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Figure S1. Sequence of DNA template strands used in this study. The strands are grouped by XnCGY
4mers (red letters). C5-cytosine variants within the XnCGY 4mers are as follows: C = cytosine, E = 5-
hydroxymethylcytosine, F = 5-formylcytosine, J = 5-carboxylcytosine, Z = 5-methylcytosine. Blue letters
represent trimer labels used to identify the C5-cytosine variant. Within these labels, ‘T’, ‘C’, ‘G’, and ‘A’
denote canonical bases and ‘a’ denotes an abasic residue. A is the first templating base during strand
synthesis.

F—CATCATCATCATCATCATGGTCATCATCACGATCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATCATCATCATCAZGATCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATCaTCATCATCAEGATCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATTTTCATCATCAFGATCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCAaaaTCATCATCAJGATCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3

F—CATCATCATCATCATCATGGTCATCATCACGCTCATCATCATCATCATCATTATTATTéGCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATCATCATCATCAZGCTCATCATCATCATCATCATTATTATTéGCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATCaTCATCATCAEGCTCATCATCATCATCATCATTATTATTéGCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATTTTCATCATCAFGCTCATCATCATCATCATCATTATTATTéGCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCAaaaTCATCATCAJGCTCATCATCATCATCATCATTATTATTéGCATTCTCATGCAGGTCGTAGCC—3

F—CATCATCATCATCATCATGGTCATCATCACGGTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATCATCATCATCAZGGTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATCaTCATCATCAEGGTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATTTTCATCATCAFGGTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCAaaaTCATCATCAJGGTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3

F—CATCATCATCATCATCATGGTCATCATCACGTTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATCATCATCATCAZGTTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATCaTCATCATCAEGTTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATTTTCATCATCAFGTTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCAaaaTCATCATCAJGTTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3

F—CATCATCATCATCATCATGGTCATCATCCCGATCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATCATCATCATCCZGATCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATCaTCATCATCCEGATCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATTTTCATCATCCFGATCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCAaaaTCATCATCCJGATCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3

F—CATCATCATCATCATCATGGTCATCATCCCGCTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATCATCATCATCCZGCTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATCaTCATCATCCEGCTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATTTTCATCATCCFGCTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCAaaaTCATCATCCJGCTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3

*

F—CATCATCATCATCATCATGGTCATCATCCCGGTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATCATCATCATCCZGGTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATCaTCATCATCCEGGTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATTTTCATCATCCFGGTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCAaaaTCATCATCCJGGTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3

F—CATCATCATCATCATCATGGTCATCATCCCGTTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATCATCATCATCCZGTTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATCaTCATCATCCEGTTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCATTTTCATCATCCFGTTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
F—CATCATCATCATCATCAaaaTCATCATCCJGTTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
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5—CATCATCATCATCATCATGGTCATCATCGCGATCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
5—CATCATCATCATCATCATCATCATCATCGZGATCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCATCaTCATCATCGEGATCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCATTTTCATCATCGFGATCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCAaaaTCATCATCGJGATCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3

5—CATCATCATCATCATCATGGTCATCATCGCGCTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
5—CATCATCATCATCATCATCATCATCATCGZGCTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCATCaTCATCATCGEGCTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCATTTTCATCATCGFGCTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCAaaaTCATCATCGJGCTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3

5—CATCATCATCATCATCATGGTCATCATCGCGGTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
5—CATCATCATCATCATCATCATCATCATCGZGGTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCATCaTCATCATCGEGGTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCATTTTCATCATCGFGGTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCAaaaTCATCATCGJGGTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3

5—CATCATCATCATCATCATGGTCATCATCGCGTTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
5—CATCATCATCATCATCATCATCATCATCGZGTTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCATCaTCATCATCGEGTTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCATTTTCATCATCGFGTTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCAaaaTCATCATCGJGTTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3

5—CATCATCATCATCATCATGGTCATCATCTCGATCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
5—CATCATCATCATCATCATCATCATCATCTZGATCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCATCaTCATCATCTEGATCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCATTTTCATCATCTFGATCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCAaaaTCATCATCTJGATCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3

5—CATCATCATCATCATCATGGTCATCATCTCGCTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
5—CATCATCATCATCATCATCATCATCATCTZGCTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCATCaTCATCATCTEGCTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCATTTTCATCATCTFGCTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCAaaaTCATCATCTJGCTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3

5—CATCATCATCATCATCATGGTCATCATCTCGGTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
5—CATCATCATCATCATCATCATCATCATCTZGGTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCATCaTCATCATCTEGGTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCATTTTCATCATCTFGGTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCAaaaTCATCATCTJGGTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3

5—CATCATCATCATCATCATGGTCATCATCTCGTTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
5—CATCATCATCATCATCATCATCATCATCTZGTTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCATCaTCATCATCTEGTTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCATTTTCATCATCTFGTTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3
H—CATCATCATCATCATCAaaaTCATCATCTJGTTCATCATCATCATCATCATTATTATT%GCATTCTCATGCAGGTCGTAGCC—3

Figure S1 (continued)
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Figure S2. Label swap experiment. Our objective in this experiment was to reconfirm that the trimer
labels built into the template strands did not affect the ionic current amplitude of segments used to
identify the C5-cytosine variants. To do this we swapped labels among cytosine variants in the CnCGG
context and compared the ionic current readouts. These label swapped templates were identical to those
listed for CnCGG (see *) in Figure S1 except that the labels were changed as follows: C, TGG to aaa;
mC, TCA to TTT; hmC, TCa to TCA; fC, TTT to TGG; caC, aaa to TCa, where ‘T’, ‘C’, ‘G’, and ‘A’
denote canonical bases and ‘a’ denotes an abasic residue. We collected 250 events for each of the two
sets of template strands. Using the data from the eight key ionic current segments, we calculated ten
consensus events, one for each cytosine variant/label pair, by averaging the ionic current amplitudes
observed for each segment. To make comparisons we subtracted the consensus ionic current means of one
set from the consensus ionic current means of the other set. (a) Comparison of strand pairs that contain
the same cytosine variant, but different labels. For example, the blue line represents the difference in
consensus events from the two cytosine containing strands where one contained the TGG label and the
other the aaa label. The difference in the consensus events for all pairs with the same C5-cytosine variant
is minimal (<2pA). (b) Comparison of strand pairs that contain the same label, but different C5-cytosine
variants. For example, the blue line represents the difference in consensus events from the two strands
bearing the TTT label where one contained mC and the other fC. The difference in the consensus events
for all pairs with the same label but different C5-cytosine variants is large for segments 4, 5, and 6.
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Figure S3. Representative ionic current traces for C5-cytosine variants in fifteen XnCGY 4mer
contexts. Each panel shows eight consecutive ionic current segments that we quantified. The cytosine
variant present on the strand is denoted above the trace. Segments 4, 5, and 6, which differed the most
between C5-cytosine variants, are highlighted with horizontal red lines. Time scale bars are 30ms.
Comparable traces for the GnCGC context are shown in Figure 3.
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Figure S3 (continued)
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Figure S4. Discrimination among C5-cytosine variants based on important ionic current
segments. The five letters at the left of each graph denote the XnCGY context for that graph.
Because each experiment contained all five cytosine variants for a given context in the cis well
bathing a single M2MspA nanopore for each experiment, the downstream label on each template
was used to establish the C5-cytosine variant identity at nC. In all panels, Xs represent normalized
ionic current values for an individual DNA strand read one time (continued next page).
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Figure S4 (continued). The color key for the C5-cytosine variant and its paired label is as follows:

blue, cytosine/TGG; red, mC/TCA; cyan, hmC/TCa; green, fC/TTT; and grey, caC/aaa. For all panels, the
Y-axis is normalized ionic current for segment 5. In the panels at left for each XnCGY context, the X-axis is
normalized ionic current for segment 4; in the panels at right for each XnCGY context, the X-axis is
normalized ionic current for segment 6. Marginal histograms using kernel densities are shown for each of the
three segments used in classification. Histogram colors correspond to colors assigned to Xs.

S11



CnCGG

CnCGT

GnCGA

1.6

X

.‘E‘ 12 x mC

C 04 co08 x hmC

L [

[a) 004 x fC
00 00 x caC
20

X X
x
18 x %xx 18 3 %x
S X
16 X 16
— X < x
X X.

:<.Q;‘I4 XX xxx >><< = \_0;14 >'XX x)?}(

0 - 3 2 7 .

— = b

§12 >5§§< X §12 o z

XIS X

Jno x> Q1o 3‘%(

2l £ w0 % T
8 x* 8 x x

10 15 20 25 6 8 10 12 14 00 olj“elgllgitllz
Segment 4 (pA) Segment 6 (pA) 4
x C

"?o,s « mC

a 04 x hmC

K02 x fC
0.0 x caC

X XX i XX
18 x 18 X
X
X% e A
16 x X % x 16 & e L
x

—_ X !xx —_

<14 S S

n x st n %

€12 X 212 x %

g RIS < oA A -+ |

[P x € X

10 X% x* o0 x ’; x X

3 x 3 £
8 X 8

X X X
0 5 10 6 8 10 12 14 00 10 20
Segment 4 (pA) Segment 6 (pA) Density
08 16 e

.‘i’\ -‘?1-2 x mC

o4 gos x hmC

8 Qo4 x fC
00 00 x caC
20 20

X X & X
X
x
15 d 15
X X

— XX — x

g xxgég; -3 . R

10 - 10 % x

2 % £ % «

X X X X

c‘E) 4 : g Sex X xxxx)k%

2 TR = A

a5 %X xx X w5 % 2 VR *® x

X X
X X X X
0 5 10 15 20 2 4 6 8 10 00 04 08 12

Segment 4 (pA)

Figure S4 (continued)

Segment 6 (pA) Density

S12



12 16 x C
>
08 202 x mC
< ’ 2 o8 x hmC
o}
& o4 8 o4 x fC
00 o x caC

14 x —- 14
GnCGG %gﬁw‘%%

S12 X S12
" ol IS X% e
£10 gét“ x o £10
£ xx A £

X%x X
g8 g8
wv wv

o
X
o
X

6 8 10 12 14 16 18 6 10 12 16 00 04 08 1.2
Segment 4 (pA) Segment 4 (pA) Density
06 20 %« C
-‘;‘044 ‘i" x mC
c 210 x hmC
8 02 ‘ﬂj’ « fC
00 00 x caC
16 16 X

GnCGT

N

Segment 5 (pA)
=
X X
Segment 5 (pA)
=
x X

©

X
x
X

6
6 -4 2 0 2 4 6 8 6 8 0 12 14 00 06 12 18
Segment 4 (pA) Segment 6 (pA) Density

30 18 C
mC
hmC
fC
caC

Density
n
o
&

X X X X X

TnCGA

Segment 5 (pA)
X X
R
%
Segment 5 (pA
w
X
X

10 0.0 0.8 1.6

5 15 20 0 5 .
Segment 6 (pA) Density

10
Segment 4 (pA)

Figure S4 (Continued)
S13



TnCGC

TnCGG

TnCGT

S 12
Fn
@ 0.8
S
04
a
0.0

IS
b

10
8
X

< 6 =
o
L) ‘ﬁé -
g 2 i X
£ X
D0 x Ea X
g

_2 © .

0 5 10 15
Segment 4 (pA)

.08
h=4
Z
C 04
[
o o
0.0

18
X 2 o
16 .
<14 x x
S
on < el
< X
10 XX
£ .
2 8
%
6 x
)%X
4
5 10 15 20

Segment 4 (pA)

08
>
k=
2 o4
9]
a
00

x ;{k)}iw« X x

Segment 5 (pA)
>

w

'
w

0 5
Segment 4 (pA)

Figure S4 (continued)

K X
212 x mC
é&s x hmC
Q04 x fC
00 x caC

Segment 5 (pA)
N O N A O
X
x
x)’(x
"
O
x % £
X
%
X X x
>}()§();(
x
x

4 2 0 2 4 6 00 08 16
Segment 6 (pA) Density
X C
5\1'2 x mC
g 08 x hmC
@ 04 x fC
00 x caC
18 ;ﬁ&?‘
NS ol
16 x
4 x 4
=
n12
‘é:-; X I X
gio .
Zs
e
6 X
x>?(
4 %
2 4 6 8 10 12 1400 08 16
Segment 6 (pA) Density
>‘2.0 « C
S x mC
g 1.0 x hmC
A x fC
00 x caC

Segment 5 (pA)
« ) G
XX)(
X
X x X
%x)(%
X
X X
x
=
Xx x X * >S?<><><
X
x S
x
X

2 4 6 8 10 12 00 08 16
Segment 6 (pA) Density

S14



AnCGA

C mC hmC fC caC
TGG 0.95 0.00 0.04 0.00 0.00
TCA 0.01 0.97 0.02 0.00 0.01
TCa 0.01 0.00 0.99 0.01 0.00
TTT 0.03 0.02 0.02 0.93 0.00
aaa 0.01 0.01 0.01 0.00 0.96
AnCGC

C mC hmC fC caC
TGG 0.94 0.03 0.02 0.00 0.00
TCA 0.03 0.95 0.01 0.00 0.00
TCa 0.01 0.01 0.96 0.02 0.00
TTT 0.04 0.01 0.00 0.94 0.00
aaa 0.00 0.00 0.00 0.00 1.00
AnCGG

C mC hmC fC caC
TGG 0.92 0.05 0.02 0.00 0.00
TCA 0.03 0.92 0.04 0.00 0.01
TCa 0.02 0.03 0.94 0.00 0.01
TTT 0.00 0.00 0.06 0.93 0.00
aaa 0.02 0.09 0.03 0.00 0.86
AnCGT

C mC hmC fC caC
TGG 0.92 0.04 0.00 0.01 0.02
TCA 0.00 0.97 0.01 0.00 0.02
TCa 0.02 0.05 0.87 0.04 0.02
TTT 0.06 0.00 0.08 0.86 0.00
aaa 0.01 0.03 0.01 0.00 0.95

Figure S5. Confusion matrices for CS-cytosine variant calls. The five letters above each matrix
represent the XnCGY 4mer for that matrix. The rows are labels that identify the nC content of the
template strand. For those labels, G, A, T, and C have their usual meanings and ‘a’ means an abasic
residue. The columns are the C5-cytosine variant calls (See Figure 2 for details). The diagonal values
(bold) represent the fraction of times the C5-cytosine variants calls agreed with the labels. Values in
standard font are the fraction of times the predicted C5-cytosine variant was miscalled as an incorrect C5-
cytosine variant. In some instances the rows do not sum to 1.00 because of rounding. The number of
translocation events for each XnCGY context is in Table 1 of the main text.
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Figure S5 (continued)
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Figure S5 (continued)
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Figure S5 (continued)
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