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Introduction

Whole exome sequencing (WES) is the sequencing of all 
exons in genomic DNA. With the successful application of 
WES in scientific research and clinical practice, WES has 
been widely recognized to identify pathogenic variations 
in patients with genetic disorders, which could facilitate 
the diagnosis and clinical decision-making processes (1,2). 
WES would identify hundreds of thousands of variants 
in one sample (3,4). Generally, the pathogenic mutations 
could not be effectively identified by WES data from the 

proband alone (5-7). In contrast, WES data from other 
family members (i.e., family WES) can help to effectively 
identify the pathogenic mutations by familial co-segregation 
analysis (7,8). For example, WES data of a proband and 
his parents (first-degree relatives) can trace the origin of 
the proband’s variant (de novo, from father, from mother) 
to assess its pathogenicity based on the gene’s inheritance 
model (8). For some cases, WES data of a proband’s 
second-degree relatives are needed. For example, Prader-
Willi syndrome and Angelman syndrome are caused by 
variants on imprinted genes expressed in either paternal 
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or maternal alleles, including large-sized SV (9) and small 
Indels (10). Pathogenicity of a mutation on an imprinted 
gene needs to be evaluated by variant data from a pedigree 
including the proband, his parents and his grandparents 
(second-degree relatives) (11,12). In other cases where 
there are multiple patients exist in a large pedigree, WES 
data of affected relatives (may be three-degree relatives) 
are also important to assess the potential pathogenicity of 
the proband’s variants (8,13). Analysis of these pedigree-
based WES data relies on correct kinships record among 
the sequenced samples (7,14). However, kinships labeling 
mistakes could not be completely avoided, especially for 
pedigrees from the same sequencing batch. For example, an 
average of 120 pedigree data will be sent to the Molecular 
Medical Center of Children’s Hospital of Fudan University 
for WES every week. Sample swap events may occur among 
different families or within the same family during processes 
of sample collection, labeling or delivery. Error kinships 
caused by sample swaps may delay diagnosis or clinical 
decision. Therefore, it is an important quality-control 
step in clinical molecular diagnosis to accurately identify 
kinships of members from large-scale WES samples.

Previously, the Molecular Diagnosis Center of the 
Children’s Hospital of Fudan University has developed a 
WES data analysis and clinical diagnosis pipeline (Fudan 
Pipeline 2.0) (15). This protocol automatically annotates 
and filters the variation data obtained from WES and 
finally obtains a list of candidate pathogenic variants for 
manual interpretation by genetic analysts. When applied 
in trio WES, the Fudan Pipeline would use the pedigree 
information to evaluate the pathogenicity. Thus, a quality 
control module to identify and double check kinship is 
essential for the pipeline.

On the basis of Fudan Pipeline 2.0, we automatically 
identified the kinships among samples by evaluating the 
similarity of variant data obtained from WES. In this study, 
the similarity among samples was assessed and compared 
two methods: using the total variants data of WES and by 
rare, severe variation data (abbreviated as feature variants) 
selected by Fudan Pipeline 2.0 (technically, with capture 
region selection, population frequency filtration and variant 
damage prediction). Results show that similarity scores 
based on total variant could not accurately identify the 
kinship among samples. In contrast, similarity scores based 
on feature variants could not only identify the kinship 
between two samples accurately but also identify the kinship 
levels (first-, second-, and third-degree) among samples.

Methods

Sources of family samples

By now, these have been a total of 2,870 families performed 
WES (Captured Kit: Agilent Sureselect All Exons Human 
V5, Sequencing Platform: Illumina Hiseq 2000). Among 
2,870 families, 2,735 are core families (including three 
members: the proband and the parents), 130 are composed 
of proband, parents, and siblings, 4 are composed of 
proband, parents and other family members up to second-
degree relatives, and 1 includes third-degree relatives as the 
farthest relatives. In this study, 100 random core families 
and all 5 families with second- or third-degree relatives 
were selected with informed consent. The random selection 
procedure was performed as following: first, all core families 
were numbered from 1 to 2,735; second, 100 integers were 
extracted from 1 to 2,735 by a random seed generator in R 
program, and families whose numbers correspond to these 
100 integers were the enrolled families.

Sources of total variants

After removed of adapters and low-quality reads, WES 
reads were mapped to human reference genome (hg19). 
After local re-alignment and base recalibration by GATK 
software (16,17), Picard (http://picard.sourceforge.net/
index.shtml) was used to remove the redundant sequences 
generated by PCR amplification during library construction. 
Finally, GATK software was used for variant calling after 
removing redundant reads, producing variant call format 
(VCF) files. Sequencing and variant calling procedures were 
performed by a CLIA-certified laboratory (CLIA license: 
99D2064856) of WuXi NextCODE Genomics (Shanghai) 
Co., Ltd.

Variant screening

In this study, feature variants were defined as variants 
obtained after following filtrations in Fudan Pipeline 
2.0: capture region, population allele frequency, and the 
predicted influence on proteins. In details, the capture 
region filtration would filter out all variations 15 bp or more 
away from the splicing junctions except for pathogenic 
variants reported in HGMD or ClinVar. The population 
allele frequency filtration would exclude variants reported as 
homozygous or with high allele frequency in public or local 
databases. The public databases include the 1,000 Genomes 
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Project (http://www.1000genomes.org), the ExAC (http://
exac.broadinstitute.org) and the gnomAD (http://gnomad.
broadinstitute.org). Variants with more than 5 homozygous 
records or AF higher than 5% would be excluded. Local 
population database was built based on all 2870 WES 
trios in this center. Variants with local frequency greater 
than 2% would be further excluded. Protein-damaging of 
variants were annotated by ANNOVAR (18) and VEP (19), 
including damage prediction for missense mutations and 
annotation of frameshift mutation, splice site mutation and 
nonsense mutation.

Calculation of sample similarity

The sample similarity was measured based on variant 
overlapping between samples. Let S1 and S2 be the set of 
variants in sample 1 and sample 2, respectively. Then their 
similarity was defined as: 

( ) ( ) ( )( )11, 2 1 2 2 1
2

sim S S Sim S S Sim S S= → + →
	

[1]

For feature variants, 

( ) | 1 2 |1 2
| 1|

S SSim S S
S
∩

→ = 	 [2]

( ) | 1 2 |2 1
| 2 |

S SSim S S
S
∩

→ = 	 [3]

For total variants, we used RTG Tools (Version 3.9) (20) 
for the calculation. The sensitivity value and precision value 
from the output file of RTG Tools equal to Sim(S1→S2) 
and Sim(S2→S1), respectively. Variants on autosomes and 
sex chromosomes were both included.

Kinship identification based on feature variants during 
WES

After performing WES, total variants were identified with 
standard variant calling process [BWA (21) and GATK 
golden practice (16,17)], and the feature variants were 
selected with Fudan Pipeline 2.0 (15). Sample similarity 
was calculated based on the feature variants, and then the 
kinships among the samples were deduced in a single-
blinded manner (the person performing the analysis has no 
prior knowledge of the relationship between the assessed 
pairs). If the kinships did not match the laboratory records, 
the real kinship would be double confirmed with sample 
identification and follow-confirmation (Figure 1).

Ethics approval

The genetic testing was approved by the ethics committees 
of Children’s Hospital, Fudan University (2014-107 and 
2015-130). Informed consents were obtained from patients’ 

Figure 1 Flow chart for identifying and correcting kinships of the swapped samples in a large sample bank. The red solid and red hollow 
symbols represent samples from two different families with fathers’ samples swapped. The kinships among samples were inferred based on 
the similarity of feature variants obtained by WES. According to the similarity score, swapped samples were found and the correct kinships 
could be restored.
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parents prior to the start of the study.

Results

General data of the included family samples

A total of 105 families were included, among which  
100 families were core families, 4 families were composed of 
second-degree relatives as farthest relatives, and 1 family was 
composed of the third-degree relatives as the farthest relatives. 
In total there were 323 samples from 51 sequencing batches. 
Among the 105 probands, 66 were males and 39 were females. 
The first-degree kinships were defined as relationships 
between children and parents or relationships among children. 
The second-degree kinships included: proband/sibling and 
aunt/uncle, proband/sibling and grandparents. The third-
degree kinships included: proband/sibling and cousin. Other 
kinships were treated as unrelated. The numbers of sample 
pairs corresponding to the first-, second-, and third-degree 
kinships were 223, 9, and 2 respectively, and the numbers of 
unrelated sample pairs were 51,769.

Numbers of total variants and feature variants

Among the 323 samples, the average number of total 
variants was 111,900 (range: 99,820–120,600). With Fudan 
Pipeline, 60,890–81,840 variants were filtered out during 
capture region filtration in Fudan Pipeline, 36,200–38,580 

variants were filtered out by population frequency filtration, 
and 510–922 variants were filtered out after variation 
damage annotation. Finally, the average number of feature 
variants per sample was 688 (range: 594–778).

Distribution of sample similarity

The distribution of sample similarity calculated with total 
variants is shown in Figure 2A. The sample similarities 
ranges for the first-, second-, and third-degree kinships 
were 0.319–0.784, 0.290–0.700, and 0.664–0.670 (only 
two values), respectively. Due to the overlap of sample 
similarities based on total variants, 17.5% of the first-
degree kinships could not be distinguished from the 
second-degree, and all the third-degree kinships could 
not be distinguished from the second-degree. In addition, 
the similarity between unrelated samples ranged from 
0.273 to 0.654, which were overlapped with the first-
degree and second-degree kinships. Therefore, the sample 
similarity based on total variant calculation could not 
accurately identify whether two samples were related. In 
contrast, the sample similarity based on feature variants 
among first-degree kinships ranged from 0.254 to 0.449, 
the second- and third-degree kinships were 0.129–0.217 
and 0.097–0.098 (only two values), respectively. Moreover, 
the similarity between unrelated samples was 0–0.045  
(Figure 2B), which makes 0.05 a powerful threshold to 
distinguish related and unrelated samples. For related 

Figure 2 Distribution of sample similarities among different degrees of kinships. The horizontal axis represents the kinship degree and the 
vertical axis represents the sample similarity. (A) Sample similarity based on total variants; (B) sample similarity based on feature variants.
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sample pairs, 0.25 could be used as threshold values to 
distinguish between the first- and the second-degree 
kinships; 0.1 could be used as threshold values to distinguish 
between the second- and the third-degree kinships  
(Figure 2B). Three thresholds used to distinguish kinships 
were marked on Figure 2B.

We also investigated the distribution of sample similarity 
with rare variant, which including the rare synonymous 
SNVs. As shown in Figure S1, the first-degree kinships 
could not be clearly separated with secondary kinships. The 
result indicated that both allele frequency and severity were 
important for feature variants selection.

Identification of kinship based on sample similarity

Cluster analysis of samples was performed based on the 
sample similarity to test whether the whole pedigree tree 
could be reconstructed. Based on total variants, members 
in 21 families (20%) would be reconstructed incorrectly 
(Figure 3A, marked in red). The incorrect cases included 
clustering multiple core families into a large group (hereafter 
referred to as large families) or splitting the same family 
into multiple families or single individual. Among them, 
15 core families were clustered into three large families 
(Figure 3A, Large Family No 1, No 2 and No 3, marked 
in red), and 21 individuals coming from 6 families were 
wrongly split into 18 clusters. In contrast, sample similarity 
based on feature variants could accurately cluster family 
members and distinguish different families (Figure 3B). In 
addition, sample similarity based on feature variants could 
identify correct kinships for complex families. As shown 
in Tables 1 and 2, the kinship of a 6-member family (family 
code: 101) and a 5-member family (family code: 102) could 
be correctly predicted by the sample similarity based on 
feature variants, providing results which was identical with 
laboratory sample records.

An example of applications

By using the data of two families simulated with sample 
swaps, we described the application of the feature variant-
based similarity calculation method, which not only can 
distinguish sample swap between families but can also 
identify sample swap within a family. Sample swap event was 
simulated between a 6-person family (family code: 101) and 
a 5-person family (family code: 102) included in this study. 
The simulations included: (I) an interchange of the fathers 
of two families presenting inter-family swap; and (II) an 

interchange of mother and aunt in Family 101 presenting 
intra-family swap.

Based on sample similarity calculated by feature variants, 
101F (father of Family 102 but labeled as father of Family 
101) was clustered with the members of Family 102, 
whereas 102F (the father of Family 101 but labeled as 
father of Family 102) was clustered with the members of 
Family 101 (Figure 4). Sample similarities suggested that 
there was a sample swap between 101F and 102F (Figure 4), 
and helped to correctly reconstruct the original kinships. 
In addition, the kinships suggested by sample similarity 
showed first-degree kinships between Mother and Cousin 
(101M and 101CS) as well as between Proband/Sister and 
Aunt (101P/101S and 101A). On the other hand, second-
degree kinships were identified between Proband/Sister 
and Mother (101P/101S and 101M) as well as Cousin and 
Aunt (101CS and 101A) (Tables 3,4). Therefore, a swap 
between mother and aunt was identified. The above results 
suggested that the feature variant-based calculation of 
sample similarity can accurately identify swapped samples 
from both inter-family and intra-family.

Discussion

In our current study, analysis of WES data of 323 samples 
from 105 families in the sample bank of the Molecular 
Diagnosis Center of Children’s Hospital of Fudan 
University showed that the total variants by WES could not 
accurately identify the kinships among samples. In contrast, 
the feature variants filtered by capture region, population 
frequency and damage annotation could accurately 
reconstruct the kinships of 323 samples.

Compared with other researches, this study focuses 
on not the general kinship identification. Instead, the 
application is applied on a targeted question: how to 
efficiently identify kinship in NGS samples, provided 
with no further data and routinely increasing samples. 
Many methods prefer pre-designed SNP panel or well-
constructed genotype data. In this study, we only use allele 
frequency and the potential protein-damaging evaluation 
of variants, which were part of data analysis process for 
genetic diagnosis. Thus, in practise, no further data 
preparing process was needed. We tested other methods, 
such as KING for kinship inference. The input file takes 
40 minutes to prepare, and needs to be re-prepared if 
new sample is added in the cohort. For specified kinship 
identification requirement (that is, identification kinship 
from WES trio cohort), this study proposed a targeted 
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Table 1 Sample similarity in Family 101 (based on feature variants) and its suggested kinships

Relation with the proband Relation with the proband Sample similarity Kinship suggested by similarity

Proband himself/herself Sister 0.448 First-degree

Proband himself/herself Father 0.397 First-degree

Proband himself/herself Mother 0.367 First-degree

Proband himself/herself Aunt 0.171 Second-degree

Proband himself/herself Cousin 0.097 Third-degree

Sister Father 0.396 First-degree

Sister Mother 0.368 First-degree

Sister Aunt 0.183 Second-degree

Sister Cousin 0.098 Third-degree

Father Mother 0.013 None

Father Aunt 0.014 None

Father Cousin 0.015 None

Mother Aunt 0.364 First-degree

Mother Cousin 0.200 Second-degree

Aunt Cousin 0.359 First-degree

Table 2 Sample similarity in Family 102 (based on feature variants) and its suggested kinships

Relation with the proband Relation with the proband Sample similarity Kinship suggested by similarity

Proband himself/herself Mother 0.406 First-degree

Proband himself/herself Father 0.410 First-degree

Proband himself/herself Aunt 0.217 Second-degree

Proband himself/herself Grandmother 0.213 Second-degree

Mother Father 0.009 None

Mother Aunt 0.439 First-degree

Mother Grandmother 0.336 First-degree

Father Aunt 0.020 None

Father Grandmother 0.005 None

Aunt Grandmother 0.344 First-degree

solution that requires no further experiment or repeated 
data preparation.

The sample similarity calculated by WES feature variants 
has many practical values. First, the concept can be easily 
understood by genetic analysts. The similarity directly 
reflects the consistency of rare and potential protein-
damaging variants between two samples. Second, because 

such similarity score can distinguish different kinships, it 
could be used as kinship quality control module to correct 
potential sample swap cases in time. For example, the 
threshold value 0.05 can be used to distinguish the presence 
or absence of kinship between samples. The similarity lower 
than 0.05 between samples in a family or higher than 0.05 
between samples from two families indicates an inter-family 
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sample swap to have occurred (as described in 2.5), which 
should be corrected before genetic analyze. Alternatively, 
the sample similarity could also identify biological parents, 
which helps the genetic analysts to decide how to perform 
the familial co-segregation analysis. Notably, more than 
99% of the families performing WES in our center are core 
families composed of probands and parents, so the lakes of 
adequate samples of second- or third-degree kinship for the 
study. Although our current study indicated that 0.25 and 
0.1 could also be used as similarity thresholds to distinguish 
first, second, and third-degree kinships, further tests were 
still needed in larger families.

For a targeted kinship identification method, here are 
some limitations. First, it works better with population-
related allele frequency. Although public databases are 
providing population-specific allele frequency data, a local 
database to exclude population bias were always suggested. 
Second, it was designed for single data type. If samples were 

Table 3 Sample similarity in Family 101 (based on feature variants; with swapped samples) and its suggested kinships

Relation with the proband Relation with the proband Sample similarity Kinship suggested by similarity

Proband himself/herself Sister 0.448 First-degree

Proband himself/herself* Father 0.007 None

Proband himself/herself* Mother 0.171 Second-degree

Proband himself/herself* Aunt 0.367 First-degree

Proband himself/herself Cousin 0.097 Third-degree

Sister* Father 0.001 None

Sister* Mother 0.183 Second-degree

Sister* Aunt 0.368 First-degree

Sister Cousin 0.098 Third-degree

Father Mother 0.007 None

Father Aunt 0.005 None

Father Cousin 0.004 None

Mother Aunt 0.364 First-degree

Mother* Cousin 0.359 First-degree

Aunt* Cousin 0.200 Second-degree

The row labelled with * indicates that the kinships suggested by sample similarity do not correspond to the kinships in the laboratory  
records. 

Figure 4 Cluster analysis of samples based on sample similarity 
in two families with sample swap. The clustering results of 
the samples of Family 101 and Family 102 are represented by 
hierarchical clustering plot, and each node on the right side of the 
plot represents a sample. P, proband; M, mother of the proband; 
F, father of the proband; CS, cousin of the proband; A, aunt of the 
proband; S, sister of the proband; GM, grandma of the proband.
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101 A

101 S

101 P
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102 M
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Table 4 Sample similarity in Family 102 (based on feature variants, with swapped samples) and its suggested kinships

Relation with the proband Relation with the proband Sample similarity Kinship suggested by similarity

Proband himself/herself Mother 0.406 First-degree

Proband himself/herself* Father 0.001 None

Proband himself/herself Aunt 0.217 Second-degree

Proband himself/herself Grandmother 0.213 Second-degree

Mother Father 0.008 None

Mother Aunt 0.440 First-degree

Mother Grandmother 0.336 First-degree

Father Aunt 0.009 None

Father Grandmother 0.011 None

Aunt Grandmother 0.344 First-degree

The row labelled with * indicates that the kinships suggested by sample similarity do not correspond to the kinships in the laboratory  
records.

sequenced by different platform, the feature variants might 
be influenced by system bias. Third, this study was based on 
limited number of WES data, which need more replication 
studies for further application. Fourth, this study chose to 
filter variants with high allele-frequency and treat rare-
variants equally. A further allele frequency-based weightage 
might help to improve the identification outcome.

In this study, the kinship identification process based on 
trio WES feature variants was used as the kinship quality 
control module in Fudan Pipeline (15). With this module, 
both time and cost could be saved for family data re-analysis 
caused by sample swap events.
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Supplementary

Figure S1 Sample similarities calculated using rare variants among 
different degrees of kinships. The horizontal axis represents the 
kinship degree and the vertical axis represents the sample similarity.
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