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- Hello, I'm Sarah Talarico. I'm an epidemiologist with the Laboratory Branch and the
Surveillance, Epidemiology, and Outbreak Investigations Branch in the Division of
Tuberculosis Elimination at CDC

-l will be presenting the following set of training slides that provide a look at the methods
CDC uses to perform whole-genome single nucleotide polymorphism (or SNP)
comparison and phylogenetic analysis for TB




Learning objectives

At the end of this presentation, participants will be able to
describe

= The analytic steps involved in whole-genome SNP comparison

= How a phylogenetic tree is built using the results of whole-
genome SNP comparison

= How the placement of the most recent common ancestor
(MRCA) is determined

= How adding or removing isolates from the comparison can
affect results

At the end of this presentation, participants will be able to describe:

- The analytic steps involved in whole-genome SNP comparison

- How a phylogenetic tree is built using the results of whole-genome SNP comparison
- How the placement of the most recent common ancestor (MRCA) is determined

- How adding or removing isolates from the comparison can affect results




Whole-genome sequence (WGS) data can be used for
many different types of analyses
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- Whole-genome sequence (or WGS) data can be used for many different types of
analyses that serve different purposes

- CDC began using WGS data for whole-genome SNP comparison of isolates in genotype-
matched clusters in 2012

- Use of WGS data to detect mutations in the rpoB gene that confer resistance to
rifampicin began in 2019

- And starting in 2021, we will begin using the WGS data for whole-genome multi-locus
sequence typing, which is a genotyping scheme that will replace GENType for cluster
detection and alerting




WGS data can be used for many different types of

analyses
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Whole-genome SNP
comparison

- This training module will focus on how WGS data is used for whole-genome SNP

comparison



Whole-genome SNP comparison

MRCA

ATGGCGTCACGGTCAG
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ATGGCGTTACGGTCAG

SNPs that differ between SNPs are mapped on to a
isolates in a cluster are phylogenetic tree to diagram the
identified genetic relationship among isolates
. | —

- Whole-genome SNP comparison is performed to identify SNPs that differ between
isolates in a genotype-matched cluster

- SNP stands for single nucleotide polymorphism, which is a mutation at a single position
in the DNA sequence

- The identified SNPs can then be mapped on to a phylogenetic tree to diagram the
genetic relationship among the isolates



Results of whole-genome SNP comparison: the
phylogenetic tree

MRCA

* Nodes (circles) represent isolates

* Branches (lines) are proportional in
length to the number of SNPs that
differ between the isolates

MRCA = Most Recent Common Ancestor

* Hypothetical genome type from which
all isolates on the tree are descended

* Serves as a reference point for
examining the direction of genetic
change (=)

- The results of the whole-genome SNP comparison are delivered to programs in the form
of a phylogenetic tree

- The nodes (or circles) represent the isolates and the branches (or lines) that connect the
nodes are proportional in length to the number of SNPs that differ between the isolates
- The tree also has a node labeled MRCA, which stands for most recent common ancestor

- It represents a hypothetical genome type from which all isolates on the tree are
descended and serves as a reference point for examining the direction of genetic
change, which starts at the MRCA and moves out from there as shown by these blue
arrows




Phylogenetic trees can be used to inform epidemiologic
investigations

x = genetically distant, and
unlikely to be related by #
recent transmission to
other isolates in analysis

MRCA
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Closely related isolates,
which may be involved in
recent transmission

The phylogenetic trees can be used to inform epidemiologic investigations in two ways

First, they can be used for identifying groups of closely related isolates that may be
involved in recent transmission and ruling out genetically distant isolates that are
unlikely to be involved in recent transmission




Phylogenetic trees can be used to inform epidemiologic
investigations
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- Secondly, the genetic relationship among isolates that are closely related can be
examined further by looking at SNP distance between isolates, the direction of SNP
accumulation based on the MRCA, and the structure of the tree

- This information combined with available epidemiologic and clinical data, such as the
timing and infectiousness of the cases and any known epidemiologic links, can be used
to make inferences about transmission among cases in a cluster




Whole-genome sequencing and SNP
comparison

- In the next section, | will present the basics of whole-genome sequencing and details of
how whole-genome SNP comparison is performed



WGS of Mycobacterium tuberculosis (Mtb)
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- First I'll start with a big picture overview of how we go from the patient sample to having
data that we can analyze

- The process starts with a patient sample, which would usually be a sputum sample, and
the sample is cultured for Mycobacterium tuberculosis (or Mtb)

- That yields an Mtb isolate

- The isolate is the population of Mtb that grew from the patient sample so it should
approximately reflect any genetic diversity that is present within the patient sample

- Then the genomic DNA is extracted from the Mtb isolate
- The size of the Mtb genome is about 4.4 million basepairs

- The genomic DNA gets sheared to break up the genome into smaller fragments that are
around 500 bp long

- Alibrary is created from these DNA fragments, which involves adding special adapters to
the ends of the fragments, and the library is sequenced

- The sequence data from the DNA fragments are called sequence reads and they are
stored in the form of a fastq file

- I'll explain the data format for a fastq file in the next slide

- These fastq files are what gets transferred over to CDC from the public health laboratory
that is doing the sequencing

- The WGS data is then analyzed at CDC using a software called BioNumerics

- The rest of this training module will focus on the details of this last step: the WGS data
analysis and specifically the whole-genome SNP comparison




Fastq file: what’s that?

A text file with sequence reads and quality scores for each base
call in the sequence read

Read label
/ Sequence read

@HWI-D00290:36:H8HO3ADXX:2:1101:1630:2198 1:N:0:CCGTCC /
ATCGAGCCGTCCTCGCGGCCGTCAACCCGCCGGGCGCCAACCAGCGAGAAATCGCGACG
ACCGTCCGGGAATACACCGGACGACTGGACCGCGTGACGACC

+
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/
Quality scores (in ASCII code)

- The fastq file contains the WGS data that gets transferred to CDC for analysis

- Afastq file is a text file with sequence reads and quality scores for each base call in the
read

- It has a label for an individual read, followed by the actual sequence read itself, and then
the quality scores that are in a special code which can be translated to a number

- The number reflects what percent of the time that base call is expected to be an error
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Whole-genome SNP comparison

Reference-based assembly of isolate sequence reads, S, vaTRy
aligning to Mtb H37Rv

SNPs relative to H37Rv are identified

* SNPsin all isolates

Uninformative and unreliable SNPs are filtered out to T + SNPs due to
produce a list of “high-quality” SNPs toH37Rv . assembly errors
out * Low confidence
SNPs

High-quality SNPs are mapped on to a
phylogenetic tree

- This is the overall workflow for the whole-genome SNP comparison going from the fastq
file of sequence reads to a phylogenetic tree

- | will present the overview of the workflow here and then go into each of these steps in
much more detail

- The first step is aligning the isolate sequence reads to a reference genome, we use M.
tuberculosis H37Rv

- Then, SNPs relative to the reference genome H37Rv are identified

- The next step is that uninformative and unreliable SNPs are filtered out to produce a list
of high-quality SNPs

- Lastly the high-quality SNPs are mapped on to a phylogenetic tree to diagram the genetic
relationships between the isolates
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Alignment results obtained and images created using Lasergene SeqMan NGen software from DNASTAR, Inc.

- The first step is the reference-based assembly

- This is showing what it looks like when you align the sequence reads to the Mtb

reference genome H37Rv

13



Gﬁﬂn

voovoLL
- €<
e
Thuvuuuuw
vLubLLLLL
BLBLLLOLL
bRk bb R
FhkRbRRER
bbb bbb
Tuoovuvouuou
vobvLLLLLL
vuLLLLULULY
Beoveovvovovoe
R e
vooLwvuLLLLo
voubLLLLLLLDD
R R
vveLLLBLBLOLL
vLuLLLLLLLLLL
e e
voLLLLLLLLLOL
R e e e S
R
voLLBLBLBLBLL
FhbErkkERRRRRR
e o
e o e e e
BRoevevovovoLoLe
vLrovLbLLLObLLLLLY
bRk RERR
broLbLbLBLLOOBLBOLYL
vrovLLLLOLBLLLY
vLLuLLLLLLLLLLL
ProLLLLLRLLRBL R
vLLLLLULLLULLULLL
vLuLLLLLLULLLLLL
vLbLbLLLLLLLLLLLL
vToDuvvLbbvLLLLLLLLLL
R ]
L e e e e e e e o o o o o )
R e ]
vuvLLLLLLLUDLLLLLUY
LvuLULLLLULLULLLLLLLLL
vsooBLBLBLBBLLBBLBLBLG
soLBLBLBBLBLBOLBBLBLG
vLULLLLULLLULLLLLLLLL
LeLBLLLBBLCOBBBBL Y
veLLLLLBLLLLLLLBLY
LULLLULLLLULLLLLDLLY
e o e e e e e e o e
LLULLLLLLLLLLLLLLLD
R ]
vULLLOLBLLLBLOLLBLY
vULLLULLLUDLLULLLY
R
voLLLELBLBLBBBLBBLY
B e e e e e e e o o o
B ]
BoLLLOLBLBLOBLBLLLY
vULLLLLLLLULLLLLLUL
vULULULULUDULLLLLL
voLBsLBLBBBBBBBLBLL
vrLBLOLBBLBLBBLBLBLLYG
vuLLLLLLLLLLLLLLLL
BoLLLLLBLLLBLLLBLY
BLVLLLLLLBLBLOBLBLLLY
vULLLLULLLUDLULLLDLUY
B ]
PLLLLBLLLLLBLBLBLL
B e el
B e ]
B
BULVLLBLOLBLLOVBLOLY
B ]
LULULLULLLLULBULULLLLLL
B ]
B
vLuLLLLLLLLURULLLDLLD
]
vBLLLLBLBLBLBLOVLLBLLLYG
BLLLLBBLBLBLLBLBLBLOLLY

TTTLTTRLELELdLELTY

835ﬂ30

I

636,720
I 1

G%HO

636 690
1 I I
CCCGCGGTGGTTTGATCTCG

I

reference sequence

smpa

L3 3617 00
GCACAAMCAGAATGACGGCGGCCGATGACGACTCGGCGGCCATACCCTGOCGGTEOTTTGATCTCGACCAGCCCTTTGCCTAGGCGTGCGGATGAT

GEIEAL[lEAATElE50CGEEEEATEAEGAUTEGEEEGCElTAECChEEGGTGBTTTGITETCGIECAGCEETTTG[ETAGEETEEGEITBAT

L

Nucleotide position number in the

S%PN

>
o
N~
o
XL
£
()
=
(oT1]
=
c
20
©

SZEPEB

S’
©
©
Q
S
(]
(8 )
[
()
-
(op
Q
(7,]
Q
)
hm
()
2
(T
(@)
=
0
£
()]
(7]
(7,]
(1)
©
<)
(7]
(5°]
h
Q
(S
c
Q
S
uw
Q
(a'4

S = =

HE 8 :zig8::tigs

2|8 M [ [M S0

g

Wb ] g 8% Mm

& | 2 BT ln_ r._l.._ v._ [—f. t_:_ !_f-_t_ - ‘_f_ (_
g g™ it ot ¥,

R bt L P S PR T s POy

SIS FEERRE RN E0§248T

S[SE228832°E8322828283%

5385533853885 RRS8088

g

2= xaaaaananaaaaaaanan

2

14

Each of the 4.4 million nucleotides in the reference genome has a position number

startingat 1
If we zoom in, we can see these numbers boxed in red at the top that show the

nucleotide position number in the reference sequence

- And we can see we are looking at part of the genome and we are looking at position
636,654 to position 636,746

Alignment results obtained and images created using Lasergene SeqMan NGen software from DNASTAR, Inc.
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Sequence reads for a single isolate mapping

to this region of the reference

Alignment results obtained and images created using Lasergene SeqMan NGen software from DNASTAR, Inc.

We can also see the reference sequence in the orange box, and below that in the green
box are all the sequence reads for a single isolate that are mapping to this region of the

reference
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- The depth of coverage varies across the genome so there may be a lot of sequence reads

Alignment results obtained and images created using Lasergene SeqMan NGen software from DNASTAR, Inc.
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Alignment results obtained and images created using Lasergene SeqMan NGen software from DNASTAR, Inc.

- Any bases in the sequence reads that do not match to the reference sequence are
shown in red

If we look at the nucleotide position 636,700 boxed in purple, we can see that the

ion but the reference has a

is posi

sequence reads for this isolate are all showing a C at th

T
- The other nucleotide positions in this region of the genome pretty much all match up

with the reference, but some reads will occasionally have a different base call which may

be a sequencing error
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Sequence reads get collapsed into a base call for each position
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ggacaacagaatgacggcggccgatgacgactoggoggcocataccccgoeggtggtttgatctocgaccagecctttgoctagggtgoggatgat

Alignment results obtained and images created using Lasergene SeqMan NGen software from DNASTAR, Inc.

- The sequence reads then get collapsed into a base call for each position. A few are

highlighted here in yellow

We can see that the nucleotide position 636,700 where the reads all had a C but the

reference has a T gets called as a C for this isolate

Other positions might have a few reads that don’t match the reference but they still get

called as reference
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Reference-based assembly of isolate sequence reads,

aligning to Mtb H37Rv

A,C, G, T...and beyond!

Symbol Description Bases

A Adenine A

C Cytosine C

G Guanine G

T Thymine T
w Weak interaction A T
S Strong interaction C G

M aMino A C

K Keto G T
R puRine A G

Y pYrimidine C T
B not A (B comes after A) C G T
D not C (D comes after C) A G T
H not G (H comes after G) A C T
\Y, not T (V comes after T) A C G

N any nucleotide but not a gap A C G T

Gap

- But there are more base calls that can be made besides just A,C,G, and T
- There are other letters that stand for different mixtures of bases

- A mixof Aand T gets called as a W, a mix of Cand G is an S and so on

- If the sequence data at a position is unreliable, it gets assigned as N

- A dash indicates there is a gap in the alighment

- This could be due to an actual insertion/deletion event in the sequence or just no
sequence coverage for a region
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Whole-genome SNP comparison

Reference-based assembly of isolate sequence reads, S, vaTRy
aligning to Mtb H37Rv

A . e GC TCGACT
SNPs relative to H37Rv are identified Al EE ce

* SNPsin all isolates

Uninformative and unreliable SNPs are filtered out to T + SNPs due to
produce a list of “high-quality” SNPs toH37Rv . assembly errors
out * Low confidence
SNPs

High-quality SNPs are mapped on to a
phylogenetic tree

- Once we have the sequence reads assembled by aligning to the reference genome we
can identify SNPs relative to the reference sequence
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SNPs relative to H37Rv are identified

Accossiontuntier
1s03te 1 ULTBWGS-NexiSea 201803
Isoizte 2-ULTBWGS-2018-27

tsoiate 3 ULTBVGS NextSea 201834

| Absokte coverage  Totat S, Forward: 1, Reverse: 1

b

Gaps. Remove postons wih st lesst ove gap.

2 =
x2res| 108071 6 4 N
32796| 1080772 A = N
2797 W A 4 W
278|074 € - N
32| 1090775 6 - N
2800 100776 6 =+ N
3201 1007 T - W
22| 10N7T8 G =+ N
32803 1090779 & < ¥
2804 1080780 6+
32605 1090781 G =+ N
e >
"~
K __ijg Amblaeons tasesll Unreebls beee
NCHHSTP_BN_WTB20007648
NCHHSTP_BN_UTB20010860
NCHHSTP_BN_WTB20011326

c|a6lecle

Reterence
|NCHHSTP_BN_MTB20007643
NCHMSTP_BN_MTB20010660
NCHHSTP_BN_MTB20011326

Gonome.
1090778

Imgiamn v s |

This is showing the SNP analysis window of the BioNumerics software that is used for
the whole-genome SNP comparison

In this example, we will be analyzing three isolates that are all the same genotype
In the top portion of the window there is some information about those three isolates

Below that are all the nucleotide positions that are different from the reference
sequence in at least one of these three isolates

So now we are no longer looking at every single nucleotide position in the genome. We
are now looking at only the positions where there is a difference
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- And we can find the SNP at nucleotide position 636,700 that we saw in the alignment of

SNPs relative to H37Rv are identified

137023 NCHHSTP_BIWTB Isoiate 1 ULTBWOS-NexiSeq-2018-03
156521 NCHSTE_B_WTB Isolate 2-ULTBWGS 2018-27
1s0late 3 LTEWGS-NextSeq-2015-34

1| Nor-informative SHPs.  Remove non-nformative SHP postions.
Totat 5, Forwang: 1, Reverse: 1
Remove posiions wih at keast one ambiguous.

144952 NCHHSTR_BN TS

1090772 A4 = N

2797 1090773 A =+ N
0| WNITE C - N
22799 10907TS G =+ N
32/OQ| 10NITE G + N
32801 1090777 T = N
P 32802| 1090778 G = N
SNP at position 636,700 23| 08T G -
. 32804 1080780 G - N
that we saw in the 32808| 1090781 G = W &
% 328068 """‘ = >
sequence read alignment
Key . Ambiguous Unreliable bases

[NCHHSTP_BN_WTB2000T848 . ~
[NCHHSTP_BN_UTB20010660
[NCHHSTP_BN_WTB20011384

< > < >

= Rt es |

sequence reads where one isolate had a C where the reference hasa T

We can see that the other two isolates in the analysis have a T at that position
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SNPs relative to H37Rv are identified

|| pter-SNP Gstance  Minmum 12 bp between SHPs.
| Mon-nformatve SNPs.  Remove non-mformatie SHP postans.
1| Absoute coverage  Totat 5, Forward: 1, Reverse 1

150t 3 MLTBWGS NextSeq 2018-03.
156921 156821  NCHWHSTP_BH_MTE. Ieoate 2 Isoiate 2-MLTBWGS-2018-27
14952 1AAES2 NCHHSTP_BMMTE. Isate 3 150308 3 MLTEWGS-Nex1Seq 2018-34

foss Remove postons wih afkesst one gop

LTITTHEEE
!

er . S

3
g
i

H

A

Available
filters

Most of these nucleotide positions will ultimately get filtered out in the next step of the

analysis, but right now I’'m showing how it looks before the filtering

The available filters are shown over here on the right in the red box, but they are all
unchecked right now meaning they are turned off
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Whole-genome SNP comparison

Reference-based assembly of isolate sequence reads, S, vaTRy
aligning to Mtb H37Rv

A . e GC TCGACT
SNPs relative to H37Rv are identified Al EE ce

* SNPsin all isolates

Uninformative and unreliable SNPs are filtered out to T + SNPs due to
produce a list of “high-quality” SNPs toH37Rv . assembly errors
out * Low confidence
SNPs

High-quality SNPs are mapped on to a
phylogenetic tree

- So the next step is to filter out uninformative and unreliable SNPs to produce a list of
high-quality SNPs

- Let’s take a look at what these different filters are
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Uninformative and unreliable SNPs are filtered out to EiSeEENE- Iy

to H37Rv ¥ assembly errors
Filter
+ Low confidence

produce a list of “high-quality” SNPs S+

=  Sjx different filters
— Non-informative filter

— Absolute coverage filter
— Gaps filter
— Unreliable bases filter
— Ambiguous bases filter
— Inter-SNP distance filter
= Filters are not mutually exclusive
— Most SNPs get filtered for multiple reasons

= Nucleotide position with a SNP needs to pass all six filters for all isolates
in the comparison

- There are six different filters that are applied. They are:

- The non-informative filter

- The absolute coverage filter

- The gaps filter

- The unreliable bases filter

- The ambiguous bases filter

- And the inter-SNP distance filter

- The filters are not mutually exclusive so most SNPs get filtered for multiple reasons

- And a nucleotide position with a SNP needs to pass all six filters for all isolates in the
comparison to make it on to the list of high-quality SNPs

-l will explain all six of these filters in the following slides



Uninformative and unreliable SNPs are filtered out to Er Ry
produce a list of “high-quality” SNPs

assembly errors
+ Low confidence
SNPs

Filter
out

Non-informative Filter

g 9 § % = '

ddduddffs
c G c Cc T .

| NCHHSTP_BN_NTB20007648 HEREENEE T |

NCHHSTP_BN_MTB20010650 | N

D |
NCHHSTP_BN_MTB20011336 2 [N |
L

Reference

Non-informative filter: Removes positions with SNPs that are present in all isolates in the
analysis

Rationale: Since these SNPs are present in all the isolates, they don’t tell us anything
about the genetic relationship among the isolates

- The non-informative filter removes positions with SNPs that are present in all isolates in
the analysis

- Some are indicated here with the brackets

- Since these SNPs are present in all the isolates, they don’t tell us anything about the
genetic relationship among the isolates so they are removed
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Uninformative and unreliable SNPs are filtered out to EiSeEERE- Iy

to H37Rv Filter assembly errors

produce a list of “high-quality” SNPs O M

Absolute Coverage Filter

[ Reference Coordinates L 132|55l] N 1321550 L 132570 132,580 132590 132 600 132610 132620 132630 132 640 132 650 132 660 L

1 1 1 I 1 1 1 L 1 L 1 L 1 L 1 1 1 L 1
P Translate P Consensus CACGT! GGCAACGGCGGTAT A TGT CCGGAT "ATTCCAGGTGGCAGGGGL

3 NC_000962(1>4412157) CACGTCGGCCGGCAACGGCGGETATGGGCGGCAACGCTETCGCACTGTTCGGCCAGGGCGGGECCEGCEEGGLCEECEEGTCCCCATTCCEGCCCCETATTCCAGCTGGCAGGGGCGGTGACGGCGL
ID_2534386_f CACGTCGGCCGGCAACGGCGGTATGGGCGGCAACGCTGTCGGA!

CACGTCGGCCGGCAACGGCGETATGGGCGGCARCGCTGTCGGAC!

CACGTCGGCCGGCAACGGCGETATGGGCGOCARCGCTGTCGGACTGTTCGGCC!

CACGTCGGCCGGCARCGGCGETATGGGCGGCARCGCTETCGGACTGTTCGGCC]

ID_2534386_t
ID_2726512_t
1ID_2726512_r
ID_790245_t

ID_790246_t

ID_1548856_t
1D_1667228_r
ID_1231232_f
ID_1231232_t

1D_1193294_£_dup(2)

:GCGGGI‘CCGGATI‘C GGGGCCGGTATTCCAGGTGGCAGGGGCGGTGACGGCGL
Geoe TCCAGGTGGCAGGGGCGETGACGGCGL
| GGTCCOGATTCGGGGCCGGTATTCCAGGTGGCAGEGGCGGTGACGGLG
VCCGOTATTCCAGGTGGCAGGGGCGGTGACGGCG!

| GGTATTCCAGGTGCAGGGOCGETGACGGCG

| GETATTCCAGGTGGCAGGGOCGETGACGEEG

B | GTATTCCAGGTGGCAGGGGCGGTACGGCG
1D_1704382_f 1 TGGCAGGGGCGETEACGGLG
ID_1704382_t M TGGCAGGGGCGETGACGGLG
ID 1918054 r 1GTGACGEEG

Alignment results obtained and images created using Lasergene SeqMan NGen software from DNASTAR, Inc.

LITITLLLLITITTLL

Absolute coverage filter: Removes positions that don’t have a total depth of coverage
of at least 5 sequence reads, with at least one forward and one reverse read

Rationale: Since there are very little sequence data available for positions with low
coverage, we have low confidence in these SNPs. They could be due to sequencing
errors or assembly errors

- The absolute coverage filter removes positions that don’t have a total depth of coverage
of at least 5 reads, with at least one forward read and one reverse read

- You can see in this alignment that there is a portion of the reference genome that is not
covered by the sequence reads as well as adjacent portions that are covered by less than
five reads

- Since there are very little sequence data available for positions with low coverage, we
have low confidence in these SNPs

- They could just be due to sequencing errors or assembly errors

- Or sometimes there’s a SNP in one of the isolates and the coverage is good for that
isolate but if one of the other isolates in the analysis has low coverage or no coverage at
that position we can’t know whether it has the reference base or the SNP so we
wouldn’t know how to place it on the tree
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Uninformative and unreliable SNPs are filtered out to EiSeEENE- Iy

to H37Rv Filer | . assembly errors

produce a list of “high-quality” SNPs [ Lo contence

Gaps Filter

EEEREEEEEERERRERERRERREREERRE
, 'EEEEREREREERRERERERRRRRERERRRERR
Reference |C G c c T G A 3 T T c G T c [ A T - A G A G T G c
NCHHSTP_BN_MTE20007648 ----ﬂ A IENE T ET T TE o . - B - T
NCHHSTP_BN_MTB20010660 | N N v (7] - IEHEEEEE Y e v Bt v E - B . o~ - B
NCHHSTP_BN_MTB20011385 ---- ANEE < v EEETEN - Bl v s v - - v o

Gaps filter: Removes positions where at least one isolate in the analysis has a gap

Rationale: Whole-genome SNP analysis only considers SNPs, not insertions or
deletions. Since there is no base call for that position in the isolate with the gap,
would not be able to assign it as either matching to the reference or having the SNP

- Somewhat similar to that is the gaps filter

- This removes positions where at least one isolate in the analysis has a gap, indicated
here with a bracket

- And remember it could be a gap because of an actual insertion or deletion event or
because there is little or no coverage at that position

- These positions are removed because whole-genome SNP comparison only considers
SNPs, not insertions or deletions

- Also, since there is no base call for that position in the isolate with the gap, we would
not be able to assign it as either matching to the reference or having the SNP
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Uninformative and unreliable SNPs are filtered out to EiSeEENE- Iy

—_—

to H37Rv Filter assembly errors

produce a list of “high-quality” SNPs [ Lo contence

Unreliable Bases Filter

EREREERERERERERERRERERERERRD
. 5355358833883 35383§§6 EERN
Reference c G c E; T G A T [ § T c G T c c T A T G G T G c
NewnsTP_BN_wTez0007e+s EHINGHNCHNGE v | » HEHESHEEH v HEN T EER 7T iEH - EN - - B -~ TSR
NCHHSTP_BN_ WTB20010850 | N N N N [N AT N S G ) G D I N A el A AT A S e
NCHHSTP_BN_MTB20011385 I . NN < v e v Bl R o« s w - vou

l_T_l

Unreliable bases filter: Removes positions where at least one isolate in the analysis
has an unreliable base

Rationale: We don’t have enough confidence to call a base for that position

- There’s also a filter for unreliable bases
- This removes positions where at least one isolate in the analysis has an unreliable base
- The base gets called as unreliable because the quality scores are low for that position

- So we basically just don’t have enough confidence to call a base for that position
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Uninformative and unreliable SNPs are filtered out to s et
produce a list of “high-quality” SNPs

Filter
out

Ambiguous Bases Filter

* SNPsinall isolates
* SNPs due to

assembly errors

+ Low confidence

SNPs

of A,C, T, or G)

Rationale: Mixed base call could be due to sequencing errors or assembly errors. M

matching the reference or having the SNP

- There’s also a filter for ambiguous bases

- These are the positions that get called as a mixture of A,C, T, or G

EEERREREERRERERER
5 g ‘BER
2 3 4 d3§8 3 : H s 5 3 § | &
Reference ! c G c Cc T G A T T T c G T C -] T A T G G T G c
nernsTP BN uezo007e4s  [ECHIIGHNCHNEN v ~ IGHESHNGE v el v Sl T T iEH A EN ~ » S -~ BT S
NCHHSTP_BN_MTB20010660 | N N N N [ A [ e T e T R N e A A A A
ncnnsTp_Bn_wTezo011306  [GHIEHNCHNCHNGE -~ IENEENEGE <« v DENEEENTNNTECE v BEl R v s w - - v M
1 ) | J
‘_T_’ ;1_, "l" T T

Ambiguous bases filter: Removes positions with at least one ambiguous base (a mixture

ixed

base call could also be due to a mixed infection and isolate cannot be designated as either

- For a position to be called unambiguously as an A, C, T, or G, it needs to be in over 75%

of the sequence reads
- A mixed base call could be due to sequencing errors or assembly errors

- A mixed base call could also be due to a mixed infection and the isolate cannot be

designated as either matching the reference or having the SNP which has implications

for where the isolate is mapped on the phylogenetic tree
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Uninformative and unreliable SNPs are filtered out to s

—_—

to H37Rv Filter

produce a list of “high-quality” SNPs o

Inter-SNP Distance Filter

Reference

NCHHSTP_BN_WTB20007648 &l e | c

* SNPsinall isolates
* SNPs due to

assembly errors

+ Low confidence

SNPs

NCHHSTP_BN_WTB20010650 | N N N
NCHHSTP_BN_MTB200113285 el e Rl "
[ ] L ]
T

Inter-SNP distance filter: Removes positions where another SNP is present within a

distance of 12 base pairs

Rationale: SNPs that are close together could be due to assembly errors (sequence

reads were aligned to the wrong part of the genome)

- And finally the last filter is for inter-SNP distance

- This removes positions where another SNP is present within a distance of 12 base pairs

- These get removed because SNPs that are close together could be an indication of
assembly errors (meaning the sequence reads were aligned to the wrong part of the
genome)
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* SNPsinall isolates

Uninformative and unreliable SNPs are filtered out to [SE -
assembly errors

to H37Rv .
Filter
out + Low confidence

= di: Q 14
produce a list of “high-quality s
gﬁﬂwm!mmm - o x
| File Fiers Graph Trscks SNPs Window Help
1 2 2 2 =t & e =2 =
|3 1mn wowmsTe BN MTE tsoiate 1 Isoiate 1MLTBWGS-NextSeq-2018-03 ¥l rer-Sipdstance Mo 12 bp between ShPs
|1 156521 NCHHSTP_BN_MTE. 1solae 2 Isciate Z-MLTBWGS-2018-27 4 pos
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NCHHSTP_BN_WTB20010660 - 3| M e et 4 V% (0)rejcted /67
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- 4 - L 2
== | metestony oy 50
3343851

- So then if we put on all the filters (you can see in the red box on the right that they are
all checked now), we narrow down to a short list of informative and reliable high-quality
SNPs

- Inthis case we are left with 11 high-quality SNPs for this cluster




Building a phylogenetic tree and
determining the placement of the most
recent common ancestor (MRCA)

- In the next section | will describe how we build a phylogenetic tree and determine the
placement of the most recent common ancestor (or MRCA)
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Whole-genome SNP comparison

Reference-based assembly of isolate sequence reads, S, vaTRy
aligning to Mtb H37Rv

SNPs relative to H37Rv are identified

* SNPsin all isolates

Uninformative and unreliable SNPs are filtered out to T + SNPs due to
produce a list of “high-quality” SNPs toH37Rv . assembly errors
out * Low confidence
SNPs

High-quality SNPs are mapped on to a
phylogenetic tree

- So far, we aligned the sequence reads of the isolates to the reference H37Ry, identified
SNPs, and then applied the filters to produce a list of high-quality SNPs

- For this cluster of three isolates, we were left with 11 high-quality SNPs and now the last
step is to map the high-quality SNPs on to a phylogenetic tree
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High-quality SNPs are mapped on to a

phylogenetic tree

Tree-building methods Vs. Tree display options

Maximum parsimony

Neighbor-joining ]/

Minimum-spanning

UPGMA

circular

L ——————o & dendrogram
Maximum Likelihood —

- We map them onto a phylogenetic tree so we can visualize the evolutionary
relationships among the isolates

- There are a lot of different tree-building methods, some of which are listed here. We use
the neighbor-joining method

- There are also a lot of different ways to display the trees. | show three here: radial,
circular, and dendrogram

- We use a radial display but we could also display the neighbor-joining tree as a
dendrogram or a circular layout

- Soit’s not a neighbor-joining tree because of how it looks

- It’s neighbor-joining because of the underlying method that’s used to figure out where
the branch points are
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Isolate 1
Isolate 1 | Isolate 2 | Isolate 3

Isolate 2 T— 5
Isolate 3 sonate

Isolate 2 4 0

Isolate 3 10 8 0
Isolate 1
Isolate 2 Isolate 2
Isolate 2
Isolate 3 -

7
Isolate 3
Isolate 1
Isolate 3
Isolate 1

High-quality SNPs are mapped on to a

phylogenetic tree

A pairwise comparison of the isolates is done looking at the sequence at those 11
positions for each isolate

This tells us the SNP distance between each pair

If we look at Isolate 1 compared to Isolate 2, we see that these two isolates differ at 4 of
the 11 positions

Looking at Isolate 2 and Isolate 3, these two isolates differ at 8 of the 11 positions
And Isolate 1 and Isolate 3 differ at 10 of the 11 positions

This pairwise comparison between the isolates gives us a SNP distance matrix for the
three isolates, shown here on the upper right

To construct the phylogenetic tree, first one pair is joined together
For example, Isolate 1 and Isolate 2. They are 4 SNPs apart

Then you add in another neighbor, in this case Isolate 3, which is 10 SNPs from Isolate 1
and 8 SNPs from Isolate 2

And you get a diagram that shows the SNP distance between each isolate but notice that
there’s no MRCA
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High-quality SNPs are mapped on to a
phylogenetic tree

Important point: without the MRCA, we can’t tell the
direction of SNP accumulation Isolate 2

Isolate 2
7
1 \ , \ Isolate 3
/ \lsolate 3 Isolate 2 3
3

Isolate 1
7

Isolate 1 Isolate 3

Isolate 1

- Without the MRCA, we can’t tell what the direction of SNP accumulation is
- This is showing just three of the many possible scenarios
- The blue arrows show the different possibilities of the direction of SNP accumulation

- Since SNPs generally do not revert, the direction of SNP accumulation can provide clues
about the underlying chains of transmission when interpreting the phylogenetic tree
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High-quality SNPs are mapped on to a

phylogenetic tree

= Rooting a tree and adding an MRCA

— Need to put your sequences of interest into a larger context to orient
yourself as to where you are in evolutionary events

- To add the MRCA, you need to do what'’s called rooting the tree

- The point is that you need to put your sequences of interest into a larger context to
orient yourself as to where you are in evolutionary events

- You can think of it like zooming out on the big picture of evolution
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High-quality SNPs are mapped on to a

phylogenetic tree

= Rooting a tree and adding an MRCA

— Need to put your sequences of interest into a larger context to orient
yourself as to where you are in evolutionary events
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- An analogy would be if you were visiting Atlanta and wanted to go see the State Capitol

- This super zoomed in map wouldn’t be very helpful in trying to figure out how to get
there because you can’t see where it is in relation to where you’re coming from
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High-quality SNPs are mapped on to a

phylogenetic tree

= Rooting a tree and adding an MRCA

— Need to put your sequences of interest into a larger context to orient
yourself as to where you are in evolutionary events
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- But if you zoom out, you’re better able to see which direction you’ll be coming from so
you’ll know which way to turn as you get closer
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High-quality SNPs are mapped on to a

phylogenetic tree

MRCA of the
= Rooting a tree and adding an MRCA three mammals
— This is usually done using an “outgroup” \
(something that is relatively distantly —9
related to what you are analyzing)
— Since we are analyzing very closely related
Mtb isolates (matching genotypes) we can —
use a distantly related Mtb isolate /
* We use H37Rv Root

Outgroup

- This zooming out is usually done using an outgroup

- An outgroup is just something that is relatively distantly related from what you are
analyzing

- Here in this example, we have a few mammals (an elephant, a gorilla, and a chimp) and
the outgroup is a fish

- By rooting the tree using the fish as an outgroup, we can determine that the MRCA for
our mammals of interest would be the point on the tree where this blue dot is

- Since we are analyzing very closely related Mtb isolates, we can use a distantly related
Mtb isolate as an outgroup and we use the reference strain H37Rv



High-quality SNPs are mapped on to a

phylogenetic tree
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- This is the big picture, zoomed out view of where our three isolates of interest (shown
circled in blue) fit in the context of other Mtb strains of various lineages including the
reference strain H37Rv

- When we look over a much larger evolutionary time scale, the direction of genetic
change (shown with the blue arrows) is more obvious

- So we can use something that’s relatively distant (like H37Rv) to infer the most recent
common ancestor of our three isolates of interest and the direction of genetic change
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High-quality SNPs are mapped on to a

phylogenetic tree

Using tree structure to determine

placement of MRCA
Isolate 2

77

Isolate 3

Isolate 1

Remember before we couldn’t tell what the direction of genetic change between our
three isolates was

But if we zoom in on the isolates, it’s now clear that SNPs are accumulating in the
direction indicated by the blue arrows
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High-quality SNPs are mapped on to a

phylogenetic tree

= Using tree structure to determine

placement of MRCA Isolate 2
Isolate 2/ MRCAL L
3
Isolate 3 ()/
Isolate 3
Isolate 1
Isolate 1

- And then we remove the branch with H37Rv and add the MRCA
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High-quality SNPs are mapped on to a

phylogenetic tree

Isolate 3 Isolate 1

O Other isolate
.0
2-2\/26

A MRCA would
/ be here

6
55/
Yet another isolate 5
Important point: location of the MRCA depends on

Isolate 2

which isolates you are including

- The location of the MRCA depends on which isolates are included in the comparison

- If we add two more isolates to this comparison, the MRCA for these five isolates would
now move to the point indicated on the tree

- You can think of it like you would a family: for example, if we were considering just me
and my brothers, our most recent common ancestors would be our parents. But if we
were considering me and my brothers and my cousins, then the most recent common
ancestors for that group would be our grandparents
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High-quality SNPs are mapped on to a

phylogenetic tree

= Using SNPs to determine placement of MRCA

— For each position with a “high-quality” SNP, use the base in H37Rv to
represent the ancestral state

— Allows us to infer the direction of genetic change
— Rationale
* 4.4 million bases in the Mtb genome
* Isolates of interest and H37Rv have only diverged by ~1000 SNPs

* H37Rv probably has not had changes at the same 11 positions as the
isolates of interest

* Expect base in H37Rv to represent ancestral state

- So that was one way of thinking about it where we made a tree with an outgroup,
H37Rv, and then looked at the structure of the tree to see where the MRCA for the
isolates of interest would be

- Now I’'m going to show another way to think about it, looking at the actual SNPs
themselves

- We’re doing the same thing, I'm just approaching the explanation from a different
perspective

- Here we’re going to go through each position with a high-quality SNP that differentiates
the isolates in the comparison and use the base in H37Rv to represent the ancestral
state

- This allows us to infer the direction of genetic change at each of these positions

- The rationale for this is: if we consider that there’s 4.4 million bases in the Mtb genome
and our isolates of interest and H37Rv have only diverged by about 1000 SNPs, then we
can reason that H37Rv probably has not had basepair changes at any of these same 11
positions that we identified in these three isolates of interest

- Therefore, we can expect that the base in H37Rv at these 11 positions represents the
ancestral state at that position
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H37Rv

Isolate 1
Isolate 2
Isolate 3

High-quality SNPs are mapped on to a

phylogenetic tree

I will walk through this process, using the analysis of the three isolates as an example

For each of the 11 SNPs that we identified in this analysis, we can look at what
nucleotide H37Rv has at that position and, from that, determine the direction of genetic
change
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H37Rv

Isolate 1
Isolate 2
Isolate 3

High-quality SNPs are mapped on to a

phylogenetic tree

If we look at this first position boxed in orange for example, two of the isolates had an A
andone hasa G
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H37Rv

Isolate 1
Isolate 2
Isolate 3

High-quality SNPs are mapped on to a

phylogenetic tree

cC G G
T A S
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H37Rv has an A so we are going to conclude that the direction of change here was A to

G, and Isolate 2 had an A to G mutation at that position
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H37Rv

Isolate 1
Isolate 2
Isolate 3

- And then we would go through that same thought process for each of the 11 SNPs

High-quality SNPs are mapped on to a

phylogenetic tree

50



H37Rv

Isolate 1
Isolate 2
Isolate 3

H37Rv

Isolate 1
Isolate 2
Isolate 3

High-quality SNPs are mapped on to a

phylogenetic tree

Next, I'm just going to convert this to 1’s and 0’s to make it easier to look at

If it has the ancestral base (same as H37Rv), then I’'m going to give it a 0 and if it has the
mutation then | will mark it as 1

Then, we can start to draw the tree
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High-quality SNPs are mapped on to a

phylogenetic tree

H37Rv

A|lT|G|C|G|G|A|A|C|G|G

solae A [T ISIIGIIIIT A A [T A 61

Isolate 2 [HGH EEE A A EEE

solate 3 M A N o
AT GCGGAATZCGG MRCA
L A A A A A OATGCGGAACGG
G CTGATGGT A A

H37Rv

Isolate 1

Isolate 2

Isolate 3

- First, we’ll start with the MRCA

- This is just designating the genomic starting point before any of these 11 SNPs happened




High-quality SNPs are mapped on to a

phylogenetic tree

H37Rv

Isolate 1
Isolate 2
Isolate 3

G MRCA
I ATGCGGAACGS
A

3

H37Rv

Isolate 1
Isolate 2
Isolate 3

ATGCGTAATAG

Isolate 1

- Then, let’s add the first isolate, Isolate 1
It has three SNPs, so we’ll draw a branch, put a 3 next to it and draw the node
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H37Rv

Isolate 1
Isolate 2
Isolate 3

H37Rv

Isolate 1
Isolate 2
Isolate 3

- This one has one SNP and it’s not the same SNP as any of the three that we’ve already

High-quality SNPs are mapped on to a

phylogenetic tree

lsolate2  GTGCGGAACGG

11 mRca
ATGCGGAACGG

3

ATGCGTAATAG

Isolate 1

Next we can add Isolate 2

mapped, so we will draw it coming off the MRCA on a different branch
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H37Rv

Isolate 1
Isolate 2
Isolate 3

H37Rv

Isolate 1
Isolate 2
Isolate 3

High-quality SNPs are mapped on to a

phylogenetic tree

lsolate2  GTGCGGAACGG

ATGCGGAACGG

Isolate 3

ATGCGTAATAG

Isolate 1

- And lastly, Isolate 3 has 7 SNPs and they are not the same as any of the others that we

have already mapped so we can draw its branch coming off the MRCA in another
direction
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Considerations for how adding or
removing isolates from the comparison

affects results

- With that understanding of the details of the methods behind whole-genome SNP
comparison, let’s look at some considerations for how adding or removing isolates from the

comparison can affect the results
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Excluding isolates from the comparison

= Low coverage
— The average depth of coverage across the whole genome is low

— If the average is low, there will be a lot of positions that don’t pass the
low coverage filter

— Many informative, high-quality SNPs could be lost if an isolate with
low coverage is added to the comparison

Nodes collapse

Node collapse

- Sometimes isolates need to be excluded from the comparison because of quality issues
One issue is low coverage

When we exclude an isolate because it has low coverage, that means that the average
depth of coverage across the whole genome is low

If the average depth of coverage across the genome is low, there will be a lot of positions
that don’t pass the low coverage filter

That means many informative, high-quality SNPs could be lost if an isolate with low
coverage is added to the comparison

And when you lose SNPs, you lose branches and the nodes collapse, making the isolates
appear to be more closely related than they are
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Excluding isolates from the comparison

= Contaminated isolates
— lIsolate is contaminated with something non-Mtb
— Fastq file will contain non-Mtb sequence reads
— These reads could possibly align to the H37Rv reference sequence

* SNPs that are in the contaminant - isolate looks more distant
than it really is

* Mixed SNPs leading to loss of SNPs = node collapse

- We also exclude isolates if they are contaminated with something other than Mtb

- If they are contaminated, then the fastq file will contain non-Mtb sequence reads and
these could possibly align to the H37Rv reference sequence

This could have two different problematic outcomes

One is if there’s SNPs that are in the contaminant that are able to pass all the filters then
these SNPs will get mapped on to the tree and the isolate will look more distant than it
really is

The other is that there could be a lot of ambiguous bases (or mixed SNPs) because of the
contaminant and that would lead to loss of SNPs and node collapse, causing isolates to
look more closely related than they really are
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Sometimes SNP distances will decrease when an
additional isolate is added to the comparison

= Reasons for loss of SNPs

— Low coverage at that position

— Unreliable base call at that position

— Gap at that position
Another SNP within 12 base pairs of that position
— Ambiguous (mixed) base call at that position

- Even though isolates with WGS quality issues like low coverage or contamination are
excluded from the comparison, there can still be changes in the SNP distances when a
new isolate is added to the comparison because of the filtering criteria

- If a SNP that passed all the filters in a previous comparison does not pass all the filters in
the newly added isolate, it will be filtered out

- There could be low coverage, an unreliable base call, a gap, another SNP within 12 base
pairs, or an ambiguous or mixed base at that position in the isolate that is being newly
added to the analysis
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Ambiguous bases can sometimes be due to mixed
infection

& -
2 o
3 ps
Reference 7 Reference T
Isolate A T Isolate A Y
Isolate B T Isolate B T
Isolate C K IsolateC NG
Ambiguous base is the only difference Ambiguous base is mixture of reference and
from reference at this position SNP that is variably present in other isolates
Likely due to sequencing or assembly Ambiguous base could indicate mixed
errors infection

- A mixed base call could be because of sequencing or assembly error or because the
patient has a mixed infection of Mtb

- Inthe case on the left, the ambiguous base is the only difference from the reference at
this position
- This situation is common and often just due to sequencing errors or assembly errors

- But sometimes we see the case on the right where the ambiguous base is a mixture of
reference and a SNP that is variably present in other isolates

- In this example, Isolate A has a Y at this position which stands for a mix of T and C, and
these base calls are seen in other isolates in the analysis

- In this case there is a higher likelihood that the ambiguous base call indicates an actual
mixed population of bacteria in the patient’s sample because the patient has a mixed
infection
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Mixed infections: subpopulations can emerge
over time
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- So let’s think some more about mixed infections

- A mixed infection in a patient can be because the person was infected with a mixed
population or infected multiple times with different strains

- A mixed infection in a patient can also result from SNPs occurring and subpopulations
with those SNPs emerging over time
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Mixed infections: subpopulations are not
uniformly distributed throughout the lungs

- And these subpopulations are not uniformly distributed throughout the lungs, so you
could have different subpopulations in different lesions in the lungs
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Mixed infections: lesions may be active at
different times

- Furthermore, these lesions might be active at different times, so different
subpopulations might be coughed up at different times during a patient’s infectious
period

o<~ O <

@&

Time
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Mixed infections: one or more subpopulations can
be transmitted

Mixed infection

- Since different subpopulations may be coughed up at different times, a person with mixed
infection can transmit one of the subpopulations or a mixture of the subpopulations
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Mixed infections: sample can contain one or more
subpopulations

Mixed infection

Sample collection

- Similarly, the sample that is collected from the person could have one or both
subpopulations
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Case study: Initial whole-genome SNP comparison

Attended the college,
roommate of the
presumed source case

. . Isolate 2
Isolate from a fourth case is missing from

the tree because it was contaminated

* Presumed source case for others

* Long infectious period (2 years) that
started soon after arrival in U.S. to
attend college

MRCA

Isolate 3

Teenager known to

Attended the college, s&T RN
party in similar places

social contact, knew
presumedsource case in  1solate1
) home country
Important points:
- Tree should be interpreted in the context of known epidemiologic information

- Consider if isolates are missing from the tree

- As an example, let’s consider the phylogenetic tree that we generated earlier in this
training

- This example is particularly interesting because these results were unexpected so it’s a
good example of taking into account the known epi information and also considering if
isolates are missing from the tree when interpreting the results

- This also serves as an example of how SNP distances can change depending on what
isolates are in the comparison because of how the SNP filtering is done

- This cluster alerted with four cases, but the isolate from one of the cases was
contaminated so it was left off the tree

- Unfortunately the contaminated isolate was from the presumed source case who had a
two year infectious period that started soon after arrival in the U.S. to attend college

- The reason the result was unexpected was because one of the isolates (Isolate 3) was
somewhat distant from the other isolates and this isolate was from a teenager who was
known to party in the same social network

- Also, although this cluster shared a fairly common genotype, the cluster happened in a
small town and several cases occurred all at the same time, so it would be surprising if
this case in the teenager wasn’t actually related to the other cases

- So CDC and the state program agreed not to rule out the case’s involvement in this
cluster

- The state was able to send an additional isolate for the presumed source case to replace
the contaminated one, and this was included in an updated whole-genome SNP
comparison



Case study: Updated whole-genome SNP comparison

Isolate 2

MRCA, Isolate 4

Isolate 3

SNP distance

has changed!
Isolate 1

Important point:
- SNP distances can change depending on which isolates are in the comparison

- When we added the new isolate from the presumed source case (Isolate 4), it ended up
being in the same node as the MRCA

- And now the branch that had 7 SNPs in the previous phylogenetic tree has 2 SNPs
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Case study: Why did the SNP distance change?

Some of the high-quality SNPs in the initial comparison were
mixed in Isolate 4

H37Rv AT 6 C 6 G A A C G G

isolatea A Y 8N s R 8] R R [CNGNGEN Y=TorC
lsolatel1 A T HGHNCIBI T A A T AlE S=CorG
solate 2 IGHLT NGMICHNGNGH A A JONMGNGE -, o
solate3 A JGH T 6l A GGGl c i@l A -

- So why did the SNP distance change?

- It happened because some of the 11 high-quality SNPs that we identified in the initial
whole-genome SNP comparison were mixed in the newly added isolate 4, so they ended
up getting filtered out in the updated comparison
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Case study: Why did the SNP distance change?

H37Rv
Isolate 4 Y=TorC
Isolate 1 & =i
=CorG
Isolate 2 R=AorG
Isolate 3 \ or
[ Reference Coordinates . 636,690 ) 36,70 . 636710 )
P Translate P Consensus TCGGCGGCCATACCETRCGGTGGTTTGATCTEC
PNC_ 000962(1>4422183) — T C G G C 6 G C CATACCRTRCGGTGGTTTGATCTEC
1656596 r [T CGGCGGCCATACCETRCGGTGGTTTGATCI
ID 1461484 r “—|TCGGC GG CCATACCRCRCGGTGEGTTTGATCTEC
252618t “—|TCGGCGGCCATACCETRCGG6TGGTTTGATCTEC
ID1649746r —|TCGGCGGCCATACCRCRCGG6TGGTTTGATP
Sequenceread ID624694f “—|TCGGCGGCCATACCRECRCGGTGEGTTTGATCTEC
D338 r dup(2)— | TCGGCGGCCATACCECRCGGTGGTTTGATCTEC
I' tf ID.O44 £ dup[3)* | TC GG C GGCCATACTC T CGG6TGGTTTGATCTC
a'gnmen or ID.462 £ dup[S]* | TC GG CGGCCATACTC £ C6G6TGG6TTTGATCTEC
ID653652f ¢ |TCGGCGGCCATACCRCRCGG6TGGTTTGATCTEC
|SO|ate4 ID_1564630_f “—|TCGGCGGCCATACCRETRCGGTGGTTTGATCTEC
1245384t | T CGGCGGCCATACCETRCGGTGGTTTGATCTC
I840894r —|TCGGCGGCCATACCETRCGG6TGGTTTGATCTEC
1524286t | T CGGCGGCCATACCETHCGGTGGTTTGATCTEC
1642534t —~|TCGGCGGCCATACCRCHCGG T
1860 r —>|TCGGCGGCCATACCECRCGGTGGTTTGATCTEC
312888 f “—|TCGGCGGCCATACCETRCGGTGGTTTGATCTEC
ID312888r —|TCGGCGGCCATACCETRCGGTGGTTTGATCTEC
ID 360080 r —|TCGGCGGCCATACCETRCGGTGGTTTGATCTEC

e
Alignment results obtained and images created using Lasergene SeqMan NGen software from DNASTAR, Inc.

- For example, if we go back to that SNP at position 636700 (boxed here in orange) that
was a Cin Isolate 3 from the teenager, it’s getting called as a Y in Isolate 4, which is a mix
of CandT

- And if we look at the alignment for Isolate 4 (the isolate from the presumed source case
that we just added), we can see at that position (also boxed in orange) that some of the
reads have a Cand some havea T

- There were 5 SNPs like this that were present in isolate 3 from the teenager and mixed in
Isolate 4 from the presumed source case

- So the SNP distance from Isolate 3 to the MRCA changed from 7 to 2 because 5 SNPs got
filtered by the ambiguous bases filter




Case study: Presumed source case appeared to have a mixed
infection and different subpopulations were transmitted

Mixed infection

Transmission

ATACGA

Sample
collection

o 0

- In this example, the presumed source patient with the long infectious period appeared
to have a mixed infection

- While a mixture of the subpopulations was present in the sample that was collected as
indicated by the mixed SNPs, this source patient could have transmitted different
subpopulations to others in the cluster
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Summary

= WGS of an isolate results in short sequence reads that get
mapped to the H37Rv reference genome

= Positions that differ from the reference in any isolate in the
comparison are identified

= Six filters are applied to remove positions with
uninformative or unreliable SNPs

— If any isolate in the comparison does not meet all the filtering criteria,
then the SNP is filtered out

— SNP distances can change when new isolates are added to the
comparison because of the filtering criteria

- In summary, WGS of an isolate results in short sequence reads that get mapped to the
H37Rv reference genome

- Positions that differ from the reference in any isolate in the comparison are identified
- Six filters are applied to remove positions with uninformative or unreliable SNPs

- If any isolate in the comparison does not meet all the filtering criteria, then the SNP is
filtered out

- SNP distance can change when new isolates are added to the comparison because of the
filtering criteria
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Summary (cont.)

= Phylogenetic trees are constructed using the neighbor-
joining method

= The reference strain H37Rv is used to infer the placement of
the MRCA on the tree and the direction of genetic change

— The MRCA represents a genomic starting point before the SNPs that
differentiate the isolates in the comparison occurred

- Phylogenetic trees are constructed using the neighbor-joining method

The reference strain H37Rv is used to infer the placement of the MRCA on the tree and

the direction of genetic change

- The MRCA represents a genomic starting point before the SNPs that differentiate the
isolates in the comparison occurred
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For more information, contact CDC
1-800-CDC-INFO (232-4636)
TTY: 1-888-232-6348 www.cdc.gov

The findings and conclusions in this report are those of the authors and do not necessarily represent the
official position of the Centers for Disease Control and Prevention.
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