the V4 region of the 16S rRNA gene 

ssigned to the genus divided by the total number of reads in 

he corresponding sample. In total, 10 229 samples were obtained 

or further analyses. For all compiled data, the mean and stan- 

ard deviations of Aeromonas and Escherichia/Shigella relative pro- 

ortions were calculated with R v.4.1.0 [25] . Plots were generated 

ith the R package ggplot2 [26] . Code, sample information, and 

SV taxonomy and abundances are available on GitHub: https: 

/github.com/NewtonLabUWM/Aeromonas _ metanalysis . For a list of 

ll SRA records included in the analysis see Supplemental Dataset 

. SRAList. 

.2. Search Method 

As shown in Figure 2 , this systematic review and meta-analysis 

as achieved in accordance with the PRISMA (Preferred Reporting 

tems for Systematic Reviews and Meta-Analyses) guidelines [27] . 

elevant sources were identified on the Web of Science (WOS) and 

ubMed databases using Boolean operators (AND/OR) and search 

erms that encompass six major themes: agriculture, seafood, clin- 

cal infections, drinking water, surface water, and wastewater. Each 

heme was searched individually to group relevant articles for 

yntheses. The search for every environment included the gen- 

ral search terms “aeromonas” AND (“antimicrobial resistance”

R “antibacterial resistance” OR “multi-drug resistance” OR “anti- 

icrobial” OR “anti-bacterial” OR “drug resistant” OR “antibiotic 

esistance” OR “antibiotic resistant”) followed by AND with more 

pecific environmental search terms – agriculture: “agriculture” OR 

crops” OR “animals” OR “cattle” OR “ruminants” OR “meat” OR 

food” OR “ready-to-eat” OR “abattoir” OR “chicken” OR “lamb” OR 

pig” OR “cow” OR “mutton” OR “vegetable” OR “fruit” OR “poul- 

ry” OR “sprouts” OR “lettuce” OR “market”; surface water: “lake”

R “river” OR “surface water” OR “pond” OR “freshwater” OR “fresh 

ater” OR “swimming” OR “pool”; wastewater: “wastewater” OR 

hospital sewage” OR “sewage” OR “waste water”; clinical: “clini- 

al” OR “diarrhea” OR “stool” OR “pneumonia” OR “gastroenteritis”

https://github.com/NewtonLabUWM/Aeromonas_metanalysis
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R “septicemia” OR “bacteremia” OR “wound”; seafood: “fish” OR 

aquaculture” OR “seafood” OR “shrimp” OR “sushi” OR “oysters”

R “scallops” OR “salmon” OR “food” OR “ready-to-eat”; drinking 

ater: “drinking water” OR “well water” OR “tap water” OR “water 

istribution” OR “municipal” terms. 

Primary and secondary database searches were performed in- 

ependently by two separate researchers for each environmental 

heme to minimize the possibility of overlooking relevant articles. 

ublication date limits were set as January 1 st , 2001, and Decem- 

er 31 st , 2020. As this study was conducted from a One Health and

lobal Health perspective, no limits were set for geographical re- 

ion during the literature search. Abstracts that reported original 

esearch on Aeromonas or Gram-negative bacteria in the context of 

he environmental theme being searched, as well as possible an- 

ibiotic susceptibility testing, were selected for further investiga- 

ion. Disagreements about the inclusion of articles in the meta- 

nalysis were resolved by consensus or third-party consultation 

hen consensus was not achieved. These initial WOS and PubMed 

earches produced numerous articles for each environment. From 

hese lists, full-text links were obtained using WOS, PubMed, and 

oogle Scholar databases as well as by contacting authors directly. 

.3. Selection Process 

Articles that met the initial screening criteria were subjected 

o full-text review with more stringent exclusion criteria. All cri- 

eria were required to be met before the article was considered 

or review. Articles were retained if the reviewers were able to 

nd the full-text articles, published in English, with clearly de- 

ned methods for isolation and identification of Aeromonas . Iden- 

ification based on biochemical tests, MALDI-TOFF, API-20E/NE, or 

ther conventionally accepted means were necessary for article 

nclusion. Additionally, antibiotic susceptibility tested by methods 

dhering to either US Clinical and Laboratory Standards Institute 

CLSI), US National Committee for Clinical Laboratory Standards 

NCCLS), or European Committee on Antimicrobial Susceptibility 

EUCAST) guidelines was required. Sources employing disc diffu- 

ion, minimum inhibitory concentration (MIC) methods, agar dilu- 

ion, VITEK® AST cards, or other conventionally accepted means 

f antibiotic susceptibility testing were included in this systematic 

eview and meta-analysis. 

A minimum threshold of 10 isolates was deemed necessary for 

ach article, apart from those investigating clinical Aeromonas spp., 

or which the minimum threshold was two. Studies were excluded 

f they did not clearly state the source of isolates or did not meet 

he minimum required threshold of Aeromonas isolates from the 

ource being examined. Furthermore, if resistance and susceptibil- 

ty data could not be determined with the information provided, 

he data were not included. This may have been due to reporting 

nly collective resistance data, intentional isolation of only resis- 

ant strains, or infographics that did not enable precise data ex- 

rapolation. 

.4. Data extraction 

Data for each respective environment were extracted and com- 

iled independently by the primary reviewers (DJ, JL, AD, NH, 

S) of each respective environment using Microsoft Excel on 

neDrive. Spreadsheets included article title, authors, environ- 

ental sampling source, symptomatic expression (if defined), an- 

ibiotics tested, susceptibility patterns, number of Aeromonas iso- 

ated and analysed, isolation and identification methods, country 

f study, and the year of sampling and the year of article publica- 

ion. Considering the susceptibility of some isolates at intermedi- 

te resistance levels after longer exposure or in certain anatomical 

egions [28] , intermediate resistance was recorded as susceptible. 
3

A defined list of antimicrobials was not a requisite for article in- 

lusion. Therefore, data for all antibiotics were gathered from the 

rticles, except for ampicillin because of its intrinsic resistance and 

nclusion in various Aeromonas- selective media. However, antimi- 

robials further examined within this study were selected based 

n their representative class and abundance of data available from 

ll environmental sources. Information on the number of articles 

nd isolates analysed within each respective antimicrobial and en- 

ironment is provided in Supplementary Dataset 2. Multiple an- 

imicrobial resistance (MAR) information was not analysed because 

t was not possible to identify whether articles included ampicillin 

esistance as part of their MAR index. Articles published by simi- 

ar authors that contained identical isolate and resistance numbers 

ere considered duplicates. Four articles were excluded because of 

his criterion ( Figure 2 ). 

.5. Data acquisition from global databanks 

Yearly gross-domestic product (GDP) information was acquired 

rom The World Bank [29] . Antibiotic consumption information, 

iven in daily ingested dose (DID), was gathered from Browne et al. 

30] , and national socioeconomic and anthropogenic environmental 

actor data were collected from the WHO and the 2020 Environ- 

ental Performance Index Report [31] . The latter report provides 

ational performance rankings in areas such as air quality, sani- 

ation and drinking water, heavy metal exposure, waste manage- 

ent, ecological biodiversity, habitat loss, fisheries, climate change, 

ollution, agriculture, and wastewater treatment. The Access-to- 

atch index score was acquired from Klein et al. for the years 

0 0 0 and 2015 [32] . To assess a country’s antibiotic stewardship 

hrough the implementation of the WHO AWaRe recommendations 

f increasing Access drugs to Watch drugs, the Access-to-Watch in- 

ex (ratio of Access drugs DID to Watch drugs DID) from 20 0 0 was

ivided by the value in 2015 for each country. An increase in the 

:Wa index ratio change from 20 0 0 to 2015 indicates decreased 

se of Access compared with Watch drugs. 

.6. Statistical methods 

Pooled prevalence with 95% confidence intervals (CIs) for sus- 

eptibility to each antibiotic within each of the six sectors was cal- 

ulated using Comprehensive Meta-Analysis Version 3.3.070 soft- 

are (Biostat, Inc) and the R package metafor [33] , with I 2 used 

o identify heterogeneity between studies. Meta-analyses were per- 

ormed using the Comprehensive Meta-Analysis Version 3.3.070 

oftware and run separately for each search theme and for tri- 

ource groupings, which combined the six search themes by indus- 

rial relatedness to give “clinical”, “agricultural” (aquaculture and 

gricultural), and “environmental” (wastewater, surface and drink- 

ng water) groups. Forest plots were constructed using R package 

etafor [33] . To assess systematic heterogeneity within the sectors, 

unnel plots were constructed using the ‘funnel.rma’ function of 

he ‘metafor’ R package. Following the recommendations of Sterne 

nd Egger [34] , the plots show the residuals of the fitted model on 

he x-axis with standard errors on the y-axis. Each funnel plot was 

djusted for antibiotic and source (Supplemental Figure 18-20). 

The heat map figure was created using R package ggplot2 

26] , with results derived from the mixed-effect meta-analysis con- 

ucted in R package metafor [33] . The comparison of GNI with 

MR was adjusted for outliers using 1/N and isolate source. Pear- 

on correlation coefficient was used for analysis of resistance and 

nthropogenic environmental factor relatedness. Although fixed- 

ffects summaries were also calculated, only mixed-effects results 

re presented in this analysis because of the high degree of het- 

rogeneity throughout the study. 
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Figure 1. Log-transformed proportions of reads assigned to the genus Aeromonas in 16S rRNA gene sequence datasets visualized in violin plots . Each point represents 

the Aeromonas proportion in a sample, and the shape displayed for each category indicates the sample density at a given relative abundance, where more samples at 

given relative abundance will produce a wider shape. Samples were categorized according to the groupings depicted in the plot, and samples were assigned to groups by 

the environment descriptor for each sample in the Sequence Read Archive (SRA) or from their respective publication. The number of samples in each category is as follows: 

human gut = 6810, human nose/throat = 1086, untreated wastewater = 335, treated wastewater = 9, drinking water = 228, beach = 63, lake = 315, river = 320, aquaculture 

infrastructure = 51, farmed fish = 57, wild fish = 154, agriculture animals (cows and pigs) = 801. 
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The values and rankings from GDP, DID and environmental fac- 

or data were analysed using meta-regression against the calcu- 

ated pooled prevalence (PP) of resistance for each country to iden- 

ify statistically significant trends, while controlling for outliers us- 

ng 1/N (N = total number of isolates in study) and other confound- 

ng factors. 

. Results 

.1. Prevalence of Aeromonas across environments 

Aeromonas spp. have been isolated from many environments 

f primary concern (e.g., aquaculture, hospitals, wastewater) for 

he transport and dissemination of AMR; therefore, the genus 

eromonas has the potential to be used as an indicator species to 

rack global antibiotic susceptibility patterns [35] . In an examina- 

ion of Aeromonas distribution across aquatic and host-associated 

nvironments, the genus was found to be omnipresent in aquatic 

abitats and was the most prevalent in untreated urban wastew- 

ter samples as a proportion of the total microbial community 

4.53% ± 2.81%; Figure 1 ). Aeromonas was identified in all but 

ne of the 344 wastewater (untreated and treated) samples. 

eromonas was also abundant in samples associated with fish, 

oth farmed and wild ( Figure 1 : present in 74 of 211 fish and

0 of 51 aquaculture samples). In some fish-associated samples, 

eromonas was dominant, comprising > 20% of the recovered 

equences. Aeromonas spp. were also common in natural water 

amples, particularly those collected from rivers ( Figure 1 ), where, 

n average, the genus constituted 0.19% of the recovered sequences 

nd was identified in 303 of 320 samples. Aeromonas was less 

ommon in lake and beach sand samples but was still regularly 

ecovered from these habitats (149 of 315 lake samples and 19 of 

3 beach sand samples). 

In contrast to wastewater, fish-associated, and natural water 

amples, Aeromonas was absent in most samples collected from 

umans (gut and nose/throat) or domesticated pigs and cows, but 

as relatively abundant ( ≥0.01% of sequences) in a few (77) sam- 

les ( Figure 1 ). In total, Aeromonas was identified in 242 of 7896

2.4%) of all human samples and 59 of 801 (7.4%) cow/pig samples. 

cross the included aquatic environments, Aeromonas was least 
4 
ommon in drinking water, where it was detected in only 7 of 228 

3.1%) samples ( Figure 1 ). 

Compared with E. coli, a common indicator species for AMR, 

eromonas populations were significantly more common among 

astewater environments, surface waters, and farmed fish (Sup- 

lemental Figure 1A and B). Whereas E. coli was more common 

mongst human and animal samples and in drinking water (Sup- 

lemental Figure 1A and B). 

.2. Meta-analysis parameters 

This systematic review screened a total of 7382 articles, of 

hich 221 articles were eligible for meta-analysis ( Figure 2 ). From 

hese articles, AMR against 21 antibiotics (Supplemental Table 2), 

ith 20 containing AWaRe classifications [13] (Access, Watch, Re- 

erve), were obtained from 15 891 Aeromonas isolates represent- 

ng clinical, environmental and agricultural ecosystems, with fur- 

her subdivisions identified in Table 1 . 

Mixed-effect meta-analysis was performed on resistance pat- 

erns among Aeromonas populations reporting PP, 95% CIs and I 2 . 

able 2 shows the overall lowest resistance levels to aztreonam 

6.9: 4.0–11.6) and ofloxacin (6.9: 3.7–12.3), followed by cefepime 

7.7: 4.9–11.9), ciprofloxacin (8.0: 6.3–10.0), meropenem (8.7: 5.5–

3.6), ceftazidime (8.7: 6.3–11.8), and gentamicin (9.7: 7.6–12.3). 

verall, there were minimal differences for each antibiotic among 

he six primary sources ( Table 2 and Figure 3 ). However, isolates 

rom wastewater were significantly more resistant to nalidixic acid, 

efepime (fourth-generation cephalosporin), and the WHO reserve 

rug aztreonam than their clinical counterparts ( Table 2 ). Nalidixic 

cid resistance increased over two-fold, from 31.4% (95% CI, 24.2–

9.6%) to 67.0% (95% CI 48.2–81.6) in wastewater. Cefepime in- 

reased over six-fold, from 6% (3.7–9.7%) to 37.5% (14.4–68.2%). 

ost strikingly, aztreonam resistance increased over eight-fold, 

rom 3.8% (1.6–8.4%) in clinical isolates to 30.5% (13.3–55.6%) in 

astewater. 

A more detailed analysis was performed on the most studied 

ntimicrobials from eight different antibiotic classes among the 

eromonas studies. Imipenem and meropenem have similar resis- 

ance mechanisms, so data for these drugs were grouped into a 

ingular carbapenem (CBP) category. Cefotaxime and ceftriaxone 
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Figure 2. PRISMA flow chart of systematic review and meta-analysis. 
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ere grouped into a category for third-generation cephalosporins 

3CEF). For studies that tested both antimicrobials in each cate- 

ory, only imipenem and cefotaxime data were used due to larger 

atasets. Overall, the detailed analysis included resistance to four 

HO “Access” and four WHO “Watch” drugs. 

To identify predominant risk factors within these habitats, 

he major sources were further divided into subcategories. 

hese refined susceptibility profiles within wastewater treatment 

 Figure 3 , Supplemental Figures 2-9) and seafood ( Figure 3 , Sup-

lemental Figure 10-17) identified large disparities. Untreated 

astewater demonstrated higher AMR levels among Aeromonas 

solates than those from treated wastewater, with significant 

ifferences among ciprofloxacin, 3CEF, gentamicin and tetracycline 
5 
 Figure 3 , Supplemental Figure 3, 5, 7 and 9, respectively, P < 0.05).

hen comparing seafood from wild vs. farmed sources, Aeromonas 

opulations were more resistant to ciprofloxacin ( Figure 3 and 

upplemental Figure 13, P < 0.05) and tetracycline among farmed 

ources, with the latter exhibiting the largest difference ( Figure 3 

nd Supplemental Figure 17: Wild 11.1% vs. Farmed 41.0%, P < 

.05). 

.3. Socioeconomic associations with AMR 

Analysis of national AMR rates identified Saudi Arabia, Bhutan, 

nd Ethiopia as having the highest resistance levels for all sources, 

fter adjusting for antibiotic and microbial source ( Figure 4 ). The 
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Figure 3. Pooled prevalence of antibiotic resistance among Aeromonas populations from each source . Data represent the pooled prevalence of AMR among Aeromonas 

populations from each sector and sub-sector. Bars represent the 95% confidence intervals. ∗ P < 0.05. 

Figure 4. Correlation of the predicted prevalence of antibiotic resistance among Aeromonas populations from all sources . Predicted prevalence was determined by 

meta-regression while adjusting for all antibiotic/major source combinations. 
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orld Bank Gross National Product (GNP) statistics were utilized 

o determine the correlation of economic activity with antimicro- 

ial susceptibility [29] . Countries with low to middle national eco- 

omic rankings (0–50%) harbored significantly higher AMR lev- 

ls towards most antimicrobials (Supplemental Table 3: P < 0.05), 

xcept CBP and chloramphenicol, compared to high GNI (75–

00%) after controlling for source and outliers (1/N) using meta- 

egression with random effects. These national income correlations 

ere most pronounced within clinical and environmental sources, 

ith minimal differences among agricultural isolates (Supplemen- 

al Table 3 and Figure 5 ). Countries with high GNIs (75–100%) 

ad significantly lower resistance levels among clinical samples 

han countries with low GNI for 3CEF, ciprofloxacin, gentamicin, 

nd sulfamethoxazole-trimethoprim (SXT) (Supplemental Table 3 

nd Figure 5 , P < 0.05). Among environmental sources, mixed- 

ffects meta-regression indicated high GNI countries have signif- 

cantly lower resistance levels to CBP, 3CEF, SXT and tetracycline 

Supplemental Table 3 and Figure 5 , P < 0.05) after controlling for 

ub-source and 1/N. A significant correlation was only evident be- 

ween national income levels and CBP resistance levels within agri- 

ultural sources where lower GNI was associated with increased 

esistance (Supplemental Table 3 and Figure 5 , P < 0.05). 
6 
.4. Correlation of AWaRe index on AMR 

To assess the effect of each nation’s consumption of Access 

o Watch drugs (A:Wa index), AMR was compared with the ratio 

f the A:Wa index from 20 0 0 to 2015 using mixed effects meta- 

egression controlling for 1/N and source. A decrease in a coun- 

ry’s AWaRe index over time from 20 0 0 to 2015 (suggesting in- 

reased consumption of Watch drugs compared with Access drugs) 

orrelated with significantly higher resistance levels to all Access 

nd Watch drugs ( Table 3 : P < 0.001), with stronger associations 

o GEN, SXT, 3CEF, CIP, and ERY (Supplemental Table 4, P < 0.05). 

.5. Association of national environmental performance and AMR 

Focusing on 32 environmental performance indicators, the En- 

ironmental Performance Index (EPI) gauges environmental impact 

ithin 11 categories amongst 180 nations [31] . Employing overall 

PI rankings, univariable meta-analysis identified an inverse corre- 

ation between national EPI and AMR rates amongst grouped Ac- 

ess and Watch drugs ( Table 3 : P < 0.001), although CHL and

BP had minimal associations (Supplemental Table 5). Even after 

 multivariable analysis adjusted for source, A:Wa change and EPI, 



D.C. Jones, E.L. LaMartina, J.R. Lewis et al. International Journal of Antimicrobial Agents 62 (2023) 106848 

Figure 5. Heat map of Gross National Income with antibiotic resistance. All antibiotic resistance data from the various sources were grouped into either clinical, envi- 

ronmental, or agricultural. Clinical represents any strains isolated from humans. Environmental includes wastewater, drinking water and surface water sources. Agricultural 

includes any isolates obtained from seafood or other food sources identified within the search criteria. The heat map was derived from a mixed-effect meta-analysis on the 

country and antimicrobial resistance rate. Statistical differences between all national gross income levels were determined using mixed-effect meta-regression controlling for 

1/N and sources within each environment. ∗ P < 0.05 and ∗∗ P < 0.005. CEF: third generation cephalosporins; CAR: carbapenems; CHL: chloramphenicol; CIP: ciprofloxacin; 

ERY: erythromycin; GEN: gentamicin; SXT: sulfamethoxazole-trimethoprim; TET: tetracycline. 
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his strong correlation between EPI and AMR remained ( Table 3 : 

 < 0.001). National income was not included in this multivariable 

nalysis due to the high correlation (R-squared = 80%) between GDP 

nd EPI. Amongst the individual environmental performance cate- 

ories, the strongest correlations with increased antimicrobial sus- 

eptibility were countries with better environmental performance 

n environmental health, air quality, sanitation and drinking wa- 

er, heavy metal exposure, waste management, climate change, and 

ollution emissions (Supplemental Table 6, P < 0.05). 

. Discussion 

AMR is a significant threat to human and agricultural health; 

herefore, it is imperative to advance understanding of its driv- 

ng factors. To aid this, a Global One Health indicator species is 

eeded. E. coli is considered a prominent candidate organism to fill 

his role. Its prior establishment in AMR surveillance, as a measure 
7 
f anthropogenic impact on ecosystems, and standardized cultur- 

ng methods certainly position it as a good target [28] . However, E. 

oli is not commonly associated with fish and shellfish [36] , nor is 

t a common inhabitant of aquatic ecosystems, so additional AMR 

ndicator species could benefit the global understanding of AMR. 

eromonas is a pathogen of fish, shellfish and humans, a common 

nhabitant of aquatic ecosystems, and a readily culturable bac- 

erium [16] ; therefore, it fits the criteria as a Global One Health in- 

icator. The current analysis of the distribution of Aeromonas across 

nvironmental sectors confirmed that it was regularly detected in 

ommunity samples from the clinical, aquatic environmental, and 

gricultural sectors. Aeromonas was far more common than E. coli 

n wastewater, freshwater ecosystems, and aquaculture, which fur- 

her supports the use of Aeromonas spp. as indicator bacteria to 

etect global AMR trends, particularly when considering connec- 

ions between sanitary waste systems, aquaculture production, and 

atural aquatic environments. 
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Table 1 

Details of AMR research articles included in meta-analysis. 

Clinical source # of articles (# of isolates) 

Urine 1 (1) 

Stool/Diarrhea 46 (2367) 

Blood/CSF 18 (1133) 

Wound/Tissue 16 (241) 

Mixed/Undefined 25 (1821) 

Total 107 (5821) 

Wastewater source 

Raw 9 (799) 

Treated 7 (483) 

Total 16 (1282) 

Surface water 

Lake 3 (351) 

Rivers 14 (2175) 

Mixed 2 (125) 

Total 19 (2651) 

Potable water 

Treated 6 (644) 

Untreated 2 (246) 

Total 8 (890) 

Seafood 

Farm-Fish 51 (2298) 

Farm-Shellfish 2 (94) 

Farm-Mixed 6 (304) 

Retail-Fish 13 (969) 

Retail-Shellfish 7 (249) 

Retail-Mixed 1 (43) 

Wild-Fish 7 (466) 

Wild-Shellfish 4 (165) 

Total 91 (4588) 

Agriculture 

Vegetables 1 (55) 

Dairy 3 (86) 

Animal Meat 6 (300) 

Mixed 3 (218) 

Total 13 (659) 

TOTAL ISOLATES 15 891 
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The current systematic review and meta-analysis of AMR 

mong Aeromonas populations from a global One Health perspec- 

ive identified: 1) resistant strains to all 21 antimicrobials amongst 

ll sectors, with minimal differences in AMR trends, supporting 

he interconnectedness of humans and animals with their environ- 

ents; 2) countries with lower GDP associated with stronger AMR 

ates; 3) antimicrobial stewardship policies reducing Watch drug 

onsumption and relying more on Access drugs linked to lower 

MR trends; and 4) the strongest correlation with AMR is poor 

nvironmental performance, although EPI strongly correlates with 

DP and A:Wa index. 

One strategy proposed by the WHO to curb AMR was to as- 

ign drugs an AWaRe classification and set a national goal to 

ave Access drugs comprise at least 60% of total antibiotic con- 

umption [13] . Global antibiotic prescribing rates, however, do not 

lign with this strategy [37] . For both community- and healthcare- 

cquired infections, penicillins with beta-lactamase inhibitors (Ac- 

ess drugs) are the most frequently prescribed antibiotics at 

9.2% and 24.8%, respectively [38] . However, the second and 

hird most prescribed antibiotics were Watch drugs, with third- 

eneration cephalosporins (15.5%) and fluoroquinolones (14.0%) for 

ommunity-acquired infections, and fluoroquinolones (12.8%) and 

arbapenems (12.2%) for healthcare-acquired infections [38] . Com- 

ounding this concern, global empirical prescription of antibiotics 

or community-acquired infections is typically double that of tar- 

eted therapy [38] . 

The current univariable analysis findings support that increased 

se of Watch drugs compared to Access drugs from 20 0 0 to 2015

orrelated with increased resistance to all Access and Watch drugs 

mong Aeromonas populations. This significant effect was lost after 

ultivariable analysis, which could be due to the strong correla- 

ion of A:Wa change to EPI (R-squared = 0.56). Overall, the least 
8 
esisted of the 21 antimicrobials investigated was aztreonam. As a 

eserve drug, the need to maintain low resistance levels cannot be 

nderstated and underscores the importance of the prudent con- 

rol of the use of this drug [13] . 

Injudicious antibiotic application is not limited to healthcare, 

verapplication of antibiotics is also a cause for concern in agri- 

ultural industries [ 39 ]. Of particular concern is the abundant 

pplication of antibiotics in aquaculture. Asia is the leading pro- 

ucer of aquaculture products, with China generating 48.2 million 

ons (56.5% of total aquaculture production) per year, followed by 

ndia (9.1%), Indonesia (7.0%), and Vietnam (5.2%) [ 40 ]. In China 

nd Vietnam particularly, antimicrobial usage has increased and 

roadened to a wider variety of antibiotics ( ∼15), with oxytetra- 

ycline, sulfadiazine, florfenicol, sulfadimethoxine, erythromycin, 

moxicillin, and enrofloxacin comprising more than 54% of the 

ntibiotics used [ 41 ]. Considering aquaculture provides roughly 

0% of the growing fish market, with yearly growth in production 

annual growth rate of 3.7–5.0% from 2011–2019), it is likely that 

ntimicrobial use in the seafood industry will continue to rise [ 40 ]. 

Previous studies have documented the consequences of high 

ntimicrobial utilization in aquaculture [ 42 ]. A 20-year meta- 

nalysis investigating common aquaculture pathogens showed that 

espite AMR declining in wild-caught seafood, aquaculture iso- 

ates maintained antimicrobial susceptibility levels similar to those 

rom two decades prior [ 42 ]. Additionally, fish meat on the market 

ften contained antibiotic compounds, such as tetracyclines and 

uoroquinolones, in quantities exceeding maximum residue lim- 

ts [ 43 ]. The current meta-analysis supports these findings: isolates 

rom farmed seafood were found to have higher resistance rates 

han wild-caught seafood against the two most commonly applied 

ntimicrobial classes in aquaculture, tetracyclines and quinolones 

 44 ]. International coordination is necessary to compose and exe- 

ute global policies to regulate antimicrobial usage in aquaculture 

 41,45 ]. 

To reduce wastewater pollutants and bacterial populations, 

astewater treatment plants receive much of the multidrug- 

esistant and pharmaceutical-rich waste drainage from hospital, 

gricultural, and municipal sources. However, these facilities may 

ccelerate resistance to some antimicrobials [ 46 ] and water treat- 

ents [ 47 ]. Pärnänen et al. correlated European antibiotic con- 

umption with increased ARG prevalence in both influent and 

reated wastewater effluents [ 48 ]. Similar to the current findings, 

hey found that treated effluents exhibited lower resistance lev- 

ls and lower frequency of ARGs. Although reduced, many ARG- 

ncoding bacteria still survive and are released in effluents [21] , 

here they incorporate into resident microbiomes or disseminate 

RGs into the environment [ 49 ]. Regulations and AMR monitor- 

ng in wastewater are rare, enabling the potential release of haz- 

rdous microbes into natural aquatic reservoirs [ 50 ]. Even with ro- 

ust wastewater treatment practices, millions of individuals may 

till be exposed to AMR bacteria in public waters [ 51 ]. 

Interestingly, wastewater-based epidemiology (WBE) is emerg- 

ng as a potential tool for monitoring infectious disease transmis- 

ion and community outbreaks, as seen during the COVID-19 pan- 

emic [ 52 ]. With rising clinical AMR levels, observing rates of new 

enetic variants within wastewater may provide an early indication 

f clinical patterns. Furthermore, the ease of access, and the ability 

o adjust for seasonal variability, and to measure influential factors, 

uch as antibiotic consumption or chemical exposure, all provide 

trong arguments for its use [ 53 ]. The current data showed that 

astewater AMR profiles were similar to clinical levels, with no- 

able elevations in resistant strains against the fourth-generation 

ephalosporin, cefepime, as well as the monobactam, aztreonam, 

 Reserve antibiotic. Although more studies are needed to assess 

he use of WBE in AMR monitoring before it can be used as a 

redictive clinical measure, the current data could foreshadow fu- 
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Table 2 

Pooled prevalence and heterogeneity of Aeromonas antibiotic susceptibility studies. 

Overall Clinical studies Wastewater studies Surface water Drinking water Seafood studies Agriculture studies 

PP (95% CI) I 2 PP (95% CI) I 2 PP (95% CI) I 2 PP (95% CI) I 2 (%) PP (95% CI) I 2 PP (95% CI) I 2 PP (95% CI) I 2 

Aminoglycosides 

Gentamicin-A 9 �7 (7 ·6-12 ·3) 87 ·9 10 ·9 (7 ·4-15 ·7) 82 ·0 9 ·3 (3 ·8-21 ·2) 93 ·4 3 ·2 (1 ·0-9 ·4) 92 ·3 1 ·8 (0 ·2-15 ·5) 84 ·1 10 ·3 (7 ·0-14 ·9) 88 ·6 12 ·6 (1 ·9-52 ·0) 86 ·2 
Kanamycin-Wa 18 ·2 (12 ·2-26 ·1) 94 ·1 22 ·8 (7 ·3-52 ·6) 91 ·7 20 ·7 (5 ·6-53 ·5) 94 ·7 7 ·9 (1 ·7-29 ·3) 96 ·5 3 ·5 (0 ·3-32 ·7) 77 ·9 18 ·8 (10 ·5-31 ·3) 94 ·2 40 ·1 (14 ·6-72 ·3) 84 ·6 
Streptomycin-Wa 30 ·4 (24 ·1-37 ·4) 92 ·9 35 ·5 (20 ·9-53 ·4) 81 ·9 36 ·8 (14 ·3-67 ·2) 94 ·5 37 ·4 (20 ·4-58 ·2) 96 ·2 NA NA 26 ·0 (18 ·3-35 ·4) 92 ·8 34 ·6 (14 ·7-61 ·8) 84 ·6 

Carbapenems 

Meropenem-Wa 8 ·7 (5 ·5-13 ·6) 85 ·7 8 ·5 (4 ·5-15 ·5) 61 ·3 9 ·1 (3 ·6-21 ·3) 88 ·4 5 ·8 (0 ·3-54 ·7) 93 ·4 5 ·3 (2 ·8-9 ·9) 0 ·0 9 ·3 (2 ·8-26 ·4) 85 ·4 NA NA 

Imipenem-Wa 13 ·9 (10 ·2-18 ·6) 87 ·7 12 ·0 (7 ·7-18 ·3) 85 ·1 11 ·0 (7 ·2-16 ·5) 20 ·6 16 ·6 (4 ·7-44 ·4) 92 ·6 2 ·5 (0 ·6-10 ·0) 64 ·4 24 ·9 (14 ·5-39 ·4) 89 ·8 2 ·9 (0 ·7-10 ·7) 0 ·0 
Cephalosporins 

Cefazolin-A 79 ·5 (71 ·4-85 ·8) 90 ·0 87 (79 ·4-92 ·0) 85 ·9 NA NA 90 ·6 (87 ·9 – 92 ·7) 0 ·0 NA NA 45 ·9 (21 ·6-72 ·4) 92 ·8 70 ·5 (46 ·9-86 ·6) 64 ·9 
Cefotaxime-Wa 12 ·2 (9 ·3-15 ·7) 83 ·0 15 ·7 (10 ·8-22 ·4) 76 ·0 17 ·3 (7 ·3-35 ·5) 89 ·2 3 ·7 (0 ·7-18 ·0) 93 ·7 6 ·1 (1 ·3-24 ·0) 85 ·4 7 ·7 (4 ·3-13 ·5) 85 ·5 5 ·9 (1 ·7-18 ·8) 68 ·9 
Ceftriaxone-Wa 12 ·6 (9 ·5-16 ·6) 84 ·7 17 ·7 (11 ·4-26 ·4) 87 ·7 29 ·9 (12 ·3-56 ·6) 90 ·1 3 ·3 (0 ·1-51 ·0) 88 ·2 8 ·7 (1 ·7-35 ·1) 91 ·7 6 ·8 (4 ·2-10 ·6) 55 ·1 13 ·3 (9 ·8-17 ·7) 0 ·0 
Ceftazidime-Wa 8 ·7 (6 ·3-11 ·8) 87 ·4 9 ·2 (6 ·2-13 ·6) 81 ·5 10 ·3 (3 ·3-28 ·1) 95 ·0 2 ·0 (0 ·2-15 ·1) 92 ·1 2 ·6 (0 ·4-16 ·1) 87 ·3 7 ·6 (3 ·0-17 ·8) 83 ·4 21 ·3 (12 ·1-34 ·7) 62 ·9 
Cefepime-Wa 7 ·7 (4 ·9-11 ·9) 84 ·5 6 ·0 (3 ·7-9 ·7) 74 ·5 37 ·5 (14 ·4-68 ·2) 93 ·9 NA NA 0 ·6 (0 ·1-3 ·9) 0 ·0 8 ·2 (5 ·1-12 ·7) 44 ·3 2 ·3 (0 ·1-27 ·7) 0 ·0 

Fluoroquinolones 

Nalidixic acid 33 ·3 (28 ·0-38 ·9) 90 ·2 31 ·4 (24 ·2-39 ·6) 85 ·9 67 ·0 (48 ·2-81 ·6) 86 ·5 15 ·0 (7 ·0-29 ·1) 93 ·6 26 ·0 (1 ·0-92 ·7) 94 ·0 43 ·4 (33 ·8-53 ·5) 90 ·8 14 ·0 (1 ·3-66 ·8) 92 ·1 
Ciprofloxacin-Wa 8 ·0 (6 ·3-10 ·0) 87 ·5 10 ·3 (7 ·6-13 ·8) 86 ·7 8 ·2 (4 ·3-15 ·2) 83 ·5 2 ·3 (0 ·8-6 ·0) 71 ·2 3 ·6 (0 ·1-51 ·8) 88 ·2 7 ·1 (4 ·6-10 ·9) 84 ·8 8 ·0 (1 ·4-35 ·4) 92 ·5 
Norfloxacin-Wa 11 ·3 (6 ·8-18 ·2) 89 ·2 16 ·5 (4 ·7-44 ·1) 95 ·4 NA NA 14 ·6 (7 ·6-26 ·3) 32 ·7 NA NA 11 ·8 (7 ·0-19 ·1) 78 ·8 4 ·9 (0 ·1-77 ·0) 87 ·5 
Ofloxacin-Wa 6 ·9 (3 ·7-12 ·3) 89 ·5 9 ·9 (2 ·7-30 ·5) 93 ·5 2 ·0 (0 ·1-25 ·1) 0 ·0 0 ·7 (0 ·1-3 ·5) 0 ·0 1 ·3 (0 ·1-20 ·4) 81 ·8 8 ·3 (3 ·9-16 ·9) 87 ·0 0 ·5 (0 ·0-7 ·1) 0 ·0 

Macrolides 

Erythromycin-Wa 55 ·5 (47 ·6-63 ·1) 92 ·4 54 ·9 (38 ·1-70 ·6) 79 ·2 66 ·0 (32 ·3-88 ·8) 89 ·9 23 ·8 (9 ·7-47 ·8) 90 ·8 43 ·0 (14 ·9-76 ·5) 95 ·3 54 ·1 (44 ·4-63 ·5) 91 ·0 83 ·9 (65 ·2-93 ·6) 81 ·2 
Monobactams 

Aztreonam-Re 6 ·9 (4 ·0-11 ·6) 86 ·3 3 ·8 (1 ·6-8 ·4) 59 ·0 30 ·5 (13 ·3-55 ·6) 91 ·6 NA NA 2 ·8 (0 ·5-13 ·6) 86 ·1 5 ·0 (1 ·4-16 ·4) 82 ·5 12 ·9 (2 ·4-46 ·8) 81 ·1 
Penicillins/sub-lact 

Piperacillin/tazobactam-Wa 13 ·7 (9 ·3-19 ·6) 84 ·4 13 ·7 (9 ·3-19 ·6) 84 ·4 NA NA NA NA NA NA NA NA NA NA 

Phenicols 

Chloramphenicol-A 12 ·2 (9 ·6-15 ·4) 89 ·1 20 ·7 (14 ·6-28 ·4) 84 ·1 19 ·5 (6 ·2-47 ·3) 93 ·1 5 ·4 (1 ·9-14 ·0) 94 ·1 6 ·2 (0 ·7-38 ·4) 91 ·7 10 ·1 (6 ·8-14 ·7) 87 ·7 6 ·2 (2 ·1-16 ·8) 79 ·4 
Polypeptides 

Colistin-Re 21 ·2 (12 ·6-33 ·6) 91 ·9 30 ·7 (10 ·9-61 ·7) 82 ·0 8 ·4 (3 ·1-20 ·6) 45 ·2 15 ·5 (0 ·1-97 ·6) 93 ·3 58 ·3 (41 ·9-73 ·1) 0 ·0 20 ·8 (9 ·5-39 ·6) 80 ·5 7 ·6 (0 ·2-81 ·0) 86 ·4 
Sulfonamides 

SXT-A 22 ·6 (19 ·1-26 ·5) 91 ·4 20 ·8 (15 ·9-26 ·7) 89 ·1 14 ·3 (8 ·3-23 ·6) 83 ·1 9 ·4 (3 ·4-23 ·8) 96 ·9 31 ·0 (11 ·2-61 ·7) 92 ·7 31 ·0 (24 ·5-38 ·4) 88 ·3 23 ·1 (13 ·5-36 ·6) 84 ·1 
Tetracyclines 

Tetracycline-A 28 ·2 (23 ·8-33 ·1) 91 ·7 33 ·1 (25 ·5-41 ·8) 81 ·0 21 ·7 (12 ·1-35 ·9) 86 ·6 6 ·8 (3 ·1-14 ·3) 93 ·9 6 ·8 (2 ·4-17 ·7) 70 ·3 43 ·8 (36 ·2-51 ·7) 91 ·9 29 ·0 (15 ·6-47 ·5) 90 ·0 

All clinical papers with only 1 isolate were removed, all other sources required at least 10 isolates to be included. I 2 > 50% used mixed-effect; < 50% used fixed-effect 

A = Access; Wa = Watch; Re = Reserve; CI = confidence interval; NA = not applicable 

9
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10 
ure rises in cefepime- and aztreonam-resistance among clinical 

solates. 

Although there are clear benefits of wastewater monitoring, var- 

ous factors impact the interpretation of findings. For example, it is 

ot easy to account for differences in waste streams. These differ- 

nces include variable loading of industrial waste or stormwater 

unoff, the influence on growth/decay from waste travel time and 

emperature, differences in human population density and associ- 

ted fecal waste loading, and the presence of a robust microbial 

astewater resident community that influences the ecology of mi- 

robes and/or genes passing through the systems [28] . The use of 

BE in lower-income nations may not be practical due to a lack 

f adequate infrastructure and/or access to that infrastructure [ 54 ]. 

he current study further identifies the strong correlation between 

DP and stronger environmental performance, including waste 

anagement and sanitation. Bypasses of wastewater infrastructure 

re also common, which can result in the discharge of hazardous 

aterials, such as heavy metals, chemicals, and pathogenic bacte- 

ia, into waters intended for public use [ 55,56 ]. These events would 

ot be captured by traditional WBE efforts. However, metagenomic 

nalysis of wastewater around the world has highlighted the link 

etween countries of lower socioeconomic status and increased 

revalence of AMR [ 57 ]. 

Lakes and rivers are common recipients of raw and treated 

ewage, storm runoff, and industrial waste [ 58 ]. Throughout the 

orld, major antibiotics and their metabolic intermediates have 

een identified in surface water and sediments [ 59 ], and elevated 

ownstream from wastewater treatment facilities [ 60 ]. The cur- 

ent data identifies surface and drinking water as reservoirs of 

eromonas populations that exhibit resistance to nearly all antibi- 

tics tested, indicating that it can transfer resistance in aquatic en- 

ironments. 

Understanding antimicrobial application practices requires an 

nderstanding of the ecopolitical landscape in which these com- 

ounds are being used. A common strategy to combat AMR in- 

ludes behavioral interventions to reduce antibiotic prescribing 

 61 ]. Although high-income countries have maintained constant 

evels of antibiotic use between 20 0 0 and 2018, trends of increased 

onsumption predominated among low- to middle-income coun- 

ries [30] . The United States, France, and Italy lead high-income 

ountries in prescribing, and India, China, and Pakistan lead low- 

o-middle-income countries [2] . The current data support that 

rom others demonstrating inverse correlations between GDP and 

MR, including among top priority pathogens [ 62,63 ]. 

Aeromonas AMR data were also compared against numerous 

nvironmental performance indicators to investigate other links. 

verall, national environmental performance was inversely corre- 

ated with Aeromonas AMR rates. Closer examination of the in- 

ividual aspects, however, identified air quality, sanitation, waste 

anagement, pollution emissions, heavy metal exposure, water 

uality, climate change, and other factors, underscoring the im- 

ortance of close monitoring and regulatory practices to minimize 

ublic health risks. Other studies have also identified poor infras- 

ructure and governance index as correlated with E. coli resistance 

o other antibiotics [ 63 ]. 

Considerable heterogeneity throughout this meta-analysis (Sup- 

lemental Figures 18-20) suggests caution when interpreting the 

ndings. Global analysis studies looking at antibiotic resistance are 

imited in the meta-analysis because many studies focused on mul- 

idrug resistance or MAR index and were excluded. This study 

ooked at 21 antibiotics with a focus on the most well-studied an- 

ibiotics in major antibiotic categories. Another limitation of the 

urrent analysis is the limited number of clinical studies with more 

han one case. Numerous studies had to be removed from the anal- 

sis because they presented data for one isolate. As the majority of 

tudies included small case numbers of Aeromonas infections, the 
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riterion for minimum number of isolates per study was changed 

o two, compared with the ten for environmental and agriculture. 

unnel plot analysis of clinical samples reflected lower resistance 

evels amongst studies with fewer isolates compared with those 

ith larger numbers of isolates. This pattern was evident through- 

ut all source environments (Supplemental Figure 18-20). Another 

imitation of the study is the absence of Aeromonas isolate species 

dentification. Considering most clinical infections are caused by 

nly four Aeromonas species ( A . hydrophila, A . veronii, A . caviae, and

. dhakensis ) [ 64 ], it is difficult to interpret other environmental 

ources containing more diverse species composition [ 65–67 ]. 

One criterion for inclusion in this study was that articles spec- 

fy the isolation method used. Variation in methodology alone 

auses heterogeneity among studies due to the exclusion of some 

eromonas species that lack intrinsic resistance to beta-lactams like 

mpicillin, which is incorporated into many Aeromonas selective 

lates. Another major limitation is the lack of studies from low 

o middle-high income countries. Additionally, a lack of resistance 

ata from all sources within each country prompts caution when 

nterpreting findings. Despite the numerous uncertainties, a multi- 

ariable meta-regression analysis, adjusting for source, antibiotics, 

nd outliers, showed that countries most dedicated to environmen- 

al investments and antibiotic stewardship through the reduction 

f Watch drug consumption provided the most effective means to 

ombat AMR. 

. Conclusions 

In this study, Aeromonas was identified as an AMR indicator to 

onitor and expand the understanding of the complexities sur- 

ounding AMR from a Global One Health perspective. The inter- 

onnectedness of humans and animals with their environment 

as emphasized in this study, stressing the need for a multidis- 

iplinary approach. Furthermore, the presented data indicate that 

lobal antimicrobial stewardship programs must better address so- 

ioeconomic and ecopolitical factors. In developing nations, mone- 

ary and non-monetary motivators are often perceived to outweigh 

he long-term benefits of antimicrobial stewardship. The imme- 

iate nature of AMR requires aggressive goals; however, the fea- 

ibility of these goals depends on high-income nations working 

losely to aid lower-income nations and provide basic infrastruc- 

ure supporting clean water, sanitation, and wastewater treatment. 

nternational surveillance and enforcement of regulatory standards 

egarding antimicrobial usage in clinical and agricultural settings 

ay promote sustainable practices to limit the hazard associated 

ith this growing public health crisis. Lastly, to help identify fu- 

ure clinical resistance trends, a greater emphasis on utilizing WBE 

o provide global surveillance of AMR is suggested. 
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