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1 Supplementary Tables

Shared Parameters: NFL=1; Insert Size=600bp; Error Rate=1%
PE100/SE500/SE1000 35x PE100/SE500/SE1000 70x

CF CR µFL(kb) CF CR µFL(kb)
Exp1 350 0.1 50 700 0.1 50
Exp2 140 0.25 50 280 0.25 50
Exp3 70 0.5 50 140 0.5 50
Exp4 47 0.75 50 94 0.75 50
Exp5 350 0.1 75 700 0.1 75
Exp6 140 0.25 75 280 0.25 75
Exp7 70 0.5 75 140 0.5 75
Exp8 47 0.75 75 94 0.75 75
Exp9 350 0.1 100 700 0.1 100
Exp10 140 0.25 100 280 0.25 100
Exp11 70 0.5 100 140 0.5 100
Exp12 47 0.75 100 94 0.75 100

Table S1: The table summarizes the simulation settings for all experiments
(datasets). All datasets share the same NFL, insert size, and error rate. PE100,
SE500, and SE1000 indicate the read length and whether sequencing is paired-
end or single-end. Experiments marked as 35x or 70x correspond to sequencing
depths of 35x or 70x, respectively. Experiments (Exp) 1-12 are divided into
three groups: 1-4, 5-8, and 9-12. Across these groups, µFL varies, while CF and
CR vary within each group.
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2 Supplementary Figures
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Figure S1: Impact of CF and CR combinations on SNP and INDEL
calling using single library. Impact of CF and CR combination was evaluated
by varying CR from 0.1 to 0.75 at a fixed coverage of 35x. a-c. F1 scores for SNP
calling using PE100, SE500 and SE1000 under various CF and CR combinations.
d-f. F1 scores for INDEL calling using PE100, SE500 and SE1000 under various
CF and CR combinations.
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1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

PE100_NGS

PE100_stLFR

Hybrid

0.964 0.965 0.967 0.966 0.966 0.965 0.966 0.965 0.967 0.966 0.965 0.965

0.940 0.948 0.947 0.948 0.945 0.948 0.948 0.948 0.946 0.948 0.947 0.945

0.963 0.964 0.967 0.966 0.963 0.965 0.966 0.965 0.965 0.965 0.966 0.964

a alldiff

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

PE100_NGS

PE100_stLFR

Hybrid

0.867 0.868 0.873 0.869 0.870 0.869 0.873 0.870 0.872 0.869 0.870 0.869

0.766 0.799 0.805 0.803 0.783 0.802 0.803 0.805 0.793 0.803 0.798 0.798

0.866 0.874 0.876 0.874 0.869 0.877 0.875 0.876 0.870 0.875 0.876 0.873

b lowmap
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Experiment(Dataset)
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PE100_stLFR

Hybrid

0.952 0.954 0.953 0.951 0.950 0.949 0.952 0.952 0.951 0.953 0.954 0.950

0.935 0.941 0.943 0.944 0.940 0.945 0.944 0.946 0.941 0.944 0.946 0.942

0.952 0.956 0.958 0.953 0.951 0.957 0.955 0.953 0.956 0.953 0.955 0.954

c segdups
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Hybrid

0.991 0.991 0.991 0.991 0.991 0.992 0.991 0.992 0.992 0.991 0.991 0.991

0.990 0.992 0.990 0.990 0.990 0.990 0.990 0.990 0.990 0.990 0.990 0.989

0.992 0.991 0.992 0.992 0.991 0.991 0.991 0.992 0.991 0.991 0.992 0.990

d tandemRep
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Experiment(Dataset)
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0.963 0.964 0.967 0.966 0.967 0.965 0.964 0.963 0.967 0.966 0.965 0.964

0.941 0.946 0.943 0.947 0.946 0.947 0.945 0.945 0.945 0.945 0.946 0.941

0.958 0.959 0.966 0.962 0.959 0.960 0.962 0.961 0.965 0.961 0.963 0.959

e MHC
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f highconf
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Figure S2: Recall heatmap for SNP calling on hybrid libraries by comb-
ing PE100 NGS and PE100 stLFR reads. hap.py v0.3.15 was applied to
benchmark the SNP callset against the GIAB ground truth callset. a. Recall
for all difficult (alldiff) regions. b. Recall for low-mappability (lowmap) regions.
c. Recall for segmentation duplication (segdup) regions. d. Recall for tandem
and homopolymer repeat (tandemRep) regions. e. Recall for MHC regions. f.
Recall for all high-confidence (highconf) regions defined by GIAB.
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1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

PE100_NGS

PE100_stLFR

Hybrid

0.984 0.985 0.984 0.984 0.984 0.985 0.986 0.985 0.984 0.986 0.985 0.985

0.971 0.975 0.977 0.976 0.975 0.976 0.976 0.975 0.976 0.976 0.976 0.976

0.978 0.981 0.980 0.981 0.981 0.982 0.982 0.982 0.981 0.981 0.981 0.981

a alldiff

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

PE100_NGS

PE100_stLFR

Hybrid

0.956 0.953 0.955 0.955 0.956 0.959 0.960 0.959 0.955 0.956 0.955 0.957

0.885 0.911 0.919 0.916 0.904 0.912 0.913 0.912 0.913 0.913 0.912 0.913

0.923 0.935 0.936 0.940 0.938 0.939 0.941 0.939 0.934 0.938 0.942 0.939

b lowmap
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Experiment(Dataset)
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PE100_stLFR

Hybrid
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0.937 0.946 0.953 0.946 0.941 0.951 0.946 0.949 0.948 0.951 0.950 0.950
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c segdups

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

PE100_NGS

PE100_stLFR

Hybrid
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d tandemRep
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Figure S3: Precision heatmap for SNP calling on hybrid libraries by
combing PE100 NGS and PE100 stLFR reads. hap.py v0.3.15 was ap-
plied to benchmark the SNP callset against the GIAB ground truth callset.
a. Precision for all difficult (alldiff) regions. b. Precision for low-mappability
(lowmap) regions. c. Precision for segmentation duplication (segdup) regions.
d. Precision for tandem and homopolymer repeat (tandemRep) regions. e. Pre-
cision for MHC regions. f. Precision for all high-confidence (highconf) regions
defined by GIAB.
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1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE500_stLFR

PE100_stLFR

Hybrid
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0.940 0.948 0.947 0.948 0.945 0.948 0.948 0.948 0.946 0.948 0.947 0.945
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Experiment(Dataset)
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c segdups

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE500_stLFR

PE100_stLFR

Hybrid

0.993 0.993 0.993 0.992 0.993 0.991 0.992 0.992 0.993 0.993 0.992 0.993

0.990 0.992 0.990 0.990 0.990 0.990 0.990 0.990 0.990 0.990 0.990 0.989
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Figure S4: Recall heatmap for SNP calling on hybrid libraries by comb-
ing SE500 stLFR and PE100 stLFR reads. hap.py v0.3.15 was applied to
benchmark the SNP callset against the GIAB ground truth callset. a. Recall
for all difficult (alldiff) regions. b. Recall for low-mappability (lowmap) regions.
c. Recall for segmentation duplication (segdup) regions. d. Recall for tandem
and homopolymer repeat (tandemRep) regions. e. Recall for MHC regions. f.
Recall for all high-confidence (highconf) regions defined by GIAB.
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1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE500_stLFR

PE100_stLFR

Hybrid

0.980 0.980 0.983 0.981 0.981 0.982 0.983 0.982 0.982 0.982 0.982 0.981

0.971 0.975 0.977 0.976 0.975 0.976 0.976 0.975 0.976 0.976 0.976 0.976

0.979 0.982 0.982 0.982 0.982 0.981 0.983 0.982 0.982 0.982 0.982 0.981

a alldiff

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE500_stLFR

PE100_stLFR

Hybrid

0.979 0.979 0.984 0.978 0.980 0.982 0.980 0.983 0.982 0.982 0.984 0.981

0.885 0.911 0.919 0.916 0.904 0.912 0.913 0.912 0.913 0.913 0.912 0.913

0.944 0.949 0.952 0.950 0.952 0.947 0.953 0.949 0.945 0.950 0.953 0.948

b lowmap

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE500_stLFR

PE100_stLFR

Hybrid

0.976 0.976 0.975 0.978 0.974 0.974 0.979 0.974 0.977 0.976 0.981 0.974

0.937 0.946 0.953 0.946 0.941 0.951 0.946 0.949 0.948 0.951 0.950 0.950

0.945 0.954 0.954 0.957 0.952 0.953 0.957 0.956 0.953 0.954 0.955 0.951

c segdups
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Experiment(Dataset)

SE500_stLFR

PE100_stLFR
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0.978 0.978 0.981 0.979 0.978 0.978 0.981 0.981 0.979 0.979 0.981 0.981

0.992 0.992 0.992 0.993 0.993 0.993 0.993 0.992 0.992 0.992 0.992 0.993

0.991 0.992 0.993 0.992 0.993 0.993 0.992 0.992 0.994 0.991 0.993 0.994
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Experiment(Dataset)
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0.977 0.977 0.979 0.980 0.977 0.979 0.979 0.976 0.978 0.978 0.977 0.975

0.970 0.970 0.975 0.972 0.973 0.974 0.972 0.970 0.973 0.975 0.973 0.974

0.975 0.979 0.978 0.977 0.978 0.978 0.979 0.980 0.978 0.978 0.977 0.977

e MHC
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SE500_stLFR
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Figure S5: Precision heatmap for SNP calling on hybrid libraries by
combing SE500 stLFR and PE100 stLFR reads. hap.py v0.3.15 was ap-
plied to benchmark the SNP callset against the GIAB ground truth callset.
a. Precision for all difficult (alldiff) regions. b. Precision for low-mappability
(lowmap) regions. c. Precision for segmentation duplication (segdup) regions.
d. Precision for tandem and homopolymer repeat (tandemRep) regions. e. Pre-
cision for MHC regions. f. Precision for all high-confidence (highconf) regions
defined by GIAB.
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1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE1000_stLFR

PE100_stLFR

Hybrid

0.971 0.974 0.977 0.977 0.975 0.974 0.973 0.974 0.972 0.974 0.973 0.973

0.940 0.948 0.947 0.948 0.945 0.948 0.948 0.948 0.946 0.948 0.947 0.945

0.980 0.980 0.980 0.980 0.979 0.981 0.980 0.979 0.981 0.980 0.980 0.980

a alldiff

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE1000_stLFR

PE100_stLFR

Hybrid

0.962 0.961 0.962 0.963 0.963 0.962 0.965 0.963 0.963 0.964 0.963 0.964

0.766 0.799 0.805 0.803 0.783 0.802 0.803 0.805 0.793 0.803 0.798 0.798

0.945 0.950 0.948 0.946 0.943 0.948 0.948 0.947 0.952 0.948 0.949 0.947

b lowmap
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Experiment(Dataset)

SE1000_stLFR

PE100_stLFR

Hybrid

0.956 0.959 0.964 0.961 0.962 0.954 0.964 0.962 0.957 0.951 0.963 0.957

0.935 0.941 0.943 0.944 0.940 0.945 0.944 0.946 0.941 0.944 0.946 0.942

0.962 0.964 0.965 0.963 0.963 0.969 0.966 0.963 0.965 0.966 0.965 0.965
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Experiment(Dataset)

SE1000_stLFR

PE100_stLFR

Hybrid

0.988 0.989 0.989 0.991 0.990 0.989 0.991 0.990 0.991 0.990 0.990 0.989

0.990 0.992 0.990 0.990 0.990 0.990 0.990 0.990 0.990 0.990 0.990 0.989

0.995 0.994 0.995 0.996 0.995 0.995 0.996 0.995 0.996 0.996 0.995 0.995
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Hybrid

0.949 0.954 0.959 0.960 0.955 0.954 0.950 0.952 0.947 0.952 0.951 0.950

0.941 0.946 0.943 0.947 0.946 0.947 0.945 0.945 0.945 0.945 0.946 0.941

0.970 0.969 0.970 0.970 0.967 0.972 0.969 0.968 0.970 0.970 0.969 0.971

e MHC
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PE100_stLFR
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0.991 0.992 0.993 0.993 0.992 0.992 0.992 0.992 0.991 0.992 0.992 0.992

0.984 0.986 0.986 0.987 0.985 0.986 0.986 0.986 0.986 0.986 0.986 0.986

0.995 0.995 0.995 0.995 0.994 0.995 0.995 0.995 0.995 0.995 0.995 0.995

f highconf

0.95

0.96

0.97

0.98

0.80

0.85

0.90

0.95

0.94

0.95

0.96

0.988

0.990

0.992

0.994

0.996

0.95

0.96

0.97

0.9850

0.9875

0.9900

0.9925

0.9950

Hybrid SE1000_stLFR and PE100_stLFR 
(SNP Recall)

Figure S6: Recall heatmap for SNP calling on hybrid libraries by comb-
ing SE1000 stLFR and PE100 stLFR reads. hap.py v0.3.15 was applied
to benchmark the SNP callset against the GIAB ground truth callset. a. Recall
for all difficult (alldiff) regions. b. Recall for low-mappability (lowmap) regions.
c. Recall for segmentation duplication (segdup) regions. d. Recall for tandem
and homopolymer repeat (tandemRep) regions. e. Recall for MHC regions. f.
Recall for all high-confidence (highconf) regions defined by GIAB.
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1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE1000_stLFR

PE100_stLFR

Hybrid

0.975 0.979 0.979 0.978 0.978 0.980 0.980 0.976 0.977 0.979 0.978 0.979

0.971 0.975 0.977 0.976 0.975 0.976 0.976 0.975 0.976 0.976 0.976 0.976

0.980 0.982 0.982 0.981 0.982 0.983 0.983 0.982 0.983 0.984 0.982 0.982

a alldiff

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE1000_stLFR

PE100_stLFR

Hybrid

0.978 0.980 0.981 0.980 0.982 0.983 0.983 0.984 0.980 0.982 0.978 0.981

0.885 0.911 0.919 0.916 0.904 0.912 0.913 0.912 0.913 0.913 0.912 0.913

0.947 0.957 0.955 0.954 0.952 0.954 0.959 0.952 0.955 0.959 0.957 0.955

b lowmap

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE1000_stLFR

PE100_stLFR

Hybrid

0.973 0.974 0.980 0.972 0.975 0.975 0.976 0.979 0.975 0.974 0.975 0.978

0.937 0.946 0.953 0.946 0.941 0.951 0.946 0.949 0.948 0.951 0.950 0.950

0.948 0.956 0.958 0.958 0.951 0.961 0.960 0.958 0.954 0.959 0.955 0.952

c segdups

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE1000_stLFR

PE100_stLFR

Hybrid

0.966 0.972 0.971 0.974 0.970 0.972 0.976 0.970 0.970 0.975 0.974 0.976

0.992 0.992 0.992 0.993 0.993 0.993 0.993 0.992 0.992 0.992 0.992 0.993

0.990 0.992 0.990 0.991 0.992 0.991 0.992 0.993 0.993 0.993 0.992 0.993

d tandemRep

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE1000_stLFR

PE100_stLFR

Hybrid

0.974 0.976 0.975 0.976 0.977 0.979 0.976 0.972 0.971 0.977 0.976 0.973

0.970 0.970 0.975 0.972 0.973 0.974 0.972 0.970 0.973 0.975 0.973 0.974

0.977 0.976 0.978 0.977 0.979 0.979 0.978 0.978 0.979 0.979 0.976 0.977

e MHC

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE1000_stLFR

PE100_stLFR

Hybrid

0.982 0.985 0.985 0.986 0.984 0.986 0.986 0.985 0.985 0.986 0.986 0.986

0.990 0.991 0.992 0.991 0.992 0.992 0.992 0.991 0.992 0.992 0.991 0.992

0.991 0.992 0.992 0.992 0.992 0.992 0.993 0.992 0.993 0.993 0.992 0.992

f highconf
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Hybrid SE1000_stLFR and PE100_stLFR 
(SNP Precision)

Figure S7: Precision heatmap for SNP calling on hybrid libraries by
combing SE1000 stLFR and PE100 stLFR reads. hap.py v0.3.15 was
applied to benchmark the SNP callset against the GIAB ground truth callset.
a. Precision for all difficult (alldiff) regions. b. Precision for low-mappability
(lowmap) regions. c. Precision for segmentation duplication (segdup) regions.
d. Precision for tandem and homopolymer repeat (tandemRep) regions. e. Pre-
cision for MHC regions. f. Precision for all high-confidence (highconf) regions
defined by GIAB.
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1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

PE100_NGS

PE100_stLFR

Hybrid

0.967 0.966 0.966 0.967 0.968 0.967 0.968 0.967 0.967 0.966 0.967 0.966

0.965 0.965 0.964 0.965 0.963 0.964 0.964 0.964 0.963 0.964 0.964 0.964

0.968 0.967 0.967 0.967 0.966 0.967 0.967 0.966 0.969 0.967 0.969 0.966

a alldiff

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

PE100_NGS

PE100_stLFR

Hybrid

0.824 0.822 0.819 0.815 0.831 0.808 0.815 0.812 0.826 0.796 0.831 0.812

0.778 0.796 0.792 0.803 0.785 0.787 0.801 0.803 0.789 0.803 0.808 0.799

0.815 0.819 0.831 0.847 0.828 0.824 0.833 0.826 0.833 0.838 0.851 0.828

b lowmap

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

PE100_NGS

PE100_stLFR

Hybrid

0.937 0.935 0.927 0.929 0.937 0.929 0.937 0.933 0.939 0.925 0.939 0.937

0.917 0.905 0.925 0.915 0.921 0.919 0.921 0.921 0.915 0.925 0.913 0.923

0.929 0.935 0.935 0.935 0.927 0.945 0.933 0.935 0.941 0.929 0.937 0.937

c segdups

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

PE100_NGS

PE100_stLFR

Hybrid

0.970 0.969 0.969 0.970 0.972 0.971 0.971 0.971 0.970 0.970 0.970 0.969

0.970 0.970 0.969 0.970 0.968 0.969 0.969 0.969 0.968 0.968 0.968 0.968

0.971 0.971 0.970 0.970 0.970 0.970 0.971 0.970 0.972 0.971 0.972 0.969

d tandemRep

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

PE100_NGS

PE100_stLFR

Hybrid

0.930 0.933 0.936 0.936 0.938 0.929 0.935 0.933 0.938 0.931 0.933 0.931

0.918 0.919 0.920 0.920 0.920 0.920 0.921 0.917 0.918 0.918 0.921 0.918

0.931 0.932 0.932 0.929 0.933 0.936 0.929 0.927 0.939 0.926 0.933 0.932

e MHC

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

PE100_NGS

PE100_stLFR

Hybrid

0.973 0.973 0.972 0.973 0.974 0.973 0.973 0.973 0.973 0.973 0.973 0.972

0.971 0.971 0.970 0.971 0.970 0.971 0.971 0.971 0.970 0.971 0.970 0.971

0.973 0.973 0.973 0.974 0.973 0.973 0.973 0.973 0.974 0.973 0.974 0.972

f highconf
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0.970

0.971

0.920

0.925

0.930

0.935
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Hybrid PE100_NGS and PE100_stLFR 
(INDEL Recall)

Figure S8: Recall heatmap for INDEL calling on hybrid libraries by
combing PE100 NGS and PE100 stLFR reads. hap.py v0.3.15 was ap-
plied to benchmark the INDEL callset against the GIAB ground truth callset. a.
Recall for all difficult (alldiff) regions. b. Recall for low-mappability (lowmap)
regions. c. Recall for segmentation duplication (segdup) regions. d. Recall
for tandem and homopolymer repeat (tandemRep) regions. e. Recall for MHC
regions. f. Recall for all high-confidence (highconf) regions defined by GIAB.
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1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

PE100_NGS

PE100_stLFR

Hybrid

0.973 0.973 0.973 0.973 0.974 0.974 0.974 0.975 0.974 0.973 0.973 0.973

0.973 0.973 0.973 0.973 0.972 0.972 0.972 0.972 0.972 0.972 0.973 0.972

0.974 0.974 0.973 0.973 0.973 0.973 0.974 0.973 0.975 0.974 0.973 0.972

a alldiff

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

PE100_NGS

PE100_stLFR

Hybrid

0.968 0.976 0.955 0.960 0.974 0.968 0.968 0.955 0.973 0.954 0.971 0.963

0.945 0.949 0.938 0.949 0.940 0.935 0.936 0.922 0.943 0.949 0.950 0.934

0.952 0.953 0.953 0.974 0.956 0.958 0.956 0.955 0.958 0.961 0.950 0.948

b lowmap

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

PE100_NGS

PE100_stLFR

Hybrid

0.906 0.920 0.910 0.905 0.914 0.904 0.920 0.904 0.918 0.900 0.916 0.914

0.889 0.886 0.903 0.886 0.894 0.901 0.891 0.896 0.897 0.896 0.887 0.886

0.895 0.913 0.906 0.901 0.910 0.910 0.906 0.900 0.918 0.907 0.894 0.906

c segdups

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

PE100_NGS

PE100_stLFR

Hybrid

0.977 0.977 0.976 0.977 0.978 0.978 0.978 0.978 0.977 0.977 0.977 0.977

0.978 0.977 0.976 0.977 0.976 0.977 0.976 0.976 0.976 0.976 0.977 0.976

0.978 0.978 0.977 0.977 0.977 0.976 0.978 0.977 0.979 0.978 0.978 0.976

d tandemRep

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

PE100_NGS

PE100_stLFR

Hybrid

0.905 0.910 0.910 0.906 0.907 0.901 0.913 0.912 0.910 0.905 0.906 0.903

0.902 0.903 0.913 0.902 0.905 0.904 0.906 0.901 0.905 0.906 0.907 0.905

0.911 0.914 0.909 0.900 0.914 0.911 0.906 0.901 0.913 0.910 0.900 0.912

e MHC

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

PE100_NGS

PE100_stLFR

Hybrid

0.978 0.977 0.977 0.977 0.978 0.978 0.978 0.978 0.978 0.977 0.977 0.977

0.977 0.977 0.977 0.977 0.977 0.977 0.977 0.976 0.976 0.977 0.977 0.976

0.978 0.978 0.977 0.978 0.978 0.978 0.977 0.977 0.978 0.978 0.978 0.977
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Hybrid PE100_NGS and PE100_stLFR 
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Figure S9: Precision heatmap for INDEL calling on hybrid libraries
by combing PE100 NGS and PE100 stLFR reads. hap.py v0.3.15 was
applied to benchmark the INDEL callset against the GIAB ground truth callset.
a. Precision for all difficult (alldiff) regions. b. Precision for low-mappability
(lowmap) regions. c. Precision for segmentation duplication (segdup) regions.
d. Precision for tandem and homopolymer repeat (tandemRep) regions. e. Pre-
cision for MHC regions. f. Precision for all high-confidence (highconf) regions
defined by GIAB.
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1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

PE100_NGS

PE100_stLFR

Hybrid

0.970 0.970 0.969 0.970 0.971 0.970 0.971 0.971 0.970 0.969 0.970 0.969

0.969 0.969 0.968 0.969 0.968 0.968 0.968 0.968 0.967 0.968 0.968 0.968

0.971 0.971 0.970 0.970 0.970 0.970 0.971 0.970 0.972 0.970 0.971 0.969

a alldiff

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

PE100_NGS

PE100_stLFR

Hybrid

0.890 0.892 0.882 0.881 0.896 0.880 0.885 0.878 0.894 0.868 0.895 0.881

0.853 0.866 0.859 0.870 0.856 0.855 0.863 0.859 0.860 0.870 0.873 0.861

0.878 0.881 0.888 0.906 0.887 0.886 0.890 0.886 0.891 0.895 0.898 0.884

b lowmap

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

PE100_NGS

PE100_stLFR

Hybrid

0.921 0.927 0.918 0.917 0.925 0.916 0.928 0.918 0.928 0.912 0.927 0.925

0.903 0.895 0.914 0.900 0.907 0.910 0.906 0.908 0.906 0.910 0.900 0.904

0.912 0.923 0.920 0.917 0.918 0.927 0.919 0.917 0.929 0.918 0.915 0.921

c segdups

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

PE100_NGS

PE100_stLFR

Hybrid

0.974 0.973 0.973 0.974 0.975 0.974 0.974 0.975 0.974 0.973 0.974 0.973

0.974 0.973 0.973 0.973 0.972 0.973 0.972 0.972 0.972 0.972 0.972 0.972

0.974 0.974 0.974 0.974 0.973 0.973 0.974 0.974 0.976 0.974 0.975 0.973

d tandemRep

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

PE100_NGS

PE100_stLFR

Hybrid

0.917 0.921 0.923 0.921 0.922 0.915 0.924 0.922 0.924 0.918 0.919 0.917

0.910 0.911 0.916 0.911 0.912 0.912 0.914 0.909 0.911 0.912 0.914 0.912

0.921 0.923 0.920 0.914 0.924 0.924 0.918 0.914 0.926 0.918 0.916 0.922

e MHC

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

PE100_NGS

PE100_stLFR

Hybrid

0.975 0.975 0.974 0.975 0.976 0.975 0.975 0.976 0.975 0.975 0.975 0.975

0.974 0.974 0.974 0.974 0.974 0.974 0.974 0.973 0.973 0.974 0.973 0.973

0.975 0.976 0.975 0.976 0.975 0.975 0.975 0.975 0.976 0.975 0.976 0.974

f highconf
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Hybrid PE100_NGS and PE100_stLFR 
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Figure S10: F1 heatmap for INDEL calling on hybrid libraries by comb-
ing PE100 NGS and PE100 stLFR reads. hap.py v0.3.15 was applied to
benchmark the INDEL callset against the GIAB ground truth callset. a. F1
for all difficult (alldiff) regions. b. F1 for low-mappability (lowmap) regions.
c. F1 for segmentation duplication (segdup) regions. d. F1 for tandem and
homopolymer repeat (tandemRep) regions. e. F1 for MHC regions. f. F1 for
all high-confidence (highconf) regions defined by GIAB.
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1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE500_stLFR

PE100_stLFR

Hybrid

0.951 0.951 0.953 0.953 0.953 0.955 0.954 0.955 0.953 0.954 0.954 0.953

0.965 0.965 0.964 0.965 0.963 0.964 0.964 0.964 0.963 0.964 0.964 0.964

0.967 0.968 0.970 0.969 0.968 0.967 0.967 0.967 0.969 0.968 0.968 0.968

a alldiff

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE500_stLFR

PE100_stLFR

Hybrid

0.897 0.897 0.883 0.895 0.881 0.886 0.892 0.876 0.890 0.892 0.895 0.899

0.778 0.796 0.792 0.803 0.785 0.787 0.801 0.803 0.789 0.803 0.808 0.799

0.886 0.895 0.899 0.902 0.892 0.904 0.890 0.883 0.902 0.902 0.895 0.904

b lowmap

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE500_stLFR

PE100_stLFR

Hybrid

0.923 0.923 0.927 0.925 0.939 0.919 0.933 0.907 0.925 0.925 0.939 0.939

0.917 0.905 0.925 0.915 0.921 0.919 0.921 0.921 0.915 0.925 0.913 0.923

0.947 0.945 0.947 0.945 0.945 0.937 0.941 0.929 0.937 0.951 0.947 0.943

c segdups

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE500_stLFR

PE100_stLFR

Hybrid

0.952 0.952 0.955 0.954 0.955 0.956 0.955 0.956 0.954 0.955 0.955 0.954

0.970 0.970 0.969 0.970 0.968 0.969 0.969 0.969 0.968 0.968 0.968 0.968

0.969 0.969 0.971 0.971 0.969 0.968 0.969 0.969 0.971 0.970 0.969 0.969

d tandemRep

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE500_stLFR

PE100_stLFR

Hybrid

0.918 0.918 0.918 0.917 0.919 0.915 0.920 0.920 0.923 0.924 0.926 0.922

0.918 0.919 0.920 0.920 0.920 0.920 0.921 0.917 0.918 0.918 0.921 0.918

0.939 0.939 0.945 0.944 0.940 0.942 0.939 0.933 0.935 0.944 0.942 0.938

e MHC

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE500_stLFR

PE100_stLFR

Hybrid

0.959 0.959 0.961 0.960 0.961 0.961 0.961 0.962 0.961 0.961 0.961 0.960

0.971 0.971 0.970 0.971 0.970 0.971 0.971 0.971 0.970 0.971 0.970 0.971

0.972 0.973 0.974 0.975 0.973 0.973 0.973 0.972 0.974 0.973 0.973 0.973

f highconf
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Figure S11: Recall heatmap for INDEL calling on hybrid libraries by
combing SE500 stLFR and PE100 stLFR reads. hap.py v0.3.15 was ap-
plied to benchmark the INDEL callset against the GIAB ground truth callset. a.
Recall for all difficult (alldiff) regions. b. Recall for low-mappability (lowmap)
regions. c. Recall for segmentation duplication (segdup) regions. d. Recall
for tandem and homopolymer repeat (tandemRep) regions. e. Recall for MHC
regions. f. Recall for all high-confidence (highconf) regions defined by GIAB.
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Experiment(Dataset)
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0.973 0.973 0.973 0.973 0.972 0.972 0.972 0.972 0.972 0.972 0.973 0.972

0.969 0.971 0.971 0.971 0.970 0.968 0.970 0.970 0.971 0.970 0.971 0.969

a alldiff

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE500_stLFR

PE100_stLFR

Hybrid

0.973 0.973 0.970 0.990 0.985 0.982 0.973 0.965 0.980 0.985 0.975 0.978

0.945 0.949 0.938 0.949 0.940 0.935 0.936 0.922 0.943 0.949 0.950 0.934

0.970 0.966 0.959 0.973 0.970 0.961 0.966 0.958 0.961 0.971 0.968 0.961

b lowmap

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE500_stLFR

PE100_stLFR

Hybrid

0.910 0.910 0.922 0.921 0.926 0.909 0.923 0.900 0.912 0.911 0.920 0.929

0.889 0.886 0.903 0.886 0.894 0.901 0.891 0.896 0.897 0.896 0.887 0.886

0.905 0.912 0.904 0.913 0.914 0.891 0.913 0.891 0.904 0.909 0.909 0.893

c segdups

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE500_stLFR

PE100_stLFR
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0.959 0.959 0.963 0.962 0.961 0.962 0.961 0.963 0.961 0.962 0.962 0.962
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Figure S12: Precision heatmap for INDEL calling on hybrid libraries
by combing SE500 stLFR and PE100 stLFR reads. hap.py v0.3.15 was
applied to benchmark the INDEL callset against the GIAB ground truth callset.
a. Precision for all difficult (alldiff) regions. b. Precision for low-mappability
(lowmap) regions. c. Precision for segmentation duplication (segdup) regions.
d. Precision for tandem and homopolymer repeat (tandemRep) regions. e. Pre-
cision for MHC regions. f. Precision for all high-confidence (highconf) regions
defined by GIAB.
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Figure S13: F1 heatmap for INDEL calling on hybrid libraries by comb-
ing SE500 stLFR and PE100 stLFR reads. hap.py v0.3.15 was applied to
benchmark the INDEL callset against the GIAB ground truth callset. a. F1
for all difficult (alldiff) regions. b. F1 for low-mappability (lowmap) regions.
c. F1 for segmentation duplication (segdup) regions. d. F1 for tandem and
homopolymer repeat (tandemRep) regions. e. F1 for MHC regions. f. F1 for
all high-confidence (highconf) regions defined by GIAB.
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Figure S14: Recall heatmap for INDEL calling on hybrid libraries by
combing SE1000 stLFR and PE100 stLFR reads. hap.py v0.3.15 was ap-
plied to benchmark the INDEL callset against the GIAB ground truth callset. a.
Recall for all difficult (alldiff) regions. b. Recall for low-mappability (lowmap)
regions. c. Recall for segmentation duplication (segdup) regions. d. Recall
for tandem and homopolymer repeat (tandemRep) regions. e. Recall for MHC
regions. f. Recall for all high-confidence (highconf) regions defined by GIAB.



17

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE1000_stLFR

PE100_stLFR

Hybrid

0.955 0.956 0.956 0.953 0.956 0.955 0.957 0.956 0.955 0.955 0.956 0.955

0.973 0.973 0.973 0.973 0.972 0.972 0.972 0.972 0.972 0.972 0.973 0.972

0.970 0.970 0.969 0.969 0.970 0.969 0.969 0.968 0.970 0.968 0.969 0.968

a alldiff

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE1000_stLFR

PE100_stLFR

Hybrid

0.973 0.983 0.973 0.973 0.986 0.978 0.978 0.988 0.983 0.979 0.981 0.969

0.945 0.949 0.938 0.949 0.940 0.935 0.936 0.922 0.943 0.949 0.950 0.934

0.956 0.966 0.962 0.959 0.969 0.969 0.973 0.974 0.964 0.966 0.959 0.953

b lowmap

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE1000_stLFR

PE100_stLFR

Hybrid

0.904 0.902 0.925 0.904 0.911 0.925 0.920 0.922 0.913 0.895 0.897 0.921

0.889 0.886 0.903 0.886 0.894 0.901 0.891 0.896 0.897 0.896 0.887 0.886

0.911 0.911 0.896 0.908 0.905 0.906 0.918 0.903 0.915 0.893 0.886 0.888

c segdups

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE1000_stLFR

PE100_stLFR

Hybrid

0.957 0.958 0.958 0.956 0.958 0.957 0.959 0.957 0.957 0.956 0.958 0.957

0.978 0.977 0.976 0.977 0.976 0.977 0.976 0.976 0.976 0.976 0.977 0.976

0.973 0.974 0.973 0.973 0.972 0.973 0.973 0.972 0.974 0.972 0.974 0.972

d tandemRep

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE1000_stLFR

PE100_stLFR

Hybrid

0.894 0.899 0.895 0.888 0.890 0.903 0.902 0.906 0.895 0.887 0.887 0.900

0.902 0.903 0.913 0.902 0.905 0.904 0.906 0.901 0.905 0.906 0.907 0.905

0.912 0.902 0.899 0.902 0.912 0.900 0.900 0.888 0.904 0.901 0.899 0.905

e MHC

1 2 3 4 5 6 7 8 9 10 11 12
Experiment(Dataset)

SE1000_stLFR

PE100_stLFR

Hybrid

0.961 0.962 0.962 0.961 0.962 0.962 0.963 0.961 0.961 0.961 0.962 0.961

0.977 0.977 0.977 0.977 0.977 0.977 0.977 0.976 0.976 0.977 0.977 0.976

0.974 0.974 0.975 0.974 0.975 0.973 0.974 0.973 0.975 0.973 0.974 0.973

f highconf

0.955

0.960

0.965

0.970

0.94

0.96

0.98

0.89

0.90

0.91

0.92

0.960

0.965

0.970

0.975

0.89

0.90

0.91

0.965

0.970

0.975

Hybrid SE1000_stLFR and PE100_stLFR 
(INDEL Precision)

Figure S15: Precision heatmap for INDEL calling on hybrid libraries
by combing SE1000 stLFR and PE100 stLFR reads. hap.py v0.3.15 was
applied to benchmark the INDEL callset against the GIAB ground truth callset.
a. Precision for all difficult (alldiff) regions. b. Precision for low-mappability
(lowmap) regions. c. Precision for segmentation duplication (segdup) regions.
d. Precision for tandem and homopolymer repeat (tandemRep) regions. e. Pre-
cision for MHC regions. f. Precision for all high-confidence (highconf) regions
defined by GIAB.
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Figure S16: F1 heatmap for INDEL calling on hybrid libraries by comb-
ing SE1000 stLFR and PE100 stLFR reads. hap.py v0.3.15 was applied
to benchmark the INDEL callset against the GIAB ground truth callset. a. F1
for all difficult (alldiff) regions. b. F1 for low-mappability (lowmap) regions.
c. F1 for segmentation duplication (segdup) regions. d. F1 for tandem and
homopolymer repeat (tandemRep) regions. e. F1 for MHC regions. f. F1 for
all high-confidence (highconf) regions defined by GIAB.
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Figure S17: Simulated and real PE100 stLFR SNP INDEL calling per-
formance comparison hap.py v0.3.15 was applied to benchmark the SNP and
INDEL callset against the GIAB ground truth callset. a. F1 for SNP calling.
b. F1 for INDEL calling. c. Recall for SNP calling. d. Recall for INDEL
calling. e. Precision for SNP calling. f. Precision for INDEL calling
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Figure S18: Simulated and real PE100 stLFR SV calling performance
comparison Truvari v4.0.0 was applied to benchmark the SV callset against
the GIAB ground truth callset. a. F1, recall, precision for insertion SV calling.
b. F1, recall, precision for deletion SV calling.
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Figure S19: Simulated and real PE100 stLFR SNP INDEL calling per-
formance comparison hap.py v0.3.15 was applied to benchmark the SNP and
INDEL callset against the GIAB ground truth callset. a. F1 for SNP calling.
b. F1 for INDEL calling. c. Recall for SNP calling. d. Recall for INDEL
calling. e. Precision for SNP calling. f. Precision for INDEL calling
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