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Introduction



FASTQ R1 & R2



Phylogenetic tree



Variant calling



What is variant calling ?

Find the differences 
between 

related DNA sequences



Two DNA sequences

ACTGAGCTATAGGCTCTGAAAATCT

ACTGAGGTATAGGCTCTGAAAATCT



Two DNA sequences

ACTGAGCTATAGGCTCTGAAAATCT

ACTGAGGTATAGGCTCTGAAAATCT

The “reference” 

The “query” 



Let’s compare them

ACTGAGCTATAGGCTCTGAAAATCT

ACTGAGGTATAGGCTCTGAAAATCT



Align the sequences

ACTGAGCTATAGGCTCTGAAAATCT

ACTGAGGTATAGGCTCTGAAAATCT
|||||| ||||||||||||||||||



We found 1 difference

ACTGAGCTATAGGCTCTGAAAATCT

ACTGAGGTATAGGCTCTGAAAATCT
|||||| ||||||||||||||||||

C→G



● Mutation
● Point mutation
● Base change
● Substitution
● Single 

Nucleotide 
Polymorphism (SNP)

Different names for this



Naming the SNP

ACTGAGCTATAGGCTCTGAAAATCT

ACTGAGGTATAGGCTCTGAAAATCT
123456789................

 Seq1:7C>G

Seq1



Neighbouring SNPs



Multiple Nucleotide Polymorphism (MNP)

ACTGAGCTATAGGCTCTGAAAATCT

ACTGAGGAATAGGCTCTGAAAATCT
||||||  |||||||||||||||||

CT→GA



Multiple Nucleotide Polymorphism (MNP)

ACTGAGCTATAGGCTCTGAAAATCT

ACTGAGGACTAGGCTCTGAAAATCT
||||||   ||||||||||||||||

CTA→GAC   (codon?)



Combine or split these events?

1. C→G   ✅

2. CT→GA  or  C→G & T→A  ?

3. CTA→GAC or  C→G &T→A & A→C  ?



Deletions



Two different length sequences

ACTGAGCTATAGGCTCTGAAAATCT

GAGCTATAGGTCTGAAAAT



FInd the best fit (alignment)

ACTGAGCTATAGGCTCTGAAAATCT

   GAGCTATAGG TCTGAAAAT



Had to introduce “gaps” to align

ACTGAGCTATAGGCTCTGAAAATCT

   GAGCTATAGG TCTGAAAAT



Had to introduce “gaps” to align

ACTGAGCTATAGGCTCTGAAAATCT

   GAGCTATAGG TCTGAAAAT
---||||||||||-|||||||||--

C→-



Single base deletion

ACTGAGCTATAGGCTCTGAAAATCT

   GAGCTATAGG TCTGAAAAT
---||||||||||-|||||||||--

GC→G



What about the ends?

ACTGAGCTATAGGCTCTGAAAATCT

   GAGCTATAGG TCTGAAAAT
---||||||||||-|||||||||--

Ignore in most cases



Insertions



Two sequences

AGCTATCTGAAAAT

ACTGAGGTATAGGCTCTGAAAA



Align them with “gaps”

    AGCTAT     CTGAAAAT

ACTGAGGTATAGGCTCTGAAAA
    ||||||-----|||||||



Align them with “gaps”

    AGCTAT     CTGAAAAT

ACTGAGGTATAGGCTCTGAAAA
    || |||-----||||||

-----→AGGCT



Use a context base to describe

    AGCTAT     CTGAAAAT

ACTGAGGTATAGGCTCTGAAAA
    || |||-----||||||

T→TAGGCT



Mutation
“indel”

Symmetry of Deletion & Insertion

Deletion
“del”

Insertion
“ins”



Structural variants



More complicated!

ACTGAGCTATAGGCTCTGAAAATCT

GAGGTAAGCCTACTGAAAAT



6 SNPs in a row - really?

ACTGAGCTATAGGCTCTGAAAATCT

   GAGGTAAGCCTACTGAAAAT
---||||||      ||||||||--

TAGGCT→AGCCTA ?  



A biological inversion !

ACTGAGCTATAGGCTCTGAAAATCT

   GAGGTAAGCCTACTGAAAAT
---||||||      ||||||||--

TAGGCT= revcom(AGCCTA) 



Effects of variants



Mutations change the genome

➢ Neutral
○ no effect on the organism

➢ Negative
○ weakens, or kills, the organism

➢ Positive
○ strengthens the genome eg. AMR 



Synonymous & non-synonymous SNPs



Indel causing frame-shift



Indel causing truncation



Using FASTQ data



Common situation

➢ Outbreak / Surveillance

➢ Many sequenced samples

○ FASTQ reads, Illumina

➢ How are they related?



AGTCTGATTAGCTTAGCTTGTAGCGCTATATTAT
AGTCTGATTAGCTTAGAT

      ATTAGCTTAGATTGTAG

           CTTAGATTGTAGC-C

    TGATTAGCTTAGATTGTAGC-CTATAT

        TAGCTTAGATTGTAGC-CTATATT

             TAGATTGTAGC-CTATATTA

             TAGATTGTAGC-CTATATTAT

Align reads to reference

Reference

Reads



Look at differences

AGTCTGATTAGCTTAGCTTGTAGCGCTATATTAT
AGTCTGATTAGCTTAGAT

      ATTAGCTTAGATTGTAG

           CTTAGATTGTAGC-C

    TGATTAGCTTAGATTGTAGC-CTATAT

        TAGCTTAGATTGTAGC-CTATATT

             TAGATTGTAGC-CTATATTA

             TAGATTGTAGC-CTATATTAT

Substitution Deletion

Reference

Reads



Read depth 



Depth

Depth



Average depth

➢ Depth
○ expressed as fold-coverage of genome eg. 25x
○ means each base sequenced 25 times (on average)

➢ Coverage
○ the % of genome sequenced with depth > 0

25x

Genome



How deep is enough?



ATGACCAT
ATGACGAT
ATGACGAT
ATGACCAT
ATGACGAT
ATGACGAT

4 in 5

What threshold for consensus?



ATGACCAT
ATGACGAT
ATGACGAT
ATGACCAT
ATGACGAT
ATGACGAT

4 in 5

What threshold for consensus?

Is the “C” real?

Or a read error?



● nonsense reads instrument oddness

● duplicate reads amplify a low complexity library

● adaptor read-through fragment too short

● indel errors skipping bases, inserting extra bases

● uncalled base couldn't reliably estimate, replace with "N"

● substitution errors reading wrong base

Sequences have errors

More common

Less common



Illumina reads

● Usually 100 - 300 bp

● Indel errors are rare

● Substitution errors < 1%
○ Error rate higher at 3' end

● Very high quality overall



ATGACCAT
ATGACGAT
ATGACGAT
ATGACCAT
ATGACGAT
ATGACGAT

4 in 5

ATGACGAT
ATGACGAT
ATGACCAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACCAT
ATGACCAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACCAT
ATGACGAT
ATGACGAT

16 in 20

What threshold for consensus?



ATGACCAT
ATGACGAT
ATGACGAT
ATGACCAT
ATGACGAT
ATGACGAT

4 in 5

ATGACGAT
ATGACGAT
ATGACCAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACCAT
ATGACCAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACCAT
ATGACGAT
ATGACGAT

16 in 20

What threshold for consensus?

4/5 vs 16/20

Is 80% the same?



ATGACCAT
ATGACGAT
ATGACGAT
ATGACCAT
ATGACGAT
ATGACGAT

4 in 5

ATGACGAT
ATGACGAT
ATGACCAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACCAT
ATGACCAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACCAT
ATGACGAT
ATGACGAT

16 in 20

ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT

99 in 100

What threshold for consensus?



ATGACCAT
ATGACGAT
ATGACGAT
ATGACCAT
ATGACGAT
ATGACGAT

4 in 5

ATGACGAT
ATGACGAT
ATGACCAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACCAT
ATGACCAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACCAT
ATGACGAT
ATGACGAT

16 in 20

ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT

99 in 100

ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT

80 in 100

What threshold for consensus?



ATGACCAT
ATGACGAT
ATGACGAT
ATGACCAT
ATGACGAT
ATGACGAT

4 in 5

ATGACGAT
ATGACGAT
ATGACCAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACCAT
ATGACCAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACCAT
ATGACGAT
ATGACGAT

16 in 20

ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT

99 in 100

ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT

80 in 100

ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACGAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT
ATGACCAT

50 in 100

What threshold for consensus?



Core genome



bug1  GATTACCAGCATTAAGG-TTCTCCAATC
bug2  GAT---CTGCATTATGGATTCRNCATTC
bug3  G-TTACCAGCACTAA-------CCAGTC
core  | |   |||||||||       ||||||

Core sites are present in all genomes.

Core genome



bug1  GATTACCAGCATTAAGG-TTCTCCAATC
bug2  GAT---CTGCATTATGGATTCRNCATTC
bug3  G-TTACCAGCACTAA-------CCAGTC
core  | |   |||||||||       ||||||
SNPs         |   |  |       |  |

Core SNPS = SNPS in core genome

Core SNPs



bug1  GATTACCAGCATTAAGG-TTCTCCAATC
bug2  GAT---CTGCATTATGGATTCRNCATTC
bug3  G-TTACCAGCACTAA-------CCAGTC
core  | |   |||||||||       ||||||
SNPs         |   |  |       |  |
SNPs’        |   |  |          |
             

Unambiguous core SNPs



bug1  GATTACCAGCATTAAGG-TTCTCCAATC
bug2  GAT---CTGCATTATGGATTCRNCATTC
bug3  G-TTACCAGCACTAA-------CCAGTC
SNPs’        |   |  |          |
            ata ttc ata       atg
Sites        1   2   3         4              

Allele sites



>bug1
ATAA
>bug2
TTTT
>bug3
ACAG

Alignment ⇢Tree

    +------ bug3
    |
 ---+--- bug1
    |
    +--------- bug2

    
Scale: --- ~1 SNP



What can go wrong?
(quite a lot it turns out)



Reference choice



Read mapping considerations

➢ Choice of reference

➢ Too divergent?
○ reads may not align well
○ will get too many core genome SNPs

➢  One solution
○ Assemble one isolate and use as the reference



Kwong et al, J Clin Microbiol 2015



Strict core issues



SNPs         |   |  |       |  |
core  | |   |||||||||       ||||||
bug1  GATTACCAGCATTAAGG-TTCTCCAATC
bug2  GAT---CTGCATTATGGATTCRNCATTC
bug3  G-TTACCAGCACTAA-------CCAGTC
core1 |||   ||||||||||| ||||||||||
SNPs1        |      |      ||  |

Remove taxon, different core (1)



SNPs         |   |  |       |  |
core  | |   |||||||||       ||||||
bug1  GATTACCAGCATTAAGG-TTCTCCAATC
bug2  GAT---CTGCATTATGGATTCRNCATTC
bug3  G-TTACCAGCACTAA-------CCAGTC
core2 | |   |||||||||       ||||||
SNPs2         |   |  |       |  |

Remove taxon, different core (2)



SNPs         |   |  |       |  |
core  | |   |||||||||       ||||||
bug1  GATTACCAGCATTAAGG-TTCTCCAATC
bug2  GAT---CTGCATTATGGATTCRNCATTC
bug3  G-TTACCAGCACTAA-------CCAGTC
core3 | |||||||||||||       ||||||
SNPs3            |             |

Remove taxon, different core (3)



Non-struct “fuzzy” core



Multi-mapping reads



Align to reference
Seven short 4bp reads
AGTC TTAC GGGA CTTT 

TAGG TTTA ATAG

Aligned to 31bp reference
AGTCTTTATTATAGGGAGCCATAGCTTTACA
AGTC      TAGG     ATAG   TTAC

    TTTA     GGGA       CTTT



Eight short 4bp reads
AGTC TTAC GGGA CTTT 

TAGG TTTA ATAG TTAT

Aligned to 31bp reference
AGTCTTTATTATAGGGAGCCATAGCTTTACA
AGTC       TAGG     ATAG  TTAC

    TTTA     GGGA       CTTT
     TTAT
        TTAT

Ambiguous alignment

D’oh!



Conclusions



Conclusions

➢ Choose a close reference

➢ Exclude outliers (or use fuzzy core)

➢ Choose thresholds carefully

➢ Consider non-reference methods
○ SKA, cgMLST, kSNP3



The end.


