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Genomic and metagenomic sequencing is revolutionizing the field of
microbiology. Previously, tradeoffs between read length and accuracy in short
read sequencing and early long read sequencing have limited the completeness
and accuracy of genomic and metagenomic analyses; however, recent
advancements in nanopore sequencing have significantly improved long read
accuracy for microbial genomic applications’=.

Here, we use nanopore sequencing with the latest chemistry and basecalling
models to characterize the genomes of 32 bacterial isolates sourced from the
FDA CFSAN proficiency panel in triplicate, multiplexed on MinlON Flow Cells.
Nanopore-only assemblies achieved high completeness and accuracy
(mean/median >Q50) when compared to publicly available reference genomes.
We found that 20x coverage was sufficient for performing AMR profiling and
Salmonella serotyping with 100% accuracy.

Because DNA methylation has been implicated in virulence In a variety of
bacterial pathogens, we performed epigenetic characterization of a subset of
the FDA strains. Detection of 4mC, 5mC, and 6mA modified bases in four
near-identical Salmonella enterica isolates revealed complex bacterial
epigenomes and uncovered a methylation-dependent mechanism affecting
serotype.

We also Investigated the performance of nanopore sequencing for
metagenomic assembly and composition profiling using the ZymoBIOMICS
Fecal Reference sample. We generated almost 400 medium or high-quality
metagenome assembled genomes from this sample, spaning a wide range of
taxa, and show that the Sylph tool is able to classify species within the sample
with high precision and recall.

2. Microbial strain epigenetics
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Bacterial genomes have modified bases that play important biological roles (Fig. 2a).
Bacterial methyltransferases deposit methylation in a motif-specific manner; e.g., the
Dam methyltransferase in Salmonella enterica places o6mA at all instances of the
motif GATC in the genome (Fig. 2b). Epigenetic profiling of multiple strains of S.
enterica revealed 4mC, 5mC, and 6mA modified motifs (Fig. 2¢). In S. enterica, the
glycosyltransferase (Gtr) operon modifies the O-antigen in the lipopolysaccharides in
the outer membrane of the cell wall. Transcription of the Gtr operon is controlled by
the methylation status of several GATC sites upstream of the transcription start site
(TSS)” (Fig. 2d). The S. enterica isolates sequences, while differing by <200 SNVs
genome wide, showed heterogeneous 6mA methylation signatures at these important
GATC sites (Fig. 2e). This suggests that the O-antigens are likely modified differently
between these nearly identical strains, affecting serotype.

1. Assembly of FDA CFSAN bacterial isolates

a) ONT bacterial WGS workflow b) WGS benchmarking C) ; ; ; d) Salmonella enterica subsp. enterica e)
I I I B B e S serovar: Bareilly 100% - ?ﬂ.?*
I sample gDNA sample gDNA ! ! S D U RN SR NN
Y _ - I I | I 2004 - L EEE TR b */\ § 75004
sequencing on MinlON flowcells | sequencing ] I | ONT | | lumina short | I < : : multiplex \ 5 [ R R . Bacillac
I i T i | _sequencing |read sequencing, o .. B runi-A \ o . Campylobact
—— —— —— —— Q h v B B O coopd-fo--boo ]y ].__.i.__ - Enterobact
Pods si  d ¢ X3 T X 1 I g‘ W oA g 50! i Listeriaceae
gnal data s B un2-B e 1 Pseudomona daceae
I J — ONT read FASTQ short read FASTQ I < 100 B run3-A i) f asggz'aceae
T T run3-B AN = 2 o
" - SO B N T T 050/ o
I basecalling with latest SUP pasecalling | I I I = Ha 5 25% - R
model (Dorado v4.3.0) | 7 I | ONT assembly | I = , 2 SR UUUE SOUUS SRS SO
I T | workflow 1 P
FASTQ reads 1 I I ¢ X3 I Short read assembly: Unicycler Nanopore assembly: Flye —r—r—t—1
I ONT-only 04 . Contigs: 110 . Contigs: 2 AN SIS RS R o
I 2 I assembly — I ' ; ; Contig N50: 436,850 bp Contig N50: 4,724,836 &
exclude reads <1 kbp length i q I I N Q> NS Total Iength: 4,767,722 bp Total Iength_: 4,806,659 assembly
(Filtlong) | ilter reads b I v I multiplex Longest contig: 1,474,030 bp Longest contig: 4,724,836 Grey cross bar: Median  Orange cross bar
J I I )l coverage | 3 | shortread |
. - | subsampling ] polishing I .
De-novo assembly (Flye) assembly | I I e —=T— f) g) h) |)
I e e gy 604 -------- - e T 100%0 gy ———— —— ——- 100.0%+4---1 100%4
I | ONT assembly | I g A g
I | __ workflow ERRERRES bl bl E T B /A : o
I assembly FASTA I T X2 X1 I 9SS D R N S Lo : S
AT TR N SR O S 3 99.5% -1 S eol
I YN I subsampled ONT- ONT-short read e ch ’ o amiy % | S 75%
i ‘ ' . S S A S S . © c
map ONT reads ((Minimap2) map reads fe—— I I only assembly hybrid assembly I o sod b L ___+ Bacillaceae e : + Bacillaceae 5 S
I 1 I 5 ' ! Campylobaoteraceae o ' ' ' ' Campylobacteraceae O genus P
- T - O : ! © Enterobacteriaceae O 80%4--t----a----- ececiooe-a.-. = Enterobacteriaceae g 99.0% e Listeri o
_____ I o Rt SO REEE SRR B Listeriaceae o ! ' ' ' Listeriaceae O Sslrioiella > 50%-
: - @] : ] ‘i Pseudomonadaceae s} , , , Pseudomonadaceae — a o)
I alignment BAM —)I sequence | < sequence comparison < 454 { - Staphylococcaceae o Sl ERREEEEEEE m----+----4--- . Staphylococcaceae w )
J I I | similarity ] I { ’ Vibrionaceae > ! ' ' ' Vibrionaceae il g
e = S S R R e < ! ! ! ! ®©
_———t ey . . o R 70% -t g 98.5Y D
I consensus polishing with - | >l Amr profiling k€& < AMR gene detection < K5 ,l A © S 250/
polishing | J 404 =g=--1 - AREEEE IEREES . S
ONT reads (Medaka) | 1 I i 1. ! S S e R £
I T —)I cgMLST |(— Listeria/Salmonella cgMLST X TRRtE R RS SEE ! ! ! ! CCDG
I I I ] I . ' 60%f--t----a----- Fommepemmmn--- 98.0%04 :
_ . L) L) L) L) L) L) L) L) L) L) L) L) L) L) L) OO/ o
I ONT Only assembly *I SeI’Otyping I« < Salmone”a Serotyplng < I ,\Q"\‘ Q/Q+ (bQ+ <OQ+ ,\QQ+ \Q+ Q,Q+ Q)Q+ (OQ"\‘ \QQ"\‘ ,\Q+ Q,Q+ (bg+ %Q+ ,\QQ+ ’ i T T T T T
I I - ——— 1 coverage depth coverage depth coverage depth o N q,°+ oS S ,\QQ+
L I I I D D D S S D D I I D D D D D D D D D Grey cross bar: Median Orange cross bar: Mean Grey cross bar: Median Orange cross bar: Mean Grey cross bar: Median Orange cross bar: Mean

coverage depth

To evaluate the suitability of nanopore sequencing as a standalone platform for bacterial isolate WGS, 32 CFSAN bacterial isolate strains were sequenced in triplicate on
MinlON Flow Cells (RBK, 72 hrs sequencing time, 16 samples per flow cell) and compared to extraction-matched hybrid assemblies generated with both nanopore and short
read data. Nanopore-only assemblies were produced by basecalling with Dorado® (v4.3.0 SUP model), assembling with Flye*, and polishing with Medaka®, as implemented in
the Epi2Me™ wf-bacterial-genomes workflow® (Fig. 1a). In silico resampling showed samples could achieve a coverage of ~90-240x with 12 samples per flowcell, 40-120x with
24 samples, or 20-70x with 48 samples (Fig. 1c). 25 isolate samples achieving >= 100X coverage were used for WGS benchmarking (Fig. 1b). For benchmarking, reads were
subsampled nanopore in duplicate to 10-100x depth (n=44), assembled, and then compared against matched nanopore-short read hybrid assemblies. We show that nanopore
assemblies are highly contiguous with as little as 20x coverage (Fig. 1d, €) - especially compared to short read sequencing (Fig 1d). Nanopore-only assemblies with 100x
coverage achieved a mean/median per-base accuracy of Q57/Q60 (Q60 assemblies in 33/44 replicate), or Q55/Q60 with just 50x (Fig. 1f). In several common sequencing
applications for foodborne pathogen typing, nanopore-only genomes showed 100%0 concordance with hybrid assemblies with as little as 20X coverage (Fig 1g), achieved a
mean cgMLST profiling concordance of 99.9% with >=50x coverage (Fig. 1h), and needed only 10x coverage for 100%0 accurate Salmonella serotyping (Fig. 1i).

Conclusions

3. Metagenomic assembly and classification
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