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How Bacteria and Fungi Fight Back 
Against Antibiotics 
Antibiotics fight germs (bacteria and h.Jngi)_ But. germs fight back and find new ways 
to survive. Their defense strategies are called resistance mechanisms. Only germs, 
not people, become ,.esistant to antibiotics. 
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How Antibiotic Resistance Moves 
Directly Germ to Germ 
Any antibiotic use can lead to antibiotic resistance. Antibiotics kil l germs 
like bacteria and fungi. but the resistant surviv~ remain. 

Resistance traits can be inherited generation to gene,ation. They can also 
pass directly from germ to germ by way of mobile genetic elements. 
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Introduction 

Definition 
Bacterial antimicrobial 
resistance (AMR) occurs 
when changes in bacteria 
increase resistance of 
the bacteria to drug 
treatments 
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GBD super-region 
D Central Europe, eastern Europe, and central Asia 
D High income 
D Latin America and Caribbean 
0 North Africa and Middle East 
□South Asia 
D Southeast Asia, east Asia, and Oceania 
D Sub-Saharan Africa 

Resistance 
D Associated with resistanc 
• Attributable to resistance 

 
  

  
 

 

       

Introduction, cont. 

• World-wide impact 
– AMR estimates for year 2019 

• 4.95 million AMR-associated deaths1 

• 1.27 million AMR-attributable deaths1 

– Predicted estimates for 2050 
• 10 million AMR-associated deaths annually 

(more than currently die from cancer)2 

1Murray, 2021, Lancet. 2O’Neill, Review on Antimicrobial Resistance. 3 



   
   

     
   

 
  

     

Objectives 

• FDA Review 
– Biologic therapeutics (bacteria, phages) reviewed at FDA 

• Screen for safety issues, antibiotic resistance genes 

• Application of technology / scientific computing 
– Developed antimicrobial resistance pipeline through the High-performance 

Integrated Virtual Environment (HIVE) 
– Accepts high-throughput sequencing (HTS) reads as input and provides a detailed 

report on potential antibiotic resistant (ABR) genes present in the biologic product 
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AMR Pipeline 
Designed, optimized for 
different high-throughput 
sequencing technologies: 

Short reads (dark blue) 
Illumina, Ion Torrent 
Implemented in HIVE 

Long reads 
PacBio, Oxford Nanopore 

Hybrid 
Both 

Ronholm, 2016, Clin Microbiol Rev 

Assembly (Unicycler) Assembly (SPAdes) 

Long reads 
(PacBio, 

ONT) 

Contigs 

BLASTX RGI 
(BLAST/DIAMOND) 

Hexagon 
CARD 

Filters Filters Filters 

Output 
(gene, % identity, 

prediction confidence, 
E value) 

Assembly (Canu) 

Hybrid (both) Short reads 
(Illumina) 

Union/Intersection 

QC, Trimming (Fastp) 

BLAST 

Filters 

Heptagon 

-

Second Generation 
Massively Para llel Sequencing 

•Sequencing by synthesis 
• Amplified templates are generated 
duringsequencing,reducingthe 
requirementsforstartingmaterial 

-High accuracy 
•Short read lengths 

e.g., MiSeq (lllumina), Ion Torrent 
(Thermo Fisher Scientific) 

Third Generation 
Single-molecule Sequencing 

~ 
-- Maskhairpin == sequences 

! Generate consensus 
sequence 

• Single-molecule templates 
•low accuracy 
- Long read lengths 

e.g., Single-Molecule Real-Time (SMRT) ­
Sequencing (Paci fi c Biosciences), 
MinlON (Oxford Nanopore Technologies) 
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AMR Pipeline 

Assembly (Unicycler) Assembly (SPAdes) 

Long reads 
(PacBio, 

ONT) 

Contigs 

BLASTX RGI 
(BLAST/DIAMOND) 

Hexagon 
CARD 

Filters Filters Filters 

Output 
(gene, % identity, 

prediction confidence, 
E value) 

Assembly (Canu) 

Hybrid (both) Short reads 
(Illumina) 

Union/Intersection 

QC, Trimming (Fastp) 

BLAST 

Filters 

Heptagon 

Quality control and 
trimming of reads 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/ 
-

34 
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Quality scores across all bases (I llumina >v l .3 encodnQ) 
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Position in read (bp) 
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t Fragment DNA and sequence 
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2. Find overlaps between reads 

••. AGCCTAGACCTACA 
COCATATCCGGT ... 

3. As emble <:N rl ps into contigs 
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AMR Pipeline 
Assemble reads into 
contigs 

Baker, 2012, Nature Methods 

Assembly (Unicycler) Assembly (SPAdes) 

Long reads 
(PacBio, 

ONT) 

Contigs 

BLASTX RGI 
(BLAST/DIAMOND) 

Hexagon 
CARD 

Filters Filters Filters 

Output 
(gene, % identity, 

prediction confidence, 
E value) 

Assembly (Canu) 

Hybrid (both) Short reads 
(Illumina) 

Union/Intersection 

QC, Trimming (Fastp) 

BLAST 

Filters 

Heptagon 
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AMR Pipeline 

Align contigs to CARD 
database 

Assembly (Unicycler) Assembly (SPAdes) 

Long reads 
(PacBio, 

ONT) 

Contigs 

BLASTX RGI 
(BLAST/DIAMOND) 

Hexagon 
CARD 

Filters Filters Filters 

Output 
(gene, % identity, 

prediction confidence, 
E value) 

Assembly (Canu) 

Hybrid (both) Short reads 
(Illumina) 

Union/Intersection 

QC, Trimming (Fastp) 

BLAST 

Filters 

Heptagon 

-

Contig 

AMR Gene 

A T G T C A C A T 
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AMR Pipeline 

Python script (developed 
internally) to 
filter/merge/format results 
for output to user 

Assembly (Unicycl er) Assembl y (SP Ades) 

Long reads 
(P a cBio, 

ONT) 

Contigs 

BLASTX RGI 
(BLAST/DIAMOND) 

Hexag on
CARD 

Fi lt ersFilters Fil ters 

Output 
(g en e, % i d en ti ty, 

p red ict ion confidence, 
E val u e) 

Assemb ly (Ca nu) 

Hybrid (both) Short reads 
(Illumina) 

Uni on /Int ersecti on 

QC, Trimming (Fast p) 

BLAST 

Filters 

Heptagon 

-
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HIVE Platform 

o A cloud-based 
environment that 
comprises both a storage 
library of data and a 
powerful computing 
capacity. 

o Can consume, digest, 
analyze, manage, and 
share all this data. 

Distributed 
storage cloud 

Cloud control 
server 

Web portal drop-
box 

Distributed  
computational 
cloud 

Instruments External data 
providers 

Local hard 
drives 

Web-browser 

High throughput infiniband multichannel network 40Gb/s 

Metadata Database 
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AMR Short Reads Pipeline 

P.irameters 

Ger,(QI Systf.'lll Advana-d 

•~::=:J 
) Pipelinell'4)l.ttPa.iarooi:ers ! 

) lnputRri!iids ! 

Rllild 1~ ! 

) Corflll'e~AnibiobcP.esistani:eDa~ !CAROJ 

CARDRefererK:eGenornejs~ 

CARD Refiorenc:eGeoome nudl!Ot!Oe fas~ 

CARDReferenceGeoomeprote.n f.61~ 

ARO I~ 

) SPAM 
Carefl.J IP;I 

lonTorreflt0 

) RGI BLAST 

"'""'""""' 
) RGI DIAMOND 

""""'""""' 
) AMR Merge 

Minirrom Nucleotide ~ ~O::.'.:.'.:.'.:.'.:.'.:.'.:.::::: 
MinirrunNucleot1dePercent1~1ii[:===i 

Minirrun Nutmer ot 1 

Minirrom Prot~n Pl:,ra!nt ldentllV,,2!lO;;:=:::::::: --

~.,. SeNice Het, 

0 AMR Short Pipeline 

AMRShort Ptpel ioo 

ThiSpil)('l.-ie consistsot14cn.medprocesses-Theroostootal:lleprog,amswitNn tr-s p1pelineare 

5PAdes. BLAST. 81..ASTX. RGI BLAST. RGI DIAAONO • .:n:l Hexagon 

Ou1pur. from ~6 programs are thl!nprocessed bv a P,-1:tlon scrip! 10 rerum the~ outcome. 

Them.vliripursfor th~pipelrll! arethe r~andtheCAAD~iflbom}!;o(lar.1fasla. 

Forthedataba!.eparamelers.pleasegotothl! OffKi.alCAROD.udbase anddawnloadthe"CARD 
Dat1" ofthl!desired ~ ~ . Unzipthefij2S,andupload~ 
•rudeonde_fast.l_protein_horrolog_ n·1r.de1Jasta". •pmmn_fasta _protein _MmOlcig_model_f~a• 

1 CW,,,shoft•reads~~sfor'"'1ich5p.ld(,s iS r~dare lllJmin.lMld lorfforrmtNot 

I othe~wdlasHelico!iare1ecomnleflded 
I 

~ v('i MAIN HOME HOME NEW DATASETS PORTAL LINKS PROJECTS SERVICES CONTACT HELP LOGOUT AEPQ~ 

AMR Merge 

enterococcus_faecalis_shortread 

Step 14 

Parameters 

Progress 

Main Progress 

Results 

Available Files to 

Download 

What's Next? 

Avai lable Files to Download 

1MifflM1fflMWWW ,r.:,,; 
'1) ~ [All fil es) 

~ ~ arnr-rnerge-output.txt 

~ ~ arnr-merge-output.txt.cornpressed ,txt 

23.42 1(8 

14.011(8 

9.42 KB 

HIVE Interface 

Output 
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Output (Staphylococcus aureus) 

ARO Gene Protein Product Protein Accession Drug Class Resistance Mechanism Tool Length Pident Bitscore 

Number of Tools 
Identifying Potential AMR 

Gene 

3000839 arlS 
conserved hypothetical 

protein ABD30512.1 

acridine dye;disinfecting agents and 
intercalating dyes;fluoroquinolone 

antibiotic antibiotic efflux Blastx 451 100 812 5 

3000026 mepA MepA AAU95768.1 glycylcycline;tetracycline antibiotic antibiotic efflux Blastx 451 100 885 5 

3004661 fosB 
fosfomycin resistance 

protein FosB EHS19134.1 fosfomycin antibiotic inactivation Hexagon 420 97.38 5 

3005097 blaZ 
beta lactamase protein 

BlaZ CBZ41939 penam antibiotic inactivation Blast 405 99.01 5 

3000617 mecA MecA AGC51118.1 
carbapenem;cephalosporin;cephamyci 

n;monobactam;penam 
antibiotic target 

replacement Hexagon 2007 99.85 5 

3000250 ErmC 

macrolide-lincosamide-
streptogramin B-

resistance protein AAA98296.1 
lincosamide antibiotic;macrolide 

antibiotic;streptogramin antibiotic antibiotic target alteration Hexagon 735 99.86 5 

3004572 LmrS 

drug resistance 
transporter, EmrB/QacA 

subfamily AAW38464.1 

aminoglycoside 
antibiotic;diaminopyrimidine 

antibiotic;macrolide 
antibiotic;oxazolidinone 

antibiotic;phenicol antibiotic antibiotic efflux Blast 1443 99.86 5 

3004667 norA norA BAA14147.1 fluoroquinolone antibiotic antibiotic efflux Hexagon 1167 99.91 5 
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Output (Enterococcus faecalis, Blautia obeum) 

Enterococcus faecalis 
Murray, 2021, Lancet 

ARO Gene protein Product Protein Accession Drug Class Resistance Mechanism Tool Length Pident Bitscore 
Number of Tools Identifying 

Potential AMR Gene 
3002875 dfrE EOD99669.1 diaminopyrimidine antibiotic antibiotic target replacement Blastx 164 98.171 335 5 

3003948 efrA WP_104671188.1 
fluoroquinolone antibiotic;macrolide 

antibiotic;rifamycin antibiotic antibiotic efflux RGI-Blast 99.83 1168.3 5 

3003551 emeA multidrug efflux pump BAC11911.1 
acridine dye;disinfecting agents and 

intercalating dyes antibiotic efflux Blast 736 99.46 5 

3000300 lsaA Lsa AAO43110.1 

lincosamide antibiotic;macrolide 
antibiotic;oxazolidinone antibiotic;phenicol 

antibiotic;pleuromutilin 
antibiotic;streptogramin 

antibiotic;tetracycline antibiotic antibiotic target protection Blastx 498 98.193 954 5 
3000186 tetM Tet(M) BAB82500.1 tetracycline antibiotic antibiotic target protection Hexagon 1920 96.77 5 

Blautia obeum 
ARO Gene protein Product Protein Accession Drug Class Resistance Mechanism Tool Length Pident Bitscore 

Number of Tools Identifying 
Potential AMR Gene 

none 13 
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Conclusion 

• Antibiotic resistance is a serious global health concern 
• AMR pipeline developed and optimized, hosted on the HIVE platform, 

and available to registered users 
• Pipeline identified antibiotic resistant genes in agreement with current 

knowledge of the bacterial species analyzed 
• Pipeline is ready to be utilized by FDA reviewers 

– Applies technology and scientific computing to provide fast, efficient, consistent, 
and unbiased results to validate that products are free from antibacterial resistant 
genes 

– User friendly, bioinformatics knowledge not needed 
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AMR Short Reads Pipeline 
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Availability 

• sciHIVE 
– scihive.fda.gov 

• regHIVE 
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