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ABSTRACT
Background

Antimicrobial resistance has become a serious threat to global public health, with the
potential to cause significant morbidity and mortality. Therefore, the detection and
surveillance of antimicrobial resistance genes are critical to monitor the prevalence
of resistance and to guide appropriate treatment decisions. Several bioinformatics
tools have been developed to facilitate the detection and investigation of
antimicrobial resistance genes from sequencing data. However, these tools often
require a significant amount of manual curation and provide results which can limit
their intra-operability, accessibility and usability. This lack of standardization in
the reporting of antimicrobial resistance genes investigation greatly hinders the
comparison of results across the public health sector.

Method

This study focuses on the application of hAMRonize tool developed by Public
Health Alliance for Genomic Epidemiology. In this study, we have implemented
hAMRonization to evaluate antimicrobial resistance genes in Salmonella and
compared to the results from other tools (ARIBA, RGI, amrfinderplus and abricate).

Result

We observed that hAMRonize was more comprehensive than other tools in
predicting genes, including information on antimicrobials, drug classes, and start and
end base pair of genes, among others. The hAMRonize tool also provided results in
an interactive Hypertext Markup Language format.

Conclusion

hAMRonization is an innovative tool for investigating and sharing antimicrobial
resistance data in the current field of research, where scientists use a plethora of
prediction tools that provide different results and subsequent interpretations.
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INTRODUCTION

Antimicrobial resistance (AMR) has become a serious
threat to global public health, with the potential to cause
significant morbidity and mortality.)* The misuse and
overuse of antibiotics in both humans and animals have
led to the emergence and spread of antibiotic-resistant
bacteria.* Therefore, the detection and surveillance of
AMR genes are critical to monitor the prevalence of
resistance and to guide appropriate treatment decisions.
High-throughput sequencing technologies, such as
whole-genome sequencing (WGS) and metagenomics,
have revolutionized the field of microbiology and made
it possible to detect and identify AMR genes in complex
microbial communities.>®* However, the analysis of these
genome data can be challenging due to massive sequencing
data sets.

Several tools (ResFinder, ARG-ANNOT and AMRfinder)
have already been developed to developed to facilitate
the detection and investigation of AMR genes from
sequencing data and then, integrate the results of multiple
AMR prediction tools, including hAMRonization.>® The
data generated from such tools have the potential to
guide antibiotic treatment decisions and patient therapy
in clinical cases of disease.’ However, these tools often
require a significant amount of manual curation and
provide results which can limit their intra-operability,
accessibility and usability. Additionally, these tools use
specific databases and are marred by limited coverage
of AMR genes and lack of regular updates in current
detection tools can lead to false-negative results.'** There
is also a lack of standardization in the methods and tools
used for the detection and annotation of AMR genes.**
This is because the platforms differ in supported inputs,
search algorithm, parametrization, underlying reference
databases and output formats. This lack of standardization
in the reporting of AMR gene detection greatly hinders the
comparison of results across the public health sector. Thus,
the myriad of options available for this purpose highlights a
grave interoperability problem.

This study focuses on the application of hAMRonize tool,
which is a standardized data specification to improve
AMR data harmonization and interoperability, developed
by Public Health Alliance for Genomic Epidemiology
(PHA4GE).>* As the unified global platforms require a
common ground for the comparison of results from different
tools, we have implemented hAMRonize to evaluate AMR
genes in Salmonella Typhi and in comparison, to other
AMR-predicting bioinformatics tools.*®

METHODS

In this project, we evaluated the Salmonella whole genomes
from European Nucleotide Archive (ENA). The selected
genomes were submitted by Surveillance for Enteric Fever
in Asia Project (SEAP) from clinical isolates of Nepal (2016-

2019). The AMR associated genes were evaluated through
Antimicrobial Resistance |dentifier by Assembly (ARIBA)
version 2.10.0.%

hAMRonization package

hAMRonization is conda installable and able to compile the
output of many AMR tools into a unified format. Inside the
hAMRonization package, biopython-compatible parser and
command-line utility automatically transform reports from
14 different species-agnostic AMR gene detection tools into
“hAMRonization” compatible reports. Also, validation and
programmatic use of the specification is facilitated via the
development of JSON and SALAD schemata. Additionally,
the validation of the parsing utilities is ensured by unit
testing.®
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Figure 1. The hAMRonization package automates conversion to
a standardized output, as shown by the bioinformatics pipeline.®

Installation of hAMRonization package

hAMRonization platform is implemented in a Biopython-
compatible parser and command-line utility.® The
hAMRonization package v1.1.1 (Release Date: 26
September 2022) was installed on Ubuntu 22.04.1 LTS,
with prior installation of miniconda. This was followed by
subsequent installation of several tools required for the
package. This included amr (v3.10.45), fastp (v0.23.2),
shovill (v1.1.0), ncbi-amrfinderplus (v3.10.45) packages.
Before running the hAMRonize command, we first activated
the ‘amr’ environment.

hAMRonization package workflow
a. Trim Adapter Reads from raw pair ended reads

fastp --inl1 /path/Read1.fq.gz --in2 /path/Read2.fq.gz --out1
/path/Read1_trimmed.fq.gz —out2 /path/Read2_trimmed.
fq.gz

b. Assemble the reads into contigs

shovill --R1 /path/Read1_trimmed.fq.gz --R2 /path/Read2_
trimmed.fq.gz —outdir /path/assembly_samplename

c. Finding amr associated genes

To find the amr associated genes and generate output the
result in tsv (excel) format, following command was used
for amrfinderplus and abricate respectively:

e amrfinder --nucleotide /path/contigs.fa --output /path/
amrfinderplus_results.tsv
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e abricate /path/contigs.fa > /path/abricate_results.tsv
d. hAMRonizing the results

The hAMRonization for amrfinderplus and abricate was
done separately as:

e hamronize amrfinderplus --analysis_software_version
3.10.16  --reference_database_version 2021-09-30.1
--input_file_name samplename /path/amrfinderplus_
results.tsv > /path/hAMRonized_amr_report.tsv

ehamronize abricate /path/abricate_results.tsv
--reference_database_version 3.2.5 --analysis_software_
version 1.0.0 --format json > /path/hAMRonized_abricate_
report.tsv

e. Summarising the result in tsv and interactive html
format

The summary was first reported in .tsv format as:

e hamronize summarize -o /path/combined_report.
tsv -t tsv /path/hAMRonized_abricate_report.tsv /path/
hAMRonized_amr_report.tsv

for interactive html format:

e hamronize summarize --summary_type interactive /
path/combined_report.tsv > /path/combined_report.html

Comparison of hAMRonize and other AMR detection tools

After successfully running the hAMRonize command, the
output was compared to that of ARIBA (v2.10.0), Resistance
Gene Identifier (RGI) (v6.0.1, CARD 3.2.6), amrfinderplus
(v3.11.14) and abricate (v0.8.13).

RESULTS

For this study, five Salmonella genomes were randomly
selected. After evaluation of the genomes by ARIBA, RGlI,
amrfinderplus, abricate and hAMRonize, information on
AMR genes were observed (Table 1).

With evaluation from RGI, details including AMR Genes,
gene family, drug class, resistance mechanism among
others were observed, while from abricate details on
AMR genes, gene position, resistant antibiotic, among
others were observed. Similarly, from amrfinderplus,
details on AMR genes, drug class, gene position, resistance
method were observed, while hAMRonize tool combined
all information and provided details on AMR gene, gene
name, analysis software details, antimicrobial agent, drug
class, gene location, protein length, resistance mechanism
and others. As observed in table 1, hAMRonize tool also
predicted higher number of antibiotic resistance genes
than other tools.

Table 1. AMR genes shown by ARIBA, RGI, amrfinderplus, abricate and hAMRonize for selected Salmonella genomes.

Accession ARIBA RGI

ERR6294433 blaTEM-1, catAl, dfrA7, catl, TEM-1, sull,
sull, sul2 gacEdeltal

ERR6294437  blaTEM-1, catl, TEM-1, sull,
catA1,dfrA7,sull,sul2 gacEdeltal

ERR6294558 blaTEM-1, sul2 N/A

ERR6294572  blaTEM-1, catAl, dfrA7,  catl, TEM-1, sull,
sull, sul2 gacEdeltal

ERR6294680 blaTEM-1, catAl, dfrA7, catl, TEM-1, sull,

sull, sul2

gacEdeltal

Amrfinderplus

CatA1l, dfrA7, gacEdeltal,

sull, sul2, aph(3")-lb,
aph(6)-1d, blaTEM-1

CatAl, dfrA7, gacEdeltal,

sull, sul2, aph(3")-lb,
aph(6)-1d, blaTEM-1

N/A

CatAl, dfrA7, gacEdeltal,

sull, sul2, aph(3")-lb,
aph(6)-1d, blaTEM-1

CatA1l, dfrA7, gacEdeltal,

sull, sul2, aph(3")-1b,
aph(6)-1d, blaTEM-1

abricate

catAl, dfrA7, sull, sul2,
aph(3")-1b, aph(6)-Id,
blaTEM-1

catAl, dfrA7, sull, sul2,
aph(3")-lb, aph(6)-Id,
blaTEM-1

N/A

catAl, dfrA7, sull, sul2,
aph(3")-1b, aph(6)-Id,
blaTEM-1

catAl, dfrA7, sull, sul2,

aph(3")-1b, aph(6)-Id,
blaTEM-1

hAMRonize

aph(3")-1b, aph(6)-Id,
blaTEM-1, catA1l, dfrA7,
gacEdeltal, sull, sul2
aph(3")-1b, aph(6)-Id,
blaTEM-1, catAl, dfrA7,
gacEdeltal, sull, sul2

N/A

aph(3")-1b, aph(6)-Id,
blaTEM-1, catA1l, dfrA7,
gacEdeltal, sull, sul2
aph(3")-1b, aph(6)-Id,
blaTEM-1, catA1l, dfrA7,
gacEdeltal, sull, sul2

BlaTEM-1: broad-spectrum class A beta-lactamase TEM-1, catA1: type A-1 chloramphenicol O-acetyltransferase, dfrA7: trimethoprim-resistant
dihydrofolate reductase DfrA7, sull: sulfonamide-resistant dihydropteroate synthase Sull, sul2: sulfonamide-resistant dihydropteroate synthase Sul2;
aph(6)-1d: aminoglycoside O-phosphotransferase APH(6)-Id; aph(3”)-1b : aminoglycoside O-phosphotransferase APH(3”')-1b; qacEdeltal: quaternary

ammonium compound efflux SMR transporter QacE delta 1

DISCUSSION

In this study, the utility of hAMRonize tool was compared
to other widely used bioinformatics tools for predicting
antimicrobial resistance genes (ARIBA, RGI, amrfinderplus
and abricate).®'”*® In comparison, hAMRonize combined
the information and provided more comprehensive data,
including information on antimicrobials, drug classes,
resistance mechanism, gene position, among others.
hAMRonize disseminated results in a single consistent
format, allowing not only the comparison of tools and

databases (AMRFinderPlus, RGI, Resfinder, ARIBA), but
the validation of results through multiple detection
algorithms.?®

There is a challenge in developing prediction software
to generate standardized reports on AMR genes and to
facilitate comparison of results across the public health
sector.** In addition, the AMR associated data are also
crucial for understanding the mechanism of resistance,
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developing primers for detection, and devising intervention
approaches. Furthermore, the classification of AMR genes
by their corresponding drug class (es) is necessary to match
them to known phenotypically resistant drug classes,
which facilitates appropriate intervention strategies.?® This
is because researchers and epidemiologists often focus on
a narrow range of AMR phenotypes in practice, making tool
selection crucial, particularly when resistance to a specific
drug class is of interest.? The hAMRonize tool subdued
intricacy of such results by providing comprehensive
information, combining the results of most widely used
tools and also provided results in an interactive HTML
format.?? These depictions are consistent with previous
studies that have highlighted the utility of hAMRonization
in compiling the results of 12 different AMR tools.??%*
Additionally, this tool had ability to integrate a large number
of genomes using automatic workflows that are compatible
with workflow managers such as Galaxy, Snakemake, and
NextFlow.

One hurdle in translating genomic data to clinically
actionable information for AMR is the use of different
databases that classify genes differently. The hAMRonize
tool addressed this issue by providing a drug class
column and filling in values from the Chemical Entities of
Biological Interest (ChEBI) ontology when available.? This
standardized approach enables researchers and clinicians
to easily compare and interpret AMR gene data, facilitating
the development of targeted interventions for specific
drug-resistant infections.?22526
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