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Figure S1: Example IBD sharing between a GP pair and their mutual relatives on both the
maternal and paternal sides of the grandparent. The mutual relatives y1 and y2 are related to the
GP pair x1 and x2 through the grandparent’s mother and father, respectively. The blue or purple regions
represent either one haplotype of x1 or IBD segments other individuals share with those haplotypes. The
black box outlines the regions CREST deems as being IBD2 between x1 and the mutual relatives.
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Figure S2: The variance of ratios R1 and R2 decrease as the genome coverage rate increases.
(A) R1 and (B) R2 values across bins of genome coverage rates. The dots show the mean value in each bin,
and the shaded regions span one standard deviation from the mean. Results are from simulated data, with
IBD segments detected in genotype data, for all three types.



3

0.00

0.02

0.04

0.06

0.08

0.10

0.12

D
en

si
ty

Half-siblings (HS)

Maternal
Paternal

10 20 30 40 50 60
Segment number

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

D
en

si
ty

Grandparent-Grandchild (GP)

Figure S3: Segment number distributions for simulated HS and GP pairs. Histograms of total
IBD segment numbers shared between HS (top) and GP (bottom) pairs using segments detected by IBIS in
simulated relatives. Paternal relatives fall within the blue distributions, and maternal within the red.
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Figure S4: Example unphased IBD segments in HS and GP pairs. Haplotypes are presented as
varicolored pairs of bars beneath or above diamonds that represent unsexed individuals. Gray stripes in these
bars signify a region that is not IBD to other haplotypes. Haplotypes (red, gold) in the HS parent (left)
and grandparent (right) are transmitted with crossovers (switches in color). Unphased IBD segments (blue)
between the HS and GP pair appear at the bottom. In GP pairs, internal crossovers from the grandparent-
to-parent meiosis do not produce IBD segment boundaries: only the crossovers in the parent-to-grandchild
meiosis interrupt IBD sharing. Crossovers the parent transmits change the IBD status, from IBD0 to IBD1
and vice versa, for both relationship types.
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Second degree pair Mutual relatives

Figure S5: The structure of the simulated pedigrees used to evaluate CREST’s relationship
type classification. The left side shows an example target second degree pair, which is either a GP, AV,
or HS pair. The right side depicts example mutual relatives, which include one or more individuals that
are related to the second degree pair and to each other (Methods). Genotyped samples are shown as filled
shapes. The dashed line connects the second degree pair and the mutual relatives to their unknown MRCA.
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Figure S6: Example pedigree with individuals contained in multiple second degree pairs.
Sample 1 and each of samples 5, 6, and 7 are three GP pairs, while sample 2 and samples 6 and 7 are two
AV pairs. The real data results average the sensitivity and specificity among all samples with the same
genetically older sample for these types, so the three GP pairs would each contribute a count of 1

3 to the
GP metrics, and the two AV pairs would contribute 1

2 to the AV metrics. In turn, sample 5 and samples 3
and 4 form two HS pairs with the same common parent, and the real data results similarly include average
scores for such pairs, in this case weighting each by 1

2 . Note that sample 5 is a member of both a GP and
HS pair, and the results consider each type separately, incorporating the average metrics for all pairs within
each type.
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Figure S7: Performance of CREST and PADRE for second degree relationship type classifi-
cation of pairs both tools classify. (A) The sensitivity and (B) specificity of CREST and PADRE for
inferring GP, AV, and HS relationship types, along with the average of these rates across the three relation-
ships. The x-axis indicates the mutual relatives types included in the analysis, with each target relationship
type and mutual relative combination including data only for those pairs (out of 200 per data point) that
both PADRE and CREST classify.
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Figure S8: Performance of CREST and PADRE for second degree relationship type classi-
fication where PADRE used perfect haplotypes. (A) The sensitivity and (B) specificity of CREST
and PADRE for inferring GP, AV, and HS relationship types, along with the average of these rates across
the three relationships. The x-axis indicates the mutual relatives types included in the analysis, with each
target relationship type and mutual relative combination including data from simulated phased haplotypes
of 200 pairs.
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Figure S9: Performance of CREST and PADRE for second degree relationship type classifica-
tion of pairs both tools classify and where PADRE used perfect haplotypes. (A) The sensitivity
and (B) specificity of CREST and PADRE for inferring GP, AV, and HS relationship types, along with the
average of these rates across the three relationships. The x-axis indicates the mutual relatives types included
in the analysis, with each target relationship type and mutual relative combination including data only for
those pairs (out of 200 per data point) that both PADRE and CREST classify.
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Figure S10: The confusion matrices from the CREST and PADRE classification results. Anal-
yses of CREST and PADRE include 200 pairs of GP, AV, and HS over different pedigree structures. Labels
on the left indicate the mutual relatives in the pedigree structures. The row of each matrix gives the true
relationship type and the column is the predicted relationship type. Since a few pairs failed classification by
CREST or PADRE (Results), the sums of each row are not always 200.
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Figure S11: The confusion matrices from the CREST and PADRE classification results where
PADRE used perfect haplotypes. Analyses of CREST and PADRE include 200 pairs of GP, AV, and HS
over different pedigree structures. Labels on the left indicate the mutual relatives in the pedigree structures.
The row of each matrix gives the true relationship type and the column is the predicted relationship type.
Since a few pairs failed classification by CREST or PADRE (Results), the sums of each row are not always
200.
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Figure S12: The calibration curves for classifying second degree relatives over different cov-
erage rates. In each plot, the analysis includes 1,000 pairs of each type. The x-axis shows the per-bin
mean predicted probability and the y-axis indicates the proportion of pairs that are of the given type in the
corresponding bin. We used five bins where possible, but reduced the number of bins if needed to ensure
that each bin includes at least 50 pairs.In all cases, bins are uniformly spaced.
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Figure S13: CREST accurately infers the directionality of GP, AV, and PC pairs. Plot shows
the sensitivity across bins of genome coverage rates for 200 pairs in each bin.
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Figure S14: The calibration curves for inferring the relationship directionality of GP, AV, and
PC pairs. The x-axis shows the per-bin mean predicted probability and the y-axis indicates the proportion
of pairs that are of the given direction in the corresponding bin.The analysis includes 300 pairs of each
direction. Plot includes three uniformly spaced bins.
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Figure S15: The confusion matrix for classifying third degree relatives. The rows correspond to
the true relationship type and the column is the predicted type. The analysis includes 200 simulated pairs
of each type (didn’t use inferred degrees).
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Figure S16: The calibration curves for classifying third degree relatives. The x-axis shows the
per-bin mean predicted probability and the y-axis indicates the proportion of pairs that are of the given type
in the corresponding bin. The analysis includes 200 pairs of each type. Plot includes five uniformly spaced
bins.
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Figure S17: Receiver operating characteristic (ROC) curves for sex inference on simulated HS
and GP pairs. Plots of the ROC curves for simulated data from Ped-sim, with area under the curve (AUC)
values. Maternal call and miscall rates refer to the proportion of pairs correctly and incorrectly classified
as maternal. The choice to plot maternal performance as opposed to paternal performance is arbitrary and
does not alter the properties of the ROC.
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Figure S18: Preliminary LOD score histograms from the Generation Scotland data. Histograms
of LOD scores for HS (top) and GP (bottom) pairs include several pairs that are extreme outliers for their
reported relationships. We later determined these to be incorrectly labeled in the dataset. Visible anomalies
corresponding to removed pairs include: a reported maternal HS pair at LOD ≈ -12, later determined to be
paternal HS; a reported paternal HS pair at LOD ≈ 5.7, of uncertain (possibly avuncular) true relationship;
a reported paternal HS pair at LOD ≈ 7.9 later determined to be maternal HS; a reported maternal GP
peak at LOD ≈ -5.1, later determined to be paternal GP.



19

0.0 0.2 0.4 0.6 0.8 1.0
Maternal miscall rate

0.0

0.2

0.4

0.6

0.8

1.0

M
at

er
na

l c
al

l r
at

e
HS

AUC = 1.0

0.0 0.2 0.4 0.6 0.8 1.0
Maternal miscall rate

0.0

0.2

0.4

0.6

0.8

1.0

GP

AUC = 0.99959602

Figure S19: Receiver operating characteristic (ROC) curves for sex inference on Generation
Scotland HS and GP pairs. Plots of the ROC curves for pairs from Generation Scotland, with area
under the curve (AUC) values. Maternal call and miscall rates refer to the proportion of pairs correctly
and incorrectly classified as maternal. The choice to plot maternal performance as opposed to paternal
performance is arbitrary and does not alter the properties of the ROC.
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Figure S20: The distribution of age differences of second degree relatives in GS dataset.
Histograms of the absolute value of age differences of all GP, AV, and HS pairs in the GS dataset.


