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Abstract

Antimicrobial resistance (AMR) poses a significant threat to global public health, with the potential to cause millions of deaths
annually by 2050. Effective surveillance of AMR pathogens is crucial for monitoring and predicting their behaviour in response
to antibiotics. However, many public health professionals lack the necessary bioinformatics skills and resources to analyse
pathogen genomes effectively. To address this challenge, we developed AMRColab, an open-access bioinformatics analysis
suite hosted on Google Colaboratory. AMRColab enables users with limited or no bioinformatics training to detect and visualize
AMR determinants in pathogen genomes using a ‘plug-and-play’ approach. The platform integrates established bioinformatics
tools such as AMRFinderPlus and hAMRonization, allowing users to analyse, compare and visualize trends in AMR pathogens
easily. A trial run using methicillin-resistant Staphylococcus aureus (MRSA) strains demonstrated AMRColab's effectiveness in
identifying AMR determinants and facilitating comparative analysis across strains. A workshop was conducted and feedback
from participants indicated high confidence in using AMRColab and a willingness to incorporate it into their research. AMR-
Colab's user-friendly interface and modular design make it accessible to a diverse audience, including medical laboratory
technologists, medical doctors and public health scientists, regardless of their bioinformatics expertise. Future improvements
to AMRColab will include enhanced visualization tools, multilingual support and the establishment of an online community
platform. AMRColab represents a significant step towards democratizing AMR surveillance and empowering public health
professionals to combat AMR effectively.

Impact Statement

The existing antimicrobial resistance (AMR) of clinically important pathogens is a global problem. To combat, manage and
maintain proper records of AMR at the country level, it is important to conduct routine surveillance to predict pathogen behav-
iour in their response towards antibiotics. One effective approach is whole genome sequencing (WGS), but this requires labo-
ratory staff who are competent in bioinformatics and the use of appropriate tools to consolidate and compare AMR pathogen
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sequences across laboratories and public health facilities. However, challenges faced by a number of countries include lack of
equipment for WGS while bioinformatics analyses of pathogen genomes pose a test for many public health professionals, as
genomic analysis is a relatively new field for these professionals. To overcome this issue, we developed ‘AMRColab’, a Google
Colaboratory (Colab) prototype to allow users with limited or no bioinformatics skills to detect and visualize AMR determinants
on any computing device, even in low-resource settings. This would allow timely surveillance of AMR pathogens by local health
authorities, leading towards prevention of AMR transmission.

DATA SUMMARY

Genome sequences of six methicillin-resistant Staphylococcus aureus (MRSA) strains isolated from Malaysia [accession numbers:
PPUKM-261-2009 (AMRB00000000), PPUKM-377-2009 (AMRD00000000), PPUKM-775-2009 (AMRE00000000) and
M106_2017 (JALLIT000000000)] and Argentina [SRA numbers: 2028P (SRS5588740) and CF39 (SRS4380564)] are deposited
in the National Center for Biotechnology Information (NCBI) Sequence Reads Archive (SRA) public database. The course manual
is available at https://zenodo.org/records/6438173.

INTRODUCTION

Antimicrobial resistance (AMR) is a pressing global public health concern [1], with many pathogenic microbes having gained
resistance towards existing drugs, while the development of new antimicrobials has slowed down. The World Health Organization
(WHO) estimates that drug-resistant bacterial infections will cause up to 10 million deaths worldwide by 2050 [2]. Unmanaged
AMR could shave up to 3.8% off global GDP per year by 2050, potentially driving 28 million people into poverty, as predicted
by the World Bank in 2017 [3].

To effectively combat and manage AMR, surveillance of AMR pathogens via whole genome sequencing (WGS) is crucial to
monitor and predict pathogen behaviour in their response towards antibiotics. Various bioinformatics tools have been developed
to assemble raw genome sequence reads and to identify AMR determinants (genes and point mutations) in pathogen genomes
[4]. Following that, specialized bioinformatics tools, such as hAMRonization [5], are utilized to standardize the output of different
AMR determinant detection software and facilitate the comparison of AMR pathogen genome sequences across laboratories and
countries. In addition, various machine learning algorithms have been proposed towards identifying AMR [6, 7].

Despite the availability of different software and algorithms, bioinformatics analyses of pathogen genomes pose a challenge for
many public health professionals [8, 9]. Most lack the necessary Linux-based machines or coding skills to use currently avail-
able bioinformatics tools effectively. The cost of genome sequencing equipment is getting cheaper (e.g. the MinION nanopore
sequencer now costs USD1000), which has enabled some low-resource laboratories to procure sequencers for AMR surveillance.
Nonetheless, these laboratories still struggle with data analysis. As a result, numerous hospital laboratories and public health
organizations resort to commercial bioinformatics service providers to analyse AMR trends. This practice is costly and neither
ideal nor sustainable for long-term AMR management, especially for low-resource settings.

To overcome the bioinformatics barrier in managing AMR, we developed AMRColab; a Google Colaboratory (Colab) (a free
Google Notebook that allows bioinformatics code to be launched from a web browser [10]) prototype, that enables users with
limited or no bioinformatics skills to detect and visualize AMR determinants on any computing device, even in low-resource
settings. With AMRColab) users without bioinformatics training will be able to easily analyse, compare and visualize trends of
circulating AMR pathogen genomes, allowing timely surveillance of these pathogens by local health authorities, leading towards
prevention of AMR transmission.

METHODS

AMRColab development

AMRColab was developed via plugging three modules in a Google Colab, namely AMRFinderPlus [11] developed by the National
Center for Biotechnology Information (NCBI) (https://github.com/ncbi/amr), hAMRonization [5] developed by the Public Health
Alliance for Genomic Epidemiology (https://github.com/pha4ge/hAMRonization), and a visualization module containing Pathogen-
watch [12] (https://pathogen.watch/) and Microreact [13] (https://microreact.org/), both web-based applications developed by the
Centre for Genomic Pathogen Surveillance.

Colabs are Jupyter Notebooks accessible online by Google and require no unique computer setup. Via Colab notebooks, applications
that require huge processing power only achievable via GPUs and TPUs can be freely accessed via the web by computers in under-
resourced laboratories, as long as there is internet access.


https://www.ncbi.nlm.nih.gov/nuccore/AMRB00000000
https://www.ncbi.nlm.nih.gov/nuccore/AMRD00000000
https://www.ncbi.nlm.nih.gov/nuccore/AMRE00000000
https://www.ncbi.nlm.nih.gov/nuccore/JALLIT000000000
https://www.ncbi.nlm.nih.gov/biosample/SRS5588740
https://www.ncbi.nlm.nih.gov/biosample/?term=SRS4380564
https://zenodo.org/records/6438173
https://github.com/ncbi/amr
https://github.com/pha4ge/hAMRonization
https://pathogen.watch/
https://microreact.org/

Lam et al., Microbial Genomics 2024;10:001308

After creation of a Google Colaboratory account, AMRFinderPlus was first plugged into the notebook. We included another
python code to produce a simplified text file containing only determinants associated with AMR. AMRFinderPlus replaced
its forerunner AMRFinder. It is a widely used bioinformatics tool to identify AMR genes and AMR-associated mutations
in bacterial genomes. The tool also detects genes associated with metal, heat, acid, biocide and stress resistance, as well as
virulence genes.

Following this, the second module, hAMRonization [5], a bioinformatics tool to allow a standardized comparison of AMR determinants
from different bacterial genomes, was plugged into the Colab. hAMRonization consists of a python package and requires command-line
knowledge to utilize it. The tool works to combine outputs of different AMR determinant detection tools (AMRFinderPlus in the case
of AMRColab) into a single spreadsheet.

To enable visualization of AMR determinants, hAMRonization output was converted into a Microreact-ready .csv file, and instructions
on how to use Pathogenwatch and Microreact were subsequently embedded into the Colab as the third module. We used the ability of
Pathogenwatch to reconstruct a phylogenetic tree based on a core genome distance for a curated set of species (detailed on the website
https://pathogen.watch/) and the ability of Microreact to display and integrate results. Addition of these plug-ins into AMRColab allows
outputs from hAMRonization to be presented graphically in the form of phylogenetic/genomic trees with accompanying geographical
and temporal metadata of strains being investigated.

Upon completion of the Colab, running all modules from the Colab will enable users to upload genomes of tested bacteria, identify
AMR determinants in these genomes, and compare and visualize AMR determinant content between bacteria (even from different
laboratories), only by following the prompts from the Colab; no bioinformatics skills are required to run the analysis. AMRColab also
allows bulk processing of multiple genomes in a single analysis. A manual describing AMRColab has been developed and is available
at: https://zenodo.org/records/6438173.

AMRColab testing
Genome sequences of six methicillin-resistant Staphylococcus aureus (MRSA) strains isolated from Malaysia (PPUKM-261-2009,

PPUKM-377-2009, PPUKM-775-2009 and M106_2017 [14, 15]) and Argentina (2028P and CF39 [16, 17]) were used as the test set
for the Colab. Subsequently, these genomes were later used as examples during introductory workshops of the Colab.

Workshop

Two Zoom-based online workshops were organized on 13 April 2022 and 12 April 2023 to introduce AMRColab and its utility in
AMR management. Targeted participants were those from local universities and research institutes who were undertaking WGS on
AMR bacteria and comparing AMR determinants between bacterial strains obtained from different laboratories. We also invited
researchers from public health laboratories who were generating reports on surveillance of AMR bacteria.

Table 1. Questions on the feedback form for the AMRColab workshop participants

Workshop Questions

AMRColab 2022 Do you feel confident to use the AMRColab pipeline after the workshop?
Will a standardized AMR report (as produced by AMRColab) be useful in your work settings?

Will you be interested in attending an advanced workshop on AMRColab?

AMRColab 2023 Will a standardized AMR report (as produced by AMRColab) be useful in your work settings?
Do you feel confident to use AMRColab after the workshop?
Will you be using AMRColab in your research?
Will the output of AMRColab be useful in your surveillance work?
How likely is it that you will be recommending AMRColab to a colleague?
Will you be interested in attending an advanced workshop on AMRColab?
How easy is it to follow the user manual (rank 1-5, 5 is the highest score)?

AMRColab is easy to use (rank 1-5, 5 is the highest score)

Post-workshop utilization survey Have you managed to use AMRColab in your work?

Do you find AMRColab helpful in your work on AMR?

What are your expectations for an online, end-to-end bioinformatics solution for surveilling AMR genomes?



https://pathogen.watch/
https://zenodo.org/records/6438173

Lam et al., Microbial Genomics 2024;10:001308

The programme of the two workshops consisted of a lecture on AMR, AMR databases and AMR gene prediction tools, a lecture to
introduce AMRColab and a (virtual) hands-on session in three different Zoom breakout rooms. The second workshop also included
a lecture to introduce phylogenetic tree reconstruction and interpretation. The concluding workshop activity was the presentation of
results generated from AMRColab by representative workshop participants. Participants of both workshops were requested to complete
a Google Form to obtain their feedback on AMRColab. A total of three and eight questions were posed within the 2022 and 2023
workshop feedback forms, respectively (Table 1). In March 2024, all participants were requested to complete a new feedback form to
gauge post-workshop utilization of AMRColab.

RESULTS AND DISCUSSION

AMRColab was developed using the Google Colaboratory platform. A Colab allows users without bioinformatics knowledge to
execute programs written in Python codes in a ‘plug-and-play’ manner. With the development of AMRColab, the AMRFinderPlus
and hAMRonization bioinformatics tools used for AMR analysis can be utilized by any medical laboratory technologist, medical
doctor and public health scientist via a few clicks of a mouse attached to a personal computer with stable internet connection. AMR
comparison results from the analysis are then viewable using the Microreact plug-in, where the results could be shared quickly and
discussed among collaborators. The Colab is stored in Google Drive and is currently free of charge to be used at any location.

AMRColab interface

To begin using AMRColab, users will key in the URL https://tinyurl.com/AMRColab-AMRFinderPlus into the web browser, where
the interface of the Colab will be visible. Step-by-step instructions are available in the interface, prompting users to first connect their
computer to the Colab CPU/GPU/TPU, install and test AMRFinderPlus installation, followed by upload of genomic sequences from
investigated AMR pathogens (de novo assemblies in .fasta file format from any sequencing platform). Users will then key in parameters
for their analysis. Once AMR determinants from the genomes via AMRFinderPlus have been identified, the results will be visible
under the AMRFinderPlus output’ panel of the Colab. Fig. 1 is a screenshot of the AMRFinderPlus module. For users analysing large
quantities of genomes, batch analysis is available via https://tinyurl.com/AMRColab-AMRFinderPlus-batch.

Once the AMRFinderPlus analysis is completed by AMRColab, users will be prompted into hAMRonization: https://tinyurl.com/
AMRCcolab-hAMRonization. Fig. 2 is a screenshot to demonstrate the hAMRonization module. Similar to the previous module, users
will be instructed to connect to the Google Colab CPU, install hAMRonization and input analysis parameters. The hAMRonization
output will be in the form of a downloadable spreadsheet. Batch analysis of strains is available via https://tinyurl.com/AMRcolab-
hAMRonization-batch. In our testing, it took approximately 1 h 32min to process 200 S. aureus genomes.

Following this, if users choose to visualize their results, they will be directed into the third AMRColab module (https://tinyurl.com/
AMRcolab-microreact) containing Pathogenwatch to construct phylogenetic/genomic trees (available only for selected bacterial
species) followed by Microreact to produce heat-maps with geospatial locations. Similar to previous modules, users will be prompted
step-by-step by instructions available in the Colab. An example of the visualization module and output is shown in Fig. 3.

AMRColab trial run

Six MRSA strains isolated from Malaysia (PPUKM-261-2009, PPUKM-377-2009, PPUKM-775-2009 and M106_2017) and Argentina
(2028P and CF39) were used to test the developed AMRColab. These strains were previously tested and shown to be phenotypically
resistant to several antibiotics. PPUKM-261-2009, PPUKM-377-2009 and PPUKM-775-2009 are erythromycin (ERY, macrolide),
cefoxitin (FOX, beta-lactam), gentamicin (GEN, aminoglycoside) and penicillin (PEN, beta-lactam) resistant [14]. M106_2017 is
only resistant to FOX and PEN [15]. 2028P is PEN, FOX, GEN, ERY, clindamycin (CLIN, lincosamide), ciprofloxacin (CIP, fluoro-
quinolone), trimethoprim-sulfamethoxazole (TMP, dihydrofolate reductase inhibitor — sulfanilamide) and rifampin (RIF, ansamycin)
resistant. CF39 is PEN, FOX, GEN, ERY and tigecycline (TIGE, glycylcycline) resistant [16, 17].

Fig. 4 shows the results obtained after running the first and second modules of AMRColab for the six MRSA strains. The spreadsheet
shows information about the tested bacterial strains, their AMR determinants(s) and also the corresponding antibiotic(s) for which
the determinants are coding for resistance. The spreadsheet is viewable at: https://tinyurl.com/AMRColab-trial-report.

Fig. 5 shows the final visualization output obtained via the third module of AMRColab for the six genomes. All the MRSA genomes
carry fosB, mecA and tet genes associated with fosfomycin, beta lactams and tetracycline resistance, respectively. PPUKM-261-2009 and
PPUKM-775-2009 belonged to the same clade. They were also found to carry AMR determinants for aminoglycosides, macrolides/
lincosamides, quaternary ammonium, fluoroquinolones, streptothricin and trimethoprim. MRSA 2028P, which originated from
Argentina, showed a similar AMR determinant profile and clustered closely to PPUKM-261-2009 and PPUKM-775-2009; however,
MRSA 2028P did not have quaternary ammonium-resistant determinants but instead harboured an rpoB mutation conferring
resistance to rifampin. PPUKM-377-2009 formed a clade with CF39 and both strains carried aminoglycoside and macrolide AMR
determinants. M106_2017 was a more recent MRSA strain that harboured fewer AMR genes compared to the other tested strains.
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AMRFinderPlus identify acquired antimicrobial resistance genes in bacterial protein and/or assembled nucleotide sequences as well as known
e resistance-associated point mutations for several taxa. With AMRFinderPlus we added select members of additional classes of genes such as
o virulence factors, biocide, heat, acid, and metal resistance genes.

Google colab allows you to execute AMRFinderPlus in your browser using one of Google's computers via a virtual machine for free. For optimal
performance of this colab, we suggest utilizing Google Chrome.

Instruction

1. Please press the "Connect" button found on the upper right of this page to connect to a Google machine.
2. The pipeline consists of 5 steps. The currently running steps is indicated by a circle with a stop sign next to it.

If you wish to run this tool in batch to multiple reports/genomes, follow this link: https:/tinyurl.com/AMRColab-AMRFinderPlus-batch and run
the pipeline following the same steps as described our manual.

Cite as: Su Datt Lam, Sabrina Di Gregorio, Mia Yang Ang, Tengku Zetty Maztura Tengku Jamaluddin, Sheila Nathan, & Hui-min Neoh. (2023).
Running AMR bioinformatic tools using Google colab (2.0). Zenodo. https:/doi.org/10.5281/zenodo.7814532

<> > |Install AMRFinderPlus and other prerequisites
= ©  Please execute this cell by pressing the Play button on the left.
e} Show code
> Test AMRfinderplus installation
O you see "AMRFinder took X seconds to complete Success!", this mean the installation is sucessful!
Show code
> Upload your file

©  Pplease execute this cell by pressing the Play button on the left. Then, the upload file button will then appeared.
Upload the file by pressing "Choose Files". You are allowed to only 1 file.
Open this page using Google Chrome if you get "MessageError: RangeError: Maximum call stack size exceeded.".

Show code

> Provide your parameters

©

filename: [ Afna ]

« the name of the file you uploaded. Please include the extension name (for example, .txt).

sequence_type: [ n - ]

« n: translated-nucleotide s
« p: protein sequence with no genomic coordinates

*

organism: [S(aphylococcus_aureus

. ism (e.g. Acinetob b i, Burhkholderia_| ds llei, Klebsiella_pneumoniae, Pseudomonas_aeruginosa, Staphylococcus_aureus, Vibrio_cholerae).

o Refer https:/github.com/ncbi/amr/wiki/Running-AMRFinderPlus#-organism-option for all the supported organisms.

output_filename: [ A.output ]

« Filename of output file.
Show code

> AMRFinderPlus output

(> If you are having issues downloading the result archive, try disabling your adblocker and run this cell again. If that fails click on the little folder icon to the left, navigate to file: output_filename,
right-click and select "Download".

The content of the output file is as below:

Show code =

Please proceed the next module of ABRColab

You should proceed to our hAM ization module via https://tinyurl.com/AMRcolab-hAMR

If you like to run another AMR predictor, you can go our Resfinder4 module via https:/tinyurl.com/AMRColab-ResFinder.

Fig. 1. AMRColab AMRFinderPlus module.
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For more details regarding the software, checkout the hAMRonization Gitiub.

Instruction

1. Please press the "Connect” button found on the upper right of this page to connect to a Google machine.
2. The pipeline consists of 4 steps. The currently running steps is indicated by a circle with a stop sign next to t.
Cite as: Su Datt Lam, Sabrina Di Gregorio, Mia Yang Ang, Tengku Zetty Maztura Tengku Jamaluddin, Sheila Nathan, & Hui-min Neoh. (2023).
Running AMR bioinformatic tools using Google colab (2.0). Zenodo. https://doi.org/10.5281/zenodo.7814532

If you wish to run this tool in batch to follow this link: i ization-batch and run
the pipeline following the same steps as described above in this manual.

> Install the hAMRonization software

©  Please execute this cell by pressing the Playbutton on the left.
Show code

> Test the hAMRonization installation

©  showcode

> Upload your file *
©  Please execute this cell by pressing the Play button on the left. Then, the upload fle button willthen appeared
Upload the file by pressing "Choose Files". You are allowed to only 1 file
Show code
> Provide your parameters
©
filename: X.output J
« the name of the file you uploaded. Please include the extension name (for example, ).
progran: | resfinder J
. abricate; iba; rgi resfinder; resfinder; srax; deeparg; i rst2; ; csstar;
input_filenane: [ X J
« Sequence entry =
analysis_software_version: [ 3128 fi
+ AMR software version.
reference_database_versio [ 20240722 1
+ Database version.
— l
« tsv; json; interactive
output_filename: | X hamronized ixt ]

« Filename of output file.

Show code

5% Harmonization complete for X_hamronized.txt.

> hAMRonization output

©  ifyou are having issues downloading the result archive, try disabling your adblocker and run this cel again. I that fails lick on the e folder con o the left,navigate to fle: output_flename, ..
right-click and select "Download". *

‘The content of the output file is as below:

Show code
5% input_file_nane gene_synbol  gene_name reference_database_name reference_database_version reference_accession  analysis_software_name analysi
X aac(6')-aph(2"*) aac(6')-aph(2" ') resfinder 2024-07-22 M13771  resfinder 3.12.8 gene_presence_detected 100.0

X aph(3')-III  aph(3')-IIT resfinder 2024-07-22 M26832 resfinder 3.12.8 gene_presence_detected 99.75

X ant(9)-Ta ant(9)-Ta resfinder 2024-07-22 X02588  resfinder 3.12.8 gene_presence_detected 100.0

X mecA  mecA  resfinder 2024-07-22 NC_002951 resfinder 3.12.8 gene_presence_detected 100.0 Anoxici
X blaz  blaz  resfinder 2024-07-22 KUG07301 resfinder 3.12.8 gene_presence_detected 100.0 Anoxici
X ern(A) erm(A) resfinder 2024-07-22 X03216 _resfinder 3.12.8 gene_presence_detected 100.0 Erythronycin, L
X tet(M) tet(M) resfinder 2024-07-22 FN433596 resfinder 3.12.8 gene_presence_detected 100.0 Doxycyc
X dfrG  dfrG  resfinder 2024-07-22 8205645 resfinder 3.12.8 gene_presence_detected 100.0 Trinett

Please proceed the next module of ABRColab

You should proceed to our module via

Fig. 2. AMRColab hAMRonization module.
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For more details regarding ization, checkout the lization GitHub.
Instruction
1. Please press the "Connect” button found on the upper right of this page to connect to a Google machine. =
2. The pipeline consists of 3 steps. The currently running steps is indicated by a circle with a stop sign next to it. +

3. Step-by-step on how to create a PathogenWatch tree and how to display the ic tree and also ization output using
Microreact are also explained.

Cite as: Su Datt Lam, Sabrina Di Gregorio, Mia Yang Ang, Tengku Zetty Maztura Tengku Jamaluddin, Sheila Nathan, & Hui-min Neoh. (2023).
Running AMR bioinformatic tools using Google colab (2.0). Zenodo. https:/doi.org/10.5281/zenodo.7814532

> Upload all your hAMRonization outputs

©  Please execute this cell by pressing the Play button on the left. Then, the upload file button will then appeared.
Upload the file by pressing "Choose Files".

Show code

> Convert hAMRonization output to microreact format (part 1)

©  showcode

> Convert hAMRonization output to microreact format (part 2)

©  showcode

©

PV e BT e
Create a phyl ic tree using Patt Watch +

Instruction

1. Upload your genomes into Pathogenwatch (https://pathogen.watchy).
2. Select Upload file type:
Select "Single Genome FASTAs" if your genomes are individuals files. Select "Multi-Genome FASTAs" if your genomes have been concatenated
into a big.
3. Upload the file:
Drag and drop your genomes into the website. After the genomes have been have uploaded, wait for a while while the system try to processed
the file by performing cgMLST Clustering (i.e. annotate the Genomes with cgMLST schemes and identify similar sequences)
4, Select all the genomes uploaded and place them in the same collection:
At the genome page, select all genomes interested by checking the respective box. AFter that, select "Selected Genomes" followed by "Create
Collection"
5. Open the Collection and download the Pathogentree created
Click on the collection created. The system will try to create a phylogenetic tree using all the sequences inside the collection. If a tree is not

available, wait for a while the system create one. Once the tree s ready, it will be displayed in the system, click the Download button on Top
Right followed by “Tree (.nwk)". Congratulation you managed to generate a tree using Pathogenwatch

Display the tree and the hAMRonization output using MicroReact

+
Instruction
1. Log into Mit website i org)
2. Upload the microreact ready hAMRonization file (i.e. output.csv) and the ic tree (i.e. XXXX I
tree.nwk).

3. Make sure the file kind for microreact ready hAMRonization file is “Data" and phylogenetic tree is "Tree (Newick)".

4. Make sure column "name” is the column label.

5. Select Metadata Blocks in the tree window and checked all the metadata. With this the phylogenetic tree will be displayed with the
presence of AMR gene and also the presence of Antibiotic Resistance.

6. Feel free to include additional Metadata (e.g. latitude, longtitude, anatomical material, body product, year) to make the the visualization
even more informative

Fig. 3. AMRColab visualization module.
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Fig. 4. Screenshot of the spreadsheet obtained for tested strains after the first and second modules of AMRColab were executed.

The output rendered from the visualization module is simple, sleek and suitable for preparing AMR reports, and can be viewed at:
https://tinyurl.com/AMRColab-trial-output.

AMRColab workshop and feedback

Coincidentally, the same number of participants (1=32) attended the workshops held in 2022 and 2023. For the workshop held in 2023,
most were new attendees; only two participants had previously attended the first workshop held in April 2022 and were attending the
second workshop as a refresher course. All participants of the first workshop were staff or graduate students from government-linked
Malaysian laboratories or public universities located in the Klang Valley, a central region of Peninsular Malaysia, working on medical
microbiology. Approximately 52.0% of the participants were from the Institute for Medical Research (IMR). IMR is an agency under the
purview of the Ministry of Health, Malaysia. One of its thrust activities is to release the yearly National Surveillance of Antimicrobial
Resistance (NSAR) report for Malaysia. It also serves as the National Focal Point for the WHO’s Collaborative Surveillance Programme
on Antibiotic Resistance in the Western Pacific Region and routinely submits national data to the WHO’s Global Antimicrobial
Resistance and Use Surveillance System (GLASS). Interestingly, the participants of the second workshop worked in more varied fields
of microbiology (medical, food, water, environment, zoonosis, gut microbiota) and were working in laboratories beyond the Klang
Valley, such as in East Malaysia (Borneo) (n=>5, 15.6%), Indonesia (n=6, 18.8%), Nepal (n=1, 3.1%) and Hungary (n=1, 3.1%). For
the workshop in 2023, we also collected information about the participants’ experience in bioinformatics. We noted that the majority
(n=19/32,67.9%) of them had limited bioinformatics knowledge and a further eight participants (25%) were at the intermediate level.
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Fig. 5. An excerpt of the AMRColab visualization output for tested strains. (a) Phylogenetic tree and heatmap of AMR genes. (b) Map showing the

geospatial locations of the origins of the six strains. (c) Additional metadata of the tested strains.



https://tinyurl.com/AMRColab-trial-output

Lam et al., Microbial Genomics 2024;10:001308

Confidence in using AMRColab
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100%
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Fig. 6. Participant survey responses from the first AMRColab workshop.

A total of 23 and 28 participants, respectively, from the 2022 and 2023 workshops completed and submitted the feedback form
(Figs 6 and 7). For the first workshop, 17 respondents (74.0%) felt confident in using AMRColab at the end of the workshop, and
18 (78.0%) of them concurred that the report generated from AMRColab would be useful for their surveillance work (Fig. 6). All
respondents stated their interest to participate in future AMRColab workshops. For the second workshop, we noted an improvement
in the confidence of the respondents in using AMRColab at the end of the workshop (n=26, 92.9%); eight (28.6%) and 13 (46.4%)
respondents answered ‘definitely” and ‘most likely’ to the question of ‘will you be using AMRColab in your research?’ Eleven (39.3%)
and 14 (50.0%) respondents gave a score of ‘4’ and ‘5’ (‘5’ being the easiest) about the ease of AMRColab utilization.

Will a standardized AMR report be useful in your work Do you feel confident to use the AMRColab after Willyou be using the AMRColab in your research?

settings?
oves
@ No
© Unsure 3t the momen

i)

Will the output of the AMRColab be useful in your surveillance
work?

®No

® Unsure

® Maybe

@ Most likely
@ Definitely

How understandable is the user manual?

the workshop?
@ Yes
®No

©® Unsure att

® No

@ Unsure

® Maybe

@ Most likely
@ Defintely

How likely is it that you will be recommending the AMRColab toa ~ Will you be interested in attending an advanced workshop

colleague? on the AMRColab?
@ No
@ Unsure [ :es
©® Maybe O No
@ Most likely @ Unsure at the moment
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The AMRColab is easy to use

1(36%)

1 2 3 4 5

Fig. 7. The participants’ survey responses following the second AMRColab workshop and a follow-up survey 12 months after the workshop.
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Overall, the feedback from participants of both workshops was positive. They were appreciative that AMRColab could be used by
individuals without prior bioinformatics knowledge for the analysis of their AMR pathogens. In the post-workshop utilization survey,
ten respondents provided feedback, where six of them (60.0%) had started using AMRColab in their work. Five of these respondents
found AMRColab to be useful. The only negative feedback we obtained during the post-workshop utilization survey was from a
participant who required the utilization of Resfinder instead of AMRFinderPlus in their analysis. At the time of the workshop, the
version of AMRColab had only the AMRFinderPlus analysis pipeline embedded into it, so users who prefer other AMR bioinformatics
suites such as ResFinder (http://genepi.food.dtu.dk/resfinder) and ABRicate (https://github.com/tseemann/abricate) would not be
able to use AMRColab. We have since added the option of running ResFinder in the Colab (links for ResFinder: https://tinyurl.
com/AMRColab-ResFinder and ResFinder batch analysis: https://tinyurl.com/AMRColab-ResFinder-batch) as an alternative to
AMRFinderPlus. A participant also mentioned that analyses run in AMRColab could not be saved; however, we do not see this to
be problematic as the analysis does not take a long time to complete, and results are in the form of downloadable spreadsheets, with
shareable links of visualization maps. No data will be stored in the Google Colab, ensuring data security for the users.

We acknowledge that other tools such as Pathogenwatch also offer a user-friendly analysis of genome assemblies from a web browser
without bioinformatics knowledge. However, our approach has the potential to encourage the use of existing bioinformatics tools by
public health officers/researchers. AMRColab enables the use of two AMR bioinformatics software (AMRFinderPlus and ResFinder),
with a possibility to extend to other software in the future, and to obtain a standardized AMR determinant output (with hAMRoniza-
tion) that can be compared with those from other bioinformatics tools across public health institutions.

After the workshops, at the time of writing, we have also developed a module for genome assembly (https://tinyurl.com/AMRColab-
GenomeAssemblyModule), where users will be able to plug in raw sequence reads from their sequencing platforms for genome
assembly prior to the AMR gene identification module. This module uses SPAdes (https://github.com/ablab/spades) for sequence read
assembly, followed by QUAST (https://github.com/ablab/quast) for genome quality assessment. The genome assembly and ResFinder
modules are currently in beta, and will be introduced and tested in future AMRColab workshops. In our test run, it took 3h and 35min
to assemble a typical S. aureus genome. In addition, among the upcoming improvements to AMRColab include better visualization
tools, together with translation of the AMRColab manual into languages other than English. An online community platform for
AMRColab users will also be established, together with a tutorial video about the Colab.

SUMMARY

‘AMRColab’ was developed as an open access AMR bioinformatics analysis suite complete with visualization tools for reporting
purposes. Users of AMRColab will be able to easily analyse, compare and visualize trends of circulating AMR pathogen genomes. This
would allow timely surveillance of these pathogens by local health authorities, even if these personnel are not trained in bioinformatics,
leading towards timely action for prevention of AMR transmission. We envision AMRColab to be a useful tool in AMR laboratories
with current limited access to bioinformaticians, breaking down the bioinformatics barrier for easy and timely AMR pathogen genome
and epidemiological analysis.

Funding information
This research was funded by The Transdisciplinary Research Grant Scheme (grant number TRGS/1/2022/UKM/02/8/1) awarded by The Ministry of
Higher Education, Malaysia, and Public Health Alliance for Genomic Epidemiology (https://pha4ge.org) (subgrant AMR-SG-02) (UKM code: JJ-2021-006).

Acknowledgement
We thank Arjun Prasad (NCBI) for providing feedback on our Colaboratory codes. The authors would like to thank Saveetha the Institute of Medical and
Technical Sciences for the support provided.

Author contributions

Conceptualization: S.D.L., E.G., S.N., H.M.N. Data curation: S.D.L., S.D.G., M.Y.A,, H.M.N. Formal analysis: S.D.L., S.D.G., M.Y.A,, H.M.N. Funding acquisi-
tion: HM.N., S.N. Investigation: S.D.L., S.D.G., M.Y.A,, E.G, TJT.ZM., S.N,, HM.N. Methodology: S.D.L., S.D.G., M.Y.A,, E.G., TJ.T.ZM. Project administration:
H.M.N., S.N. Resources: S.D.L., S.D.G., M.Y.A,, E.G., HM.N. Software: S.D.L., S.D.G., M.Y.A., E.G. Supervision: S.D.L., E.G., S.N.,, H.M.N. Validation: M.Y.A. Visu-
alization: S.D.L., S.D.G., M.Y.A. Writing — original draft: S.D.L., S.D.G., S.N., HM.N. Writing - review & editing: S.D.L., S.D.G., M.Y.A,,E.G., TJ.T.ZM.,,S.N.,, HM.N.

Conflicts of interest
The authors declare that there are no conflicts of interest.

References 3. Jonas OB, Irwin A, Le Gall FG, Marquez PV. Drug-resistant infec-
1. Walsh TR, Gales AC, Laxminarayan R, Dodd PC. Antimicrobial tions: a threat to our economic future. Wash DC World Bank Group,
resistance: addressing a global threat to humanity. PLoS Med 4. Imchen M, Moopantakath J, Kumavath R, Barh D, Tiwari S, et al.
2023;20:e1004264. Current trends in experimental and computational approaches to
2. World Health Organization. Health and economic impacts of anti- combat antimicrobial resistance. Front Genet 2020;11:563975.
microbial resistance in the western Pacific region, 2020-2023; 5. Mendes |, Griffiths E, Manuele A, Fornika D, Tausch SH, et al.

2023 hAMRonization: enhancing antimicrobial resistance prediction

10


http://genepi.food.dtu.dk/resfinder
https://github.com/tseemann/abricate
https://tinyurl.com/AMRColab-ResFinder
https://tinyurl.com/AMRColab-ResFinder
https://tinyurl.com/AMRColab-ResFinder-batch
https://tinyurl.com/AMRColab-GenomeAssemblyModule
https://tinyurl.com/AMRColab-GenomeAssemblyModule
https://github.com/ablab/spades
https://github.com/ablab/quast
https://pha4ge.org/

Lam et al., Microbial Genomics 2024;10:001308

1.

using the PHA4GE AMR detection specification and tooling. Bioin-
formatics 2024. DOI: 10.1101/2024.03.07.583950.

Kim JI, Maguire F, Tsang KK, Gouliouris T, Peacock SJ, et al.
Machine learning for antimicrobial resistance prediction: current
practice, limitations, and clinical perspective. Clin Microbiol Rev
2022;35:e0017921.

Popa SL, Pop C, Dita MO, Brata VD, Bolchis R, et al. Deep learning
and antibiotic resistance. Antibiotics 2022;11:1674.

Elghriani A, Maatuk A, Elberkawi E, El-Turki T. Evaluation of the
knowledge of medical and health informatics students for bioin-
formatics and biomedical research. In: The 7th International Confer-
ence on Engineering & MIS. Almaty Kazakhstan: ACM, 2021. pp. 1-7.

Alomair L, Abolfotouh MA. Awareness and predictors of the use of
bioinformatics in genome research in Saudi Arabia. Int J Gen Med
2023;16:3413-3425.

Bisong E. Google Colaboratory. In: Building machine learning and
deep learning models on Google Cloud platform. Berkeley, CA:
Apress; , pp. 59-64.

Feldgarden M, Brover V, Gonzalez-Escalona N, Frye JG, Haendiges J,
etal. AMRFinderPlus and the Reference Gene Catalog facilitate exam-
ination of the genomic links among antimicrobial resistance, stress
response, and virulence. Sci Rep 2021;11:12728.

Argimon S, Yeats CA, Goater RJ, Abudahab K, Taylor B, et al. A global
resource for genomic predictions of antimicrobial resistance and

14.

surveillance of Salmonella typhi at pathogenwatch. Nat Commun
2021;12:2879.

Argimén S, Abudahab K, Goater RJE, Fedosejev A, Bhai J, et al.
Microreact: visualizing and sharing data for genomic epidemiology
and phylogeography. Microb Genom 2016;2:e000093.

Neoh H-M, Mohamed-Hussein Z-A, Tan X-E, B Raja Abd Rahman RMF,
Hussin S, etal.Draftgenome sequences of four nosocomial methicillin-
resistant Staphylococcus aureus (MRSA) strains (PPUKM-261-2009,
PPUKM-332-2009, PPUKM-377-2009, and PPUKM-775-2009) repre-
sentative of dominant MRSA pulsotypes circulating in a Malaysian
university teaching hospital. Genome Announc 2013;1:e00103-12.

Ang MY, Binti Mohamad Farook NA, Kamarudin N, Lam SD,
Di Gregorio S, et al. Draft genome sequences of four methicillin-
resistant Staphylococcus aureus strains (M080_2017, M106_2017,
M181_2017, and M191_2017) isolated from a Malaysian teaching
hospital. Microbiol Resour Announc 2022;11:e00867-22.

Haim MS, Zaheer R, Bharat A, Di Gregorio S, Di Conza J, et al.
Comparative genomics of ST5 and ST30 methicillin-resistant
Staphylococcus aureus sequential isolates recovered from paedi-
atric patients with cystic fibrosis. Microb Genom 2021;7:000510.

Herrera M, Gregorio SD, Haim MS, Posse G, Mollerach M, et al.
Genetic changes associated with tigecycline resistance in Staphy-
lococcus aureus in vitro-selected mutants belonging to different
lineages. Int J Antimicrob Agents 2021;57:106304.

The Microbiology Society is a membership charity and not-for-profit publisher.

Your submissions to our titles support the community — ensuring that
we continue to provide events, grants and professional development for
microbiologists at all career stages.

Find out more and submit your article at microbiologyresearch.org




	AMRColab – a user-­friendly antimicrobial resistance detection and visualization tool
	Abstract
	Data Summary
	Introduction
	Methods
	AMRColab development
	AMRColab testing
	Workshop

	Results and discussion
	AMRColab interface
	AMRColab trial run
	AMRColab workshop and feedback

	Summary
	References


