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Figure S1: Identification results of 4000 reads of S. thermophilus JIM8232 strain using different
seed length and seed weight. The seed patterns were calculated using the iedera software (33, 34).



Table S3: Composition of the 180 strains identification experiments.

derately close Distant

S |4 & |4 ] o

CIRM65 CIRM65 JIM 8232 CIRM2101 | CIRM1047 | CIRM1121
Experiment 1

Strains proximity

bI

CIRM32 CIRM772 CIRM772
CIRM18 CIRM1035 CIRM336
CIRM67 CIRM18 CIRM1050 CIRM32 CIRM1050 CIRM30
CIRM36 CIRM32 CIRM65 CIRM1055 | CIRM2101 CIRM961

CIRM29 CIRM23 CIRM1035 CIRM67 CIRM30 JIM 8232
CIRM1122 CIRM67 CIRM1116 | CIRM1125 | CIRM1051 CIRM368
CIRM2101 CIRM1048 CIRM1125

CIRM65 CIRM30 CIRM772
CIRM1048 | CIRM1116 CIRM30 CIRM19 CIRM1125 | CIRM1050
CIRM1049 | CIRM1122 | CIRM1055 | CIRM2101 | CIRM1121 | CIRM1055
CIRM1122 CIRM961 CIRM1051 | CIRM1050 CIRM772 CIRM772

CIRM29 CIRM967 CIRM67 CIRM772 CIRM18 CIRM32

CIRM23 CIRM36 CIRM1358 | CIRM1047 CIRM368 CIRM1055
CIRM1049 CIRM23 CIRM1047 CIRM65 CIRM336 | CIRM1047
CIRM1048 CIRM67 CIRM1051 | CIRM1049 CIRM956 CIRM1116

Experiment 2

Experiment 3

Experiment 4

Experiment 5

CIRM67 CIRM1116 CIRM1121

CIRM2101 CIRM23 CIRM1116

CIRM2101 | CIRM1116 | CIRM1055 CIRM30 CIRM1125 | CIRM1121
CIRM36 CIRM29 CIRM36 CIRM32 CIRM998 CIRM19

CIRM967 CIRM65 CIRM1046 | CIRM1358 CIRM30 CIRM1046
CIRM961 CIRM2101 JIM 8232 CIRM65 CIRM961 CIRM961
CIRM23 CIRM1116 CIRM1050
CIRM67 CIRM2101 CIRM29
CIRM1116 CIRM36 CIRM18 CIRM368 CIRM1046 CIRM336
CIRM29 CIRM2101 CIRM36 CIRM961 CIRM961 CIRM1049
CIRM961 CIRM67 CIRM772 CIRM967 JIM 8232 JIM 8232
CIRM967 CIRM65 CIRM32 CIRM336 CIRM18 CIRM32

CIRM961 CIRM998 CIRM772
CIRM967 CIRM956 CIRM998
. Readsnumber |

Distribution Dominant and subdominant

4 strains




Table S4: Hamming distance between S. thermophilus strains for strain proximity experiments (identi-
fication of strains more or less close)

Distance x 10* close ‘ medium ‘ distant ‘
Average 7.16 7.72 11.94
Mean std 5.21 2.23 3.81

Average Min/Max | 0.0/11.6 | 2.7/10.3 | 6.4/16.4

Table S5: Clusters of sibling strains. Cluster numbers also appear in the heatmap (Figure S2)

‘ Cluster id ‘ Strains ‘

05-34 ; ASCC_1275 ; DGCC_7710 ; KLDS_SM ; MN-BM-A02 ; NDO7 ; C106
CIRM1048 ; CIRM1049
CIRM1051 ; MN-BM-A01 ; MN-ZLW-002
CIRM1055 ; APC151 ; KLDS3.1012 ; KU30 ; ND03
CIRM1116 ; CIRM1122 ; CIRM16 ; CIRM29 ; CNRZ1066 ; CSS8 ; EPS ; S9
CIRM18 ; CIRM32
CIRM2101 ; CIRM23 ; CIRM36 ; CIRM65 ; CIRM67 ; LMG_18311
CIRM961 ; CIRM967
IDCC2201 ; BIO1488
LMD-9 ; LMG_S-29186 ; SMQ-301
ATCC_19258 ; NCTC12958
MTCC_5460 ; MTCC_5461
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BIO1488
IDCC2201
TH1436

N4L
LMG_S-29186
LMD-9
SMQ-301
ST3

GABA
TH1435
TH985
TH982
CIRM1046
NDO7
MN-BM-A02

DGCC 7710
ASCC 1275

05-34
KLDS_SM
C106

CIRM1051
MN-BM-A01
CIRM1035
CIRM1358
FAM 13496
ST109
CIRM18
CIRM32
CIRM19

S9
CIRM1116
CIRM1122
CNRZ1066
Ccs8
CIRM29
EPS
CIRM16
CIRM36

CIRM2101
LMG_18311
CIRM23
CIRM772
CIRM1121
CIRM30
CIRM1125
ACA-DC_2
CIRM1050
CAG 236
CIRM1047
B59671
1F8CT
CIRM1048
CIRM1049
MTCC 5461
MTCC_5460
MTH17CL396
JIM 8232
TH1477
KLDS_3.1003

ST106
CIRM368

ACA-DC-198

59

CIRM19
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CIRM1055
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Figure S2: Heatmap of the Jaccard distance for 77 S.thermophilus strains 4+ S. macedonicus
ACA-DC 198 + L. delbrueckii subsp. bulgaricus ATCC 11842. The clusters of Table S5 are
represented by black squares numbered from 1 to 12
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Figure S3: Correlation between Jaccard and Hamming distances with quadratic regression curve.



Table S6: Precision of the Streptococcus thermophilus strains identification using ORI with and
without clustering of sibling strains for all the experiments. The clusters are the same as in Table
S5. The percentage represents the number of times the strain was correctly identified divided by the number of
times it was identified. This corresponds to the precision: TP/(TP+FP) with TP = true positives and FP =
false positives.

Cluster id Strain Precision v(\git)?out MErge | precision with merge (%)

CIRM1048 54.5

2 CIRM1049 81.2 100.0

3 CIRM1051 100.0 100.0

4 CIRM1055 100.0 100.0
CIRM29 100.0

5 CIRM1116 100.0 91.8
CIRM1122 100.0
CIRM18 33.3

6 CIRM32 80.6 100.0
CIRM67 50.0
CIRM36 60.0

7 CIRM65 77.3 100.0
CIRM2101 100.0
CIRM23 100.0
CIRM967 100.0

8 CIRM961 100.0 100.0

CIRM1125 62.5 76.0

CIRM19 83.3 100.0

CIRM368 89.5 94.4

CIRM1050 100.0 100.0

CIRM30 100.0 100.0

CIRM1046 100.0 100.0

JIM_8232 100.0 100.0

No cluster CIRM998 100.0 100.0

CIRM772 100.0 100.0

CIRM1121 100.0 100.0

CIRM1035 100.0 100.0

CIRM336 100.0 100.0

CIRM1047 100.0 100.0

CIRM1358 100.0 100.0

CIRM956 100.0 100.0




Table S7: Precision of the Streptococcus thermophilus subdominant strains identification using ORI
without clustering of sibling strains for experiments with dominant and subdominant strains. The
clusters are the same as in Table S5. The percentage represents the number of times the strain was correctly
identified divided by the number of times it was identified. This corresponds to the precision: TP/(TP+FP)
with TP = true positives and FP = false positives. Unpredicted means that the strain is not identified in any
experiment.

Precision without merge ( %)
Cluster id Strain 1000 reads 4000 reads 16000 reads
5 CIRM1048 0.0 0.0 0.0
CIRM1049 50.0 100.0 33.33
3 CIRM1051 100.0 100.0 100.0
4 CIRM1055 Unpredicted Unpredicted Unpredicted
CIRM1116 0.0 0.0 0.0
5 CIRM1122 Unpredicted 66.67 66.67
CIRM29 50.0 50.0 33.33
6 CIRM18 0.0 50.0 0.0
CIRM32 33.33 0.0 42.86
CIRM2101 0.0 0.0 0.0
7 CIRM23 Unpredicted 0.0 33.33
CIRM65 0.0 14.29 0.0
CIRM67 50.0 Unpredicted Unpredicted
8 CIRM961 40.0 50.0 55.56
CIRM967 75.0 100.0 100.0
CIRM1125 0.0 0.0 0.0
CIRM1121 0.0 0.0 0.0
CIRM1050 0.0 0.0 20.0
CIRM30 0.0 25.0 25.0
CIRM1047 0.0 25.0 25.0
CIRM998 0.0 50.0 66.67
No cluster CIRM956 Unpredicted Unpredicted 100.0
CIRM1035 Unpredicted 100.0 100.0
CIRM368 25.0 33.33 33.33
JIM_8232 40.0 40.0 40.0
CIRM1046 50.0 33.33 33.33
CIRM336 66.67 66.67 75.0
CIRM772 100.0 50.0 75.0




Table S8: S. thermophilus strains identification by ORI, with and without merge index, in a bal-
anced mixture of 4 or 6 strains more or less genetically close, by using 1000, 4000 or 16000
Nanopore sequencing reads. Best results are in bold. Values of Hamming distance (zero = perfect identifi-
cation); MCC: Matthews Correlation Coefficient (1 = perfect correlation); ratio: number of strains identified /
number of strains present; std: standard deviation.

(a) Heterogeneity results (variable number of strains mized):

‘ Method | ORI | ORI_merge ‘
‘ Number of strains ‘ 4 ‘ 6 ‘ 4 ‘ 6 ‘
median 0 0 0 0
Dist mean 0.73 | 0.31 | 0.53 0.29
stance std 264 | 1.13 | 1.78 | 1.19

[min,max] | [0,15] | [0,7] | [0,7] | [0,7]
mean 0.70 0.65 | 0.94 0.96

MCC

std 0.18 | 0.15 | 0.10 | 0.08
Ammbiouit mean 0.65 | 0.56 | 0.93 | 0.96
guity std 025 | 0.21 | 0.19 | 0.15

(b) Data quantity (different number of .fastq reads):

‘ Method | ORI | ORI _merge ‘
| Number of reads | 1000 | 4000 | 16000 | 1000 | 4000 | 16000 |
median 0 0 0 0 0 0
Distance mean 0.17 | 0.80 | 0.60 0 | 043 | 080
std 0.73 | 293 | 1.80 0 | 1.43 | 214

[min,max] | [0,4] | [0,15] | [0,7] [0,0] | [0,7] [0,7]
mean 0.55 0.64 0.78 0.86 | 0.93 0.98

McCC std 020 | 018 | 014 | 0.14 | 0.12 | 0.05
Arabicuit mean 044 | 064 | 080 | 0.77 | 0.92 | 1.05
guity std 017 | 020 | 020 | 021 | 0.12 | 0.13

(¢) Resolution power (proximity between strains within the mixzture ):

‘ Method | ORI | ORI_merge ‘
| Proximity | distant | medium | close | distant | medium | close |
median 0 0 0 0 0 0
Distance mean 0.10 1.17 0.30 0 0.90 0.33
std 0.54 3.16 1.27 0 2.17 1.35
[min,max] [0,3] [0,15] [0,7] [0,0] [0,7] [0,7]
MCC mean 0.75 0.61 0.6 0.93 0.87 0.97
std 0.17 0.24 0.14 0.09 0.15 0.09
Ambieuit mean 0.73 0.68 0.47 0.89 0.85 1
sty std 0.20 0.23 019 | 0.15 0.22 | 0.18
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Table S9: Subdominant S. thermophilus strains identification by ORI, without/with merge in a
mixture of 4 or 6 strains, by using 1000, 4000 or 16000 Nanopore sequencing reads. Best results
are in bold. Values of Hamming distance: in all experiments, minimum value is 0 (perfect identification); MCC:
Matthews Correlation Coefficient (1 = perfect correlation); Ambiguity ratio: number of strains identified /
number of strains present; std: standard deviation.

| Number of strains | 4 (ORI/ORI_merge) | 6 (ORI/ORI_merge) ‘
| Number of reads | 1000 | 4000 | 16000 | 1000 | 4000 | 16000 |
median 0/0 0/0 0/0 3/0 0/0 0/0
Distance mean | 19.8/19.8 9.9/0 0/0 30.3/15.4 26.7/0 0/0
std 24.2/24.2 19.8/0 0/0 35.9/29.4 36.3/0 0/0
max 49/49 49/0 0/0 74.2/74.2 74.2/0 0/0
MCC mean | 0.28/0.38 | 0.42/0.78 | 0.57/0.9 | 0.22/0.38 | 0.34/0.65 | 0.63/0.8
std 0.35/0.32 | 0.35/0.2 | 0.34/0.21 | 0.28/0.34 | 0.28/0.17 | 0.16/0.14
N mean 0.4/0.4 0.5/0.8 0.7/1 0.2/0.33 | 0.2/0.47 | 0.53/0.67
Ambiguity
std 0.37/0.37 | 0.32/0.24 0.24/0 0.16/0.21 | 0.16/0.27 | 0.16/0.21

GlUG2|—-|G1NG2
e, - ELUGAGn e o

Number of positions where filters are different

H(G1,G2) = 2)

Total number of positions

Equation S1: Jaccard (1) and Hamming (2) distance equations. The Jaccard distance is calculated
between the gqgrams of two genomes (G1 & G2) and the Hamming distance is calculated between two Bloom
filters containing these qgrams.

TPxTN —-FPxFN

MCC =
V(TP +FP)x (TP +FN) x (TN + FP) x (TN + FN)

Equation S2: Matthews correlation coefficient equation. TP = number of true positives, FP = number
of false positives, TN = number of true negatives and FN = number of false negatives.
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Text S1: S. thermophilus strains cannot be differentiated using 16S-23S markers or MLST

The proximity between genomes makes the taxonomic attribution of bacterial strains difficult, and these noisy
long reads make it even more challenging. Indeed, the comparison of their 16S-23S genomic regions showed a
maximum of 11 mutations of discrepancies over a length of about 1420 bases (e.g. strains ST106 vs CIRM-
BIA967) and no difference in many. The identification of strains of S. thermophilus is thus a difficult problem.
Indeed, since these strains have very close core genomes, they cannot be differentiated using MLST either (40).

Text S2: Theoretical point of view of the strain identification part

Find a subset of strains that best explain the observed reads may be seen as a set cover optimization problem:
find a minimal subset of strains allowing to fully explain the reads. It is one of Karp’s NP-complete problems
and people usually limit themselves to approximated solution through a statistical approach (see e.g. (41)). It
is however possible to search for an exact solution of moderate size (say a few dozens of OTU’s in the sample)
using modern combinatorial solvers.
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