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Summary
Despite release of the GRCh38 human reference genome more than seven years ago, GRCh37 remains more widely used by most

research and clinical laboratories. To date, no study has quantified the impact of utilizing different reference assemblies for the identi-

fication of variants associated with rare and common diseases from large-scale exome-sequencing data. By calling variants on both the

GRCh37 and GRCh38 references, we identified single-nucleotide variants (SNVs) and insertion-deletions (indels) in 1,572 exomes from

participants with Mendelian diseases and their family members. We found that a total of 1.5% of SNVs and 2.0% of indels were discor-

dant when different references were used. Notably, 76.6% of the discordant variants were clustered within discrete discordant reference

patches (DISCREPs) comprising only 0.9% of loci targeted by exome sequencing. These DISCREPs were enriched for genomic elements

including segmental duplications, fix patch sequences, and loci known to contain alternate haplotypes. We identified 206 genes signif-

icantly enriched for discordant variants, most of which were in DISCREPs and caused by multi-mapped reads on the reference assembly

that lacked the variant call. Among these 206 genes, eight are implicated in knownMendelian diseases and 53 are associated with com-

mon phenotypes from genome-wide association studies. In addition, variant interpretations could also be influenced by the reference

after lifting-over variant loci to another assembly. Overall, we identified genes and genomic loci affected by reference assembly choice,

including genes associated with Mendelian disorders and complex human diseases that require careful evaluation in both research and

clinical applications.
Introduction

Decreasing costs and dramatic improvements in next-gen-

eration sequencing (NGS) have allowed research and clin-

ical diagnostic laboratories to establish analytical pipelines

centered on NGS genomic technologies such as exome

sequencing (ES).1–4 In particular, clinical laboratories often

use ES as a first-tier testing tool to diagnose rare genetic dis-

orders through clinical interpretation of detected vari-

ants.5–7 One of the first steps in this process involves the

alignment of short reads generated from ES to a haploid

human reference genome sequence.

A complete human reference genome is a prerequisite

for an accurate, precise, and replicable alignment for ge-

netic variant calling and subsequent variant interpreta-

tion. Despite standardized best practices and guidelines

for short read variant detection,8–10 variant calling dis-

crepancies still exist and hinder comparative and aggre-

gated analyses between different laboratories.11–13 These

variant identification discrepancies subsequently result

in conflicting variant interpretations and prevent precise

translation of clinical sequencing data into diagnostic

targets for precision medicine.8 The variant calling dis-

crepancies are in part due to inconsistent variant calling
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workflows and in part due to the use of different reference

assemblies.14,15

The current ‘‘gold standard’’ humangenome reference as-

semblies curated by The Genome Reference Consortium

(GRC) are GRCh37 (also known as hg19) originally released

in 200916 and periodically updated until 2013when its suc-

cessor GRCh38 (also known as hg38) was published.17 The

GRC has improved reference assembly reconciliation by

actively providing patches, fixes, and alternate scaffolds to

the human reference genome. Fix patches provide changes

to existing assembly sequences to correct errors on the hu-

man reference genome, while alternate loci and novel

sequence patches enable the reference assembly to repre-

sent allelic diversity.16,17 The updates to GRCh38 from

GRCh37 included alternate scaffolds for highly variable

genomic regions, synthetic centromere sequences to fill

large mega-base gaps, and corrections and gap filling of

thousands of misassembled regions and artifacts.18 These

updates not only resolved locus-specific issues, but also ho-

listically improved genome-wide alignment and variant

calling by correcting false alignment across the genome.17

For example, in an analysis of 121 whole genomes using

theGRCh38genomeassembly, onaverage52of 178known

structurally variable regions corresponded better to an
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alternate locus rather than the primary assembly.19 In addi-

tion, a comparative study of 30 exomes demonstrated the

superiority of variant calling on GRCh38 due to an

improved alignment rate of short reads.15 Even with

improved alignment, however, the GRCh38 reference in-

cludes an expanded repertoire of alternative contigs which

if mishandled can lead to erroneous variant calls. This was

recently demonstrated by a reanalysis of 50,000 exomes

from the UK Biobank, which originally showed erroneous,

zero-variation in 641 genes.20

To date, the GRCh37 reference has been the foundation

for cataloging human genetic variation andmapping func-

tional variants in many breakthrough projects.21–23 It is

only recently that the human genetic variation catalogs

and annotations have been directly mapped to

GRCh38.18,24,25 The GRCh37 reference and associated

genomic resources are, however, deeply embedded in

many current workflows and as a consequence, even

though GRCh38 was released more than seven years ago,

GRCh37 remains the primary reference utilized in most

human genetic tools, annotation resources, and NGS

workflows. Systematic updates to GRCh38 have therefore

lagged behind, particularly in clinical diagnostic applica-

tions, where alterations of informatic pipelines require

substantial validation in order to comply with clinical

standards. Universally updating from GRCh37 to

GRCh38 requires a field-wide paradigm shift in the current

curation of variant annotation resources.26

An alternative approach to complete adoption of

GRCh38 in clinical settings is to first align sequencing

data to GRCh38 and then ‘‘lift-over’’ the data to the

GRCh37 reference in order to utilize existing GRCh37

variant annotations and pipelines.27 The difference be-

tween the reference sequences can complicate lift-overs,

and careful curation of corresponding regions on both

GRCh37 and GRCh38 is required in order to ensure that

variants that map to the amended sequences or filled

gaps (e.g., centromere regions) onGRCh38will be properly

identified in GRCh37. Notably, a study using whole-

genome sequencing from the Genome in a Bottle consortia

showed about 5% of detected variants could not be con-

verted between GRCh38 and GRCh37.14 Further, lift-overs

are unable to leverage contextual advantages such as

increased sequence representation and assembly correc-

tions in the GRCh38 reference.17

Thus, the full consequences of switching to GRCh38

remain unclear, especially when applied to the clinical diag-

nosis of raregenetic diseases. In the current study, the impact

of reference assembly changes in exome variant identifica-

tion and interpretation was evaluated. Exome data from

1,572 individuals with Mendelian disease and their family

members were analyzed, revealing the list of genes and

genomic locimost likely tobe affectedby reference assembly

choice during variant identification. Using these data, the

impact andmechanisms of reference differences on identifi-

cation of variants associated with both rare genetic diseases

and complex human disorders were assessed.
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Subjects and methods

Study cohort
The ES data from 1,572 individuals were collected from the Baylor-

Hopkins Center for Mendelian Genomics (CMG;28 ES from indi-

viduals with clinically suspected Mendelian disease and their fam-

ily members). Of the 1,572 individuals, 55% were phenotypically

unaffected and 45% were phenotypically affected (Figure S1).

Further, 286 singletons as well as families of varying size (depend-

ing on consent status) including 233 trios were sequenced. In

addition, while more than 80% of the individuals were of Euro-

pean descent, individuals of Hispanic, African American, East

Asian, and South Asian genetic ancestries were represented in

the cohort (Figure S1). Written informed consent for all individ-

uals in this study was obtained during recruitment under a

research protocol (H-29697) approved by the Institutional Review

Board of Baylor College of Medicine.
Exome sequencing
Exome capture and sequencing were carried out at the Human

Genome Sequencing Center at Baylor College of Medicine as

part of the CMG project and have been described previously.29

Briefly, genomic DNA samples underwent exome capture using

the HGSC VCRome2.1 (covering �24K genes; Roche) and were

then sequenced on the Illumina NovaSeq platform to an average

of 94% of targeted bases with >203 coverage.
Alignment, variant calling, and filtering
We generated variant calls for each of the 1,572 samples using

both the GRCh37 and GRCh38 human reference assemblies. Spe-

cifically, for the GRCh37 variant calls, we selected the hs37d5

reference genome that includes the revised Cambridge reference

sequence of the human mitochondrial DNA, human herpesvirus

4 type 1 sequences, and the concatenated decoy sequences;30

and for GRCh38 we selected the full analysis set (GenBank assem-

bly accession: GCA_000001405.15) with decoy sequences, alter-

nate loci scaffolds, and HLA sequences. Both of these references

have been used by Phase 3 of the 1000 Genomes Project.30

Through a routine, functional equivalent genome sequencing

analysis pipeline implemented at the HumanGenome Sequencing

Center,31 alignment was performed using BWA-MEM32 against the

two reference assemblies for each sample followed by insertion/

deletion (indel) Realignment and Base Quality Score Recalibration

using GATK.9 Variant calling was then performed using xAtlas10

for single-nucleotide variants (SNVs) and indels independently

to generate gvcf files, which then underwent joint-calling via

GLnexus33 (default parameters; autosomal variants only). Notably,

we used the same parameters to generate variant call sets on

GRCh37 and GRCh38.

We then performed a series of quality controls (QC) following

previously published procedures and criteria34,35 to ensure the

quality of the aggregated variant calls for SNVs and indels. First,

for each variant in each sample, we assigned a missing genotype

(./.) to the variant if the variant fulfilled one of the following

criteria: read depth less than 15; allelic ratio less than 0.25 or

greater than 0.75; or non-PASS variant from xAtlas variant call re-

sults. We then filtered out variants with a missing genotyping rate

greater than 15% to ensure variant quality. This aggressive filtering

strategy prevents the identification of stochastic differential

variant calls between the two assemblies due to poor variant qual-

ity.We kept variants within 100 bp to the boundaries of the exome
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capture targets. In addition, we performed sample-wise QC by

ensuring that all samples had a missing genotyping rate < 10%

and a heterozygosity rate < 3 standard deviations. We also calcu-

lated pairwise identity by descent across all individuals using

PLINK36 to ensure the sample relatedness matches the reported

pedigree structures.

Variant lift-over and comparisons
Variant loci were lifted-over from one reference assembly (source)

to the other (target) using the LiftOver tool and the corresponding

chain files obtained from the UCSC genome browser.37 We first

removed monomorphic variants with alternative allele frequency

(AF) of one (AF ¼ 1) from both call sets. This removal prevents the

comparison of AF¼ 1 variants in the source assembly to AF¼ 0 var-

iants in the target assembly (which did not exist in the filtered vcf

file) in cases where the reference and the alternative alleles swap

between GRCh37 and GRCh38. During lift-over from GRCh37

to GRCh38, and from GRCh38 to GRCh37, a set of ‘‘unliftable’’

variants was identified on GRCh37 and GRCh38, respectively,

due to unmatched loci on the target assembly andwere considered

as one source of discordant variants. Next, in each sample we

determined the genotypic concordance of the ‘‘liftable’’ variants

between GRCh37 and GRCh38. Specifically, variants called on

GRCh38 were lifted-over to the GRCh37 coordinate and were

compared to the variants called on the GRCh37 assembly to iden-

tify concordant and discordant variant calls in each sample using

vcfeval from the RealTimeGenomics toolbox.38 We also lifted the

concordant variants from GRCh37 to GRCh38 to ensure the lift-

over was bi-directional. Altogether, these analyses resulted in var-

iants that were (1) concordant between GRCh37 and GRCh38, (2)

variants found only on GRCh37 (unique to GRCh37), and (3) var-

iants found only on GRCh38 (unique to GRCh38).

Identification of discordant reference patches

(DISCREPs)
The analyses were performed on GRCh37 and GRCh38 separately.

To identify DISCREPs regions within each assembly, we divided

the genome into 10 kb windows, counted the number of total

distinct variants across all samples in each window, and filtered

to keep windows with greater than 10 distinct variants for anal-

ysis. Then, in each genomic window, we counted distinct variants

uniquely detected by either the GRCh37 or GRCh38 assembly and

compared them with the number of distinct concordant variants

against the baseline level summed across all windows using one-

sided Fisher’s exact test, followed by false-discovery rate (FDR; Ben-

jamini-Hochberg procedure) adjustment. We considered q < 0.01

as a statistically-significant threshold. Illustrations of DISCREPs

were conducted using R packages KaryoploteR39 and Circlize.40

Enrichment analyses for genomic features in DISCREPs
The locations of the following genomic features available for both

GRCh37 and GRCh38 were downloaded from the UCSC genome

browser:37 simple tandem repeats, microsatellite, segmental dupli-

cations, interrupted repeats, known assembly problems, loci with

fix patches, loci with alternate haplotypes, loci with known

genome assembly differences, and gaps in the assembly. Enrich-

ment analyses for each of the above genomic features within the

DISCREPs were performed using R package LOLA41 based on

two-sided Fisher’s exact tests (compared to non- DISCREP genomic

windows). The test statistics were adjusted by FDR with q < 0.01

considered to be statistically significant. For DISCREPs regions
The Americ
that overlapped between GRCh37 and GRCh38, we combined

the counts of the genomic windows from both GRCh37 and

GRCh38 for the Fisher’s exact tests.

Identification of genes influenced by the reference

assembly
Gene annotation was performed with ANNOVAR42 (v2019.10.24)

using the GENCODE database (v34). We considered only genes

with GENCODE annotations on both the GRCh37 and GRCh38

references. Variants (including SNVs and indels) were found in a

total of 19,003 genes, and we further analyzed 790 genes with at

least one discordant variant call found in our cohort. For each

gene, we counted the number of distinct concordant and discor-

dant variants on GRCh37 or GRCh38 across all individuals and

compared against the aggregated counts of distinct concordant

and discordant variants from all the 790 genes using one-sided

Fisher’s exact tests. The test statistic was adjusted by FDR; genes

with greater than five discordant variants and q < 0.05 were

considered to be statistically significant.

To assess whether genes enriched for discordant variants be-

tween GRCh37 and GRCh38 in our study (n ¼ 206) significantly

overlap with genes carrying erroneous variant calls found in the

UK Biobank study (n ¼ 641),20 a permutation test was performed

(ten million permutations) to derive a null distribution of the

number of overlapping genes by randomly sampling our gene

sets from a total of 19,003 genes (number of genes assessed in

our study). The empirical p value was calculated as the proportion

of times that the number of overlapping genes from the permuta-

tion equaled or exceeded the observed number of overlapping

genes (n ¼ 28).

Gene and variant annotation
Variant effects (e.g., frameshift deletion, missense, stopgain, etc.)

were annotated using ANNOVAR42 (v2019.10.24). Genes impli-

cated in known Mendelian diseases were identified from the On-

line Mendelian Inheritance in Man (OMIM) database. Known

pathogenic variants were identified from ClinVar43 (version

20190305) with one or more ‘‘stars’’ describing the level of support

of clinical significance. To identify variants with a potential dele-

terious effect, we focused on rare variants with minor allele fre-

quency (MAF) < 0.01 in all of the following population databases:

1000 Genomes Phase 3,30 gnomAD (v2.1.1 for GRCh37 and v3.0

for GRCh38),24 and ExAC (v0.3).44 We defined potential delete-

rious variants that fulfilled one of the following criteria: (1) rare

potential loss-of-function variants (frameshift insertions/dele-

tions, nonsense single-nucleotide variants, stoploss variants, or

splicing variants) or (2) rare missense variants with CADD45 score

> 20 and REVEL46 score > 0.8. Genes from previous genome-wide

association studies (GWASs) were obtained from the GWAS Cata-

log v1.0.2.
Results

Discrepant variant calls between the GRCh37 and

GRCh38 references

To determine the impact of reference genome choice on

the identification of variants, we analyzed ES data from

1,572 individuals with Mendelian disease and their family

members recruited through the Baylor-Hopkins CMG. Us-

ing both the GRCh37 and GRCh38 reference assemblies,
an Journal of Human Genetics 108, 1239–1250, July 1, 2021 1241



Figure 1. Count of variants identified us-
ing the GRCh37 and GRCh38 references
in each sample
(A and B) Distributions of variant count in
each sample (A for SNV and B for indel),
grouped by genetic ancestry of the individ-
uals.
(C andD)Distribution of variant count dif-
ferences between GRCh37 and GRCh38 in
each sample (C for SNV; D for indel). The
red line shows themediandifference across
all samples.
Note that the variant counts shown here
include variants in exons and regions
within 100 bp to exon boundaries (EAS,
East Asian; AMR, admixed American; EUR,
European; SAS, South Asian; AFR, African
American).
we identified SNVs and indels on autosomes and found

similar numbers of variants called by the two references

for each sample (Figure 1; Table 1). Notably, on average,

the GRCh37 reference generated 50 more SNVs and 146

more indels in each individual (Figure 1).

Despite the similar variant counts between GRCh37 and

GRCh38 in each sample, we next sought to determine the

systemic concordance of the variant calls between the two

references. By lifting-over variants detected from one refer-

ence to the other and comparing variant calls in each sam-

ple, we found that the majority of variants had concordant

genotypes between GRCh37 and GRCh38 (>98% SNVs

and >93% indels across all samples; Figure 2). However,

in each sample, an average of 1,422 SNVs and 267 indels

were called discordantly by the two references (Figure 2).

Among them, only 0.7% were due to inconsistent geno-

types (i.e., the same variant locus with heterozygous versus

homozygous alternative-allele calls); a majority of the

discordant calls were caused by variants uniquely found

on one reference only (Figure 2). Notably, among the

discordant variants in each sample, an average of 22.4%

SNVs and 29.2% indels did not have a matched target for

lift-over (unliftable) and thus were not comparable to var-

iants called by the other reference (Figure 2). Altogether,

the discordant variant calls impacted 1.5% of total distinct

SNVs (n ¼ 18,477 / 1,248,403) and 2.0% of total distinct

indels (n ¼ 1,523 / 76,414) found in our cohort.

Genomic loci enriched for discordant variant calls

While the discordant variantswere found across all chromo-

somes, we observed that they tended to cluster within

certain genomic loci (Figures S2 and S3). To identify discor-

dant reference patches (DISCREPs) with loci enriched for

discrepant variant calls, we evaluated chromosomal win-

dows (10kb) onGRCh37 andGRCh38 separately to identify
1242 The American Journal of Human Genetics 108, 1239–1250, July 1, 2021
regions where the discordant variants

were significantly enriched compared

to the whole-exome baseline level.

We found a total of 330 of 39,092

(0.8%) tested genomic windows as
DISCREPs that were significantly enriched for variants

only detected by the GRCh37 reference (false discovery

rate q < 0.01; Table S1). These DISCREPs accounted for

72.9% of variants called only by GRCh37. On GRCh38, we

found 383 DISCREPs out of 39,188 genomic windows

(1.0%) that contained 79.9% of variants called only by the

GRCh38 reference (Table S2). Therefore, amajorityofdiscor-

dant variants called on either GRCh37 or GRCh38 (76.6%

altogether)were clusteredwithindiscrete genomic intervals.

We observed that the DISCREPs between GRCh37 and

GRCh38 overlapped. Specifically, 1.38Mb of the DISCREPs

(138 10-kb genomic windows) overlapped between the

two references and were enriched for discordant variants

found on both GRCh37 and GRCh38 (Figure 3). To iden-

tify shared and distinct mechanisms for the regions en-

riched for discordant variant calls, we characterized these

DISCREPs via enrichment analyses focusing on a series of

genomic features. We found DISCREPs were significantly

enriched in genomic loci containing segmental duplica-

tions, known assembly problems, fix patches, alternate

haplotypes, and known differences between the two refer-

ences (q < 0.01; Table S3), regardless of whether the DIS-

CREPs were overlapping between GRCh37 and GRCh38

or unique to one of the references (Figure 3). However,

we also found that genomic regions containing alternate

haplotypes and fix patch sequences were more enriched

in overlapping DISCREPs between GRCh37 and GRCh38

compared to the DISCREPs that were unique to GRCh37

or GRCh38 (Figure 3). Further, GRCh37 unique variants

were more enriched for fix patch sequences while less en-

riched for alternative haplotypes compared to unique var-

iants on GRCh38 (Figure 3). Therefore, the DISCREPs had

shared mechanisms underlying certain genomic features

such as segmental duplications, although the extent to

which differ depending on the reference assembly.



Table 1. Number of variants identified in the study cohort

SNV Indel

GRCh37 GRCh38 GRCh37 GRCh38

Variants per individual (median count with interquartile range)

Heterozygous 36,496 (1,498) 36,470 (1,513) 2,538 (127) 2,537 (127)

Homozygous 22,570 (803) 22,537 (789) 1,148 (50) 1,002 (50)

Total 59,110 (1,231) 59,060 (1,242) 3,687 (120) 3,542 (121)

Total number of distinct variants across all samples

1,240,896 1,242,297 75,898 75,860
Genes influenced by the choice of reference assembly

As discordant variants were clustered within certain

genomic regions, we next determined whether any genes

were significantly impacted by the choice of reference

genome in variant calling. Across the 19,003 genes that we

evaluated, 790 genes (4.16%) had at least one variant that

was only called on the GRCh37 or GRCh38 reference.

Comparing variants called by only one reference to the

concordantvariants ineachgeneyieldeda total of 206genes

significantly enriched for variants only detected by one

reference genome (q < 0.05, Table S4): 120 enriched for

unique GRCh37 variants, 144 enriched for unique

GRCh38 variants, and 58 enriched for both GRCh37 and

GRCh38 unique variants. Notably, 83.0% of these genes

overlappedwithDISCREPs foundonGRCh37andGRCh38.

Among the 206 genes significantly influenced by the

reference assembly, a total of 34 and 26 genes had >90%

of the variants called only by the GRCh37 and GRCh38

reference, respectively (Table S4). The discrepancy of the

variant calls in these genes were all due to reads that

were aligned to multiple loci (multi-mapped reads) on

the reference assembly that lacked the variant call, which

resulted in mapping scores of zero and failed variant call-

ing.32 For instance, a total of 97.1% of variants (n ¼ 136/

140) from the CBS (MIM: 613381) gene were found only

on the GRCh37 reference. The discrepancy of these unique

variants on CBSwere due to the split of two genes, CBS and

CBSL, from the same locus on the GRCh37 reference

genome (chr21:44,473,301–44,496,472) into two distinct

loci on the GRCh38 reference (CBS: chr21:43,053,191–

43,076,378; CBSL: chr21:6,444,869–6,468,040). This split

led to multi-mapped reads aligned to two distinct regions

of GRCh38 resulting in failed variant calls on the

GRCh38 reference genome (Figure S4).

We found that the multi-mapped reads explained 64.1%

of the 206 genes that were significantly influenced by the

reference assembly. Throughout the whole exome, a ma-

jority of the multi-mapped reads were aligned to multiple

loci within the same chromosome (>90% across all sam-

ples) with a few exceptions where multi-mapped reads

aligned to different chromosomes (Figure 4). In fact, a total

of 57 of the 206 genes (27.7%) were annotated as human

paralogous genes based on genome-wide BLAST ana-
The Americ
lyses,47 such as the PRAMEF gene cluster; and 28 genes

(13.6%) are pseudogenes (Table S4). These results indicate

that although the majority of the variants had concordant

variant calls between the two references, certain regions

and genes on the genome are vulnerable to the reference

assembly changes due to similar mechanisms.

Impact of the reference assembly on variants associated

with rare genetic diseases

We next focused on the impact of discrepant variant calls

on possible molecular diagnoses of Mendelian disorders.

From the 206 genes with significant enrichment of discor-

dant variants betweenGRCh37 andGRCh38, we identified

a total of eight genes associated with known Mendelian

phenotypes based on OMIM (Table 2). Among these genes,

all or most variants in and near PRODH (MIM: 606810),

SIK1 (MIM: 605705), CBS, H19 (MIM: 103280), CRYAA

(MIM: 123580), and KCNE1 (MIM: 176261) were detect-

able only by the GRCh37 reference, whereas RPS17

(MIM: 180472) and ADAMTSL2 (MIM: 612277) were en-

riched for variants that could only be detected using the

GRCh38 reference. Discordant variants in each of these

eight genes were due to multi-mapped reads on the refer-

ence without the variant calls. Therefore, molecular diag-

noses of Mendelian disorders associated with these genes

were influenced by the choice of reference assembly.

Withinour cohort,we identified three knownpathogenic

or likely pathogenic (P/LP; fromClinVar) variants that were

called differently by the two reference assemblies. All three

P/LP variants were only called by the GRCh37 reference

and were found in CBS, a gene associated with homocysti-

nuria and thrombosis (MIM: 236200). We did not find any

known ClinVar P/LP variants called only by the GRCh38

reference assembly within our cohort. Nonetheless, across

all thediscordant variants identified inourcohort,we found

a total of 201 rare (MAF< 0.01) variants with potential dele-

terious effects in 128 genes (Figure 5; Table S5): 74 identified

only by GRCh37 and 127 identified only by GRCh38; and

15 of these variants (7.5%) belong to genes implicated in

knownMendelian disease.

We also found that the interpretation of the variant path-

ogenicity alsodiffersdue to theusageofdifferentannotation

resources derived from GRCh37 or GRCh38. For instance,
an Journal of Human Genetics 108, 1239–1250, July 1, 2021 1243
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0

Figure 2. Average number of concordant and discordant variants between GRCh37 and GRCh38 in each sample
(A) Total number of variants called on GRCh37 and GRCh38 in each sample (median number across all samples, same below) and the
number of concordant variants between the two references.
(B) The number of discordant variants found on GRCh37 and GRCh38 in each sample and their sources.
(C) The relative proportion of the discordant variants (including both SNVs and indels). Blue boxes indicate discordant variants iden-
tified on GRCh37, whereas orange boxes indicate discordant variants identified on GRCh38.
out of the 201 rare, potentially deleterious variants thatwere

called by only one reference assembly, 15 of them (7.5%)

switched to a non-deleterious variant type when lifted-

over and annotated by databases derived from the other

reference assembly (Table S5). Themajority of these discrep-

ancies were due to different gene annotations between the

two references. Therefore, the discordant variant calls due

to the choice of reference assembly can influence both the

identification and interpretations of potential pathogenic

variants associated with rare genetic diseases.

Impact of the reference assembly on common variants

We next evaluated whether the choice of reference assem-

blyhad the same impact for both commonand rare variants

detected by ES. We found that discordant variants between

GRCh37 and GRCh38 tended to have higher MAF than

concordant variants. Specifically, within our cohort,

30.4% of the SNVs that were unique to GRCh37 or

GRCh38 were common (MAF > 0.01), compared to that
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13.4% of the concordant SNVs were common (p < 0.001;

OR ¼ 2.81; 95% CI ¼ 2.72–2.90; Figures 6 and S5). Further,

a larger proportion of the unique indels on GRCh37 and

GRCh38 were common (MAF > 0.01) compared to the

concordant indels (41.6% versus 15.1%; p < 0.001; OR ¼
3.99; 95% CI ¼ 3.59–4.45; Figures 6 and S5). Similar trends

were also observed for unliftable variants on GRCh37 and

GRCh38 where unliftable variants tended to be more com-

monthan the concordantvariants (Figures 6 andS5). There-

fore, the discordant variant calls had relativelymore impact

on common variants than rare variants.

Although common, non-coding variants associated with

complex human diseases were not designed to be captured

by ES, common functional variants within genic

regions (e.g., promoter, 30 untranslated region) are equally

impacted by reference assembly, as discordant variant calls

were clustered on the genome. Therefore, we evaluated the

impact of reference assembly on genes associated with

complex human disease. Across the 206 genes that showed
1, 2021
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Figure 3. Genomic features enriched in the DISCREPs regions identified on GRCh37 and GRCh38
(A) Number of DISCREPs found on GRCh37 and GRCh38 (overlapping DISCREPs between the two references as well as unique DIS-
CREPs on each assembly).
(B) Odds ratio of Fisher’s exact tests for the enrichment of various genomic features within different types of DISCREPs. Solid lines indi-
cate statistically significant enrichment (q < 0.01), and dashed lines indicate non-significant results.
(C) Pairwise comparisons between different groups of DISCREPs on the enrichment of various genomic features. Black lines indicate sta-
tistically significant results (q < 0.01), whereas gray lines indicate non-significant results.
significantly enriched discordant variant calls, we found

53 were associated with one or more of the 278 distinct

phenotypes or traits from previous GWASs (Table S6). In

particular, many were immune-related diseases associated

with HLA genes. In summary, discordant variants due to

reference assembly differences are present in genes associ-

ated with complex human disorders.

Discussion

In this largest study of its kind for evaluating the impact of

the reference genome using ES data on the identification of
A B

The Americ
both rare and common variants, we found that although

the majority of the variants were not influenced by the

reference change (and the results did not depend on the

QC protocol we used [Figure S6]), certain regions of

the genome were significantly impacted. Specifically, 206

genes were enriched for variants uniquely called by one

reference. Among these genes, 8 have been associated

with known Mendelian phenotypes and 53 have been

associated with common traits from previous GWASs.

We suggest that researchers and clinicians should pay

increased attention to these genes and regions when inter-

preting variant calls from one reference assembly with an
Figure 4. Multi-mapped reads on
GRCh37 and GRCh38
Results fromGRCh37 (A) and GRCh38 (B).
Dots on the outer track indicate genes with
a significant enrichment of discordant
variant calls. The bars on the intermediate
track show the DISCREPs enriched for the
discordant variants. The links within the
inner track indicate the pairwise loci of
multi-mapped reads that aligned to multi-
ple loci on the genome, and the shade of
the links are proportional to the density
of such reads.
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Table 2. Genes implicated in Mendelian disease enriched for unique GRCh37 or GRCh38 variants

Gene

Distinct variant count
p value for the enrichment of
unique variants

OMIM phenotype
Concordant across
all samples

Unique variants
on GRCh37

Unique variants
on GRCh38 GRCh37 GRCh38

PRODH 0 155 0 1.28E�164 1.00 hyperprolinemia

SIK1 0 133 0 1.92E�141 1.00 epileptic encephalopathy

CBS 4 139 0 1.06E�140 1.00 homocystinuria; thrombosis

H19 0 75 0 3.32E�80 1.00 Wilms tumor; Silver-Russell syndrome;
Beckwith-Wiedemann syndrome

CRYAA 6 75 1 6.26E�72 0.53 cataract

KCNE1 4 13 0 2.69E�11 1.00 long QT syndrome; Jervell and
Lange-Nielsen syndrome

ADAMTSL2 98 1 99 1.00 5.00E�45 geleophysic dysplasia

RPS17 0 0 24 1.00 1.81E�24 Diamond-Blackfan anemia
annotation database generated using another reference

assembly.

The GRCh38 assembly is an improved version of the

human genome reference.17 However, we found that

certain disease-associated variants were missed by the

GRCh38 reference and were only detectable from the

GRCh37 assembly. In particular, we found six genes asso-

ciated with known Mendelian phenotypes carried vari-

ants that were entirely or mostly detected by the

GRCh37 reference (Table 2). Therefore, in our study

although relatively few variants detected from ES data

were discordantly detected by the two references, these

genes warrant further investigation when using the

GRCh38 reference, especially during the molecular diag-

noses for individuals with clinical manifestations consis-

tent with these conditions. We only identified two genes

implicated in known Mendelian disease enriched for

unique GRCh38 variants; however, this could result

from ascertainment bias due to most groups reporting to

ClinVar using the GRCh37 reference. Notably, none of

the 59 genes recommended by the American College of

Medical Genetics and Genomics (ACMG) for incidental

findings48 contained an exome variant that was discrep-

antly called in our cohort.

One other consideration for switching from an old refer-

ence assembly to a new assembly is whether the disease of

interest tends to associate with genes impacted themost by

the reference assembly. Although only 1.5% of SNVs and

2.0% of indels were discordantly detected when different

haploid human genome references were used, re-evalua-

tion of retrospective data focusing on genes resulting in

Mendelian disease in loci known to be improved in

GRCh38 may provide opportunity for new discovery. For

example, one of the most impacted regions were the major

histocompatibility complex (MHC) loci, carrying many

genes associated with autoimmune diseases.49 The

GRCh38 reference is known to result in an improved

variant call quality by introducing additional alternate
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haplotypes for the MHC region,17,19 and thus researchers

interested in genes within the MHC loci may choose to

use GRCh38. On the other hand, laboratories that study

genes like CBS or diseases like homocystinuria or throm-

bosis may not choose to switch to GRCh38, as themajority

of the variants in these genes could only be called on

GRCh37.

Given the practical challenges of a systemic switch from

the existing automated annotation pipelines based on

GRCh37, many clinical diagnostic laboratories have pro-

posed to utilize the GRCh38 reference genome assembly

to perform variant calling followed by the lift-over of the

variants to the GRCh37 coordinates for annotation. How-

ever, we found that not all potential deleterious variants

were liftable to the GRCh37 reference genome; and, for

variants that were able to be lifted-over to GRCh37, variant

interpretation following lift-over could be altered due to

the usage of annotation databases generated from a

different reference genome. For instance, we found that

7.5% of the discordant variants with a potential deleterious

effect switched to non-deleterious types using gene anno-

tations derived from the other assembly. Therefore, the

lift-over approach would not be applicable to all variants,

especially for those within genomic regions enriched for

discordant variant calls between GRCh37 and GRCh38.

Further, as most discoveries recorded in ClinVar and

OMIM to date have been made using the GRCh37 refer-

ence, the probability of finding a P/LP ClinVar variant

that is only called by GRCh37 should be higher relative

to finding a P/LP variant called only by GRCh38. Nonethe-

less, of the 99 solved exomes on GRCh37 in our cohort

who have had a thoroughmolecular diagnostic evaluation,

by far, all P/LP variants have been successfully lifted-over

from GRCh37 to GRCh38; and when re-mapped to

GRCh38, 100% of these P/LP variants were still discovered

(Figure S1).

In addition, variant interpretation efforts using annota-

tion resources derived from a different assembly do not
1, 2021



Figure 5. Categories of the unique vari-
ants with potential deleterious effect
found on GRCh37 and GRCh38
take full advantage of the improved human genome refer-

ences and gene annotations. For instance, Steinberg et al.

reported a genome assembly built from a haploid hydatidi-

form mole and identified 549 new genes absent from the

GRCh37 assembly.50 These new genes would not be

included in a GRCh37 gene annotation for variant inter-

pretation even after a successful liftover to GRCh37. In

addition, discrepancies of pathogenic variant interpreta-

tions also lie in the usage of the different gene and tran-

script annotation resources generated using different

approaches, even from the same reference assembly (e.g.,

RefSeq versus GENCODE51). The impact of such annota-

tion differences in pathogenic variant interpretation war-

rants further investigations.

Sixty-four percent of genes enriched for discordant vari-

ants between the two reference assemblies were due to

multi-mapped reads. Taking CBS as an example, the intro-

duction of additional reference sequences in GRCh38 for

CBSL which contains high percent identity with CBS re-

sulted in multi-mapped reads when aligned against

GRCh38 but not GRCh37 (Figures S4 and S7). Pathogenic

mutations in CBS result in a known, autosomal-recessive

Mendelian disease. Although all the participants who car-

ried pathogenic or likely pathogenic variants in CBS in

our cohort were heterozygous for the variants, this discrep-

ancy at the CBS locus does impact the evaluation of carrier

status for pathogenic variants. This finding that the major-

ity of discordant variant calls due to referencedifference can

be attributed to multi-mapped reads even in GRCh38 was

corroborated by a study reanalyzing nearly 50,000 exomes

from the UK Biobank,20 which shows that zero-variation

is erroneously noted on GRCh38 in 641 genes including

MYH11 (MIM: 160745), one of the 59 genes in which inci-

dental variants should be reported according to the

ACMG.48 Further, a statistically significant overlap of 28

of these 641 genes from the UK biobank study were found

to be enriched for discordant variants in our study (p <

1 3 10�7, permutation test), and 23 of the 28 genes

(82.1%) were specifically enriched for discordant variants

on the GRCh38 reference (Table S4).
The American Journal of Human Ge
Also in the UK biobank study, the

authors found that by including alter-

native contigs during alignment us-

ing BWA-MEM (alternative contigs-

aware by default given an .alt index

file) will significantly improve variant

calling in 95% of genes that had alter-

nate haplotypes potentially account-

ing for the multi-mapped reads.

Further, in our study we also found

that by including the alternative con-

tig index during variant calling, only
6% of genes enriched for discordant variants were due to

multi-mapped reads aligned to an alternative contig.

Therefore, we recommend the inclusion of the alternative

contig index to improve variant calling results.

Although our ES data do not represent the entire human

genome, we hypothesize that the alignment of whole-

genome data from short read sequencing would be equally

impacted by reference assembly changes and thus influ-

ence detection of structural and non-coding variants as

well. As the discordant variants were enriched in regions

with segmental duplications, future evaluation should

focus on whether third-generation sequencing techniques,

such as long-read sequencing, can mitigate the issues

found in genomic regions enriched for discrepant variant

calls between GRCh37 and GRCh38.52 Additionally, given

the short-read nature of exome sequencing, certain

genomic regions with high homology to other genomic

regions will be prone to accruing multi-mapped reads

regardless of the reference genome assembly, and therefore

long-read-based whole-genome sequencing could be able

to resolve discordant variants in regions enriched for

multi-mapped reads since the length of long reads typi-

cally allows them to map uniquely to the genome.53

Also, given the foreseeable availability of telomere-to-telo-

mere assemblies of the whole genome,54 this study can

serve as a future framework for describing how discrep-

ancies between different references affect downstream

variant identification.

We also observed that the African American population

had a relatively lower rate of discordant variants compared

to other genetic ancestry groups (Figure S8). Specifically, an

average of 2.37% of variants were discordantly detected in

the African American population, compared to 2.65%

within samples of European descent (p ¼ 1.26 3 10�153).

The African population is the most genetically diverse

population yet is the least represented population in

the current human genome reference,30 which could

minimize the observed impact upon reference change. A

recent report suggests that using a pan-genome reference

assembled from 910 subjects of African descent55 and a
netics 108, 1239–1250, July 1, 2021 1247



Figure 6. Proportion of variants from concordant and discordant variant sets with different minor allele frequencies (MAFs)
Results for SNVs (A) and for indels (B).
graph-based genome alignment strategy can improve

variant calling from the African population.56

In summary, our data show that the intrinsic differences

between the GRCh37 and GRCh38 references significantly

impact variant calling for certain genomic regions

including 206 genes (57 paralogous genes, 28 pseudo-

genes, 8 genes implicated in Mendelian diseases on

OMIM, no ACMG genes). Only 3 known P/LP variants

and 15 rare, putatively deleterious variants were discor-

dantly called due to reference differences. Fifteenmore var-

iants had altered pathogenicity when lifted-over and anno-

tated on the other assembly. On average in each exome,

1,422 SNVs and 267 indels were discordantly called repre-

senting <3% of variant calls per exome. Discordant vari-

ants clustered in DISCREP genomic regions, the majority

of which included genomic intervals that were already

known to be explicitly affected by segmental duplications,

assembly issues, or alternate haplotypes. We recommend

that for variant interpretation related to Mendelian disease

molecular diagnosis or analysis of complex disease in

the 206 genes enriched for discordant variants, or in a

DISCREP, reference assembly differences should be ac-

counted in the analysis, especially for researchers and clini-

cians who are lifting over variant coordinates from one

reference to the other or using annotation resources gener-

ated from a different reference.
Data and code availability

The exome sequencing data used in this study are available at the

database ofGenotypes and Phenotypes (dbGaP: phs000711.v7.p2).

The code generated in this study is available at https://github.com/

hurleyLi/discreps. Additionally, we have made public sessions on

the UCSC genome browser containing tracks of the DISCREP re-

gions: https://genome.ucsc.edu/s/mdawood/DISCREPS_GRCh37;

https://genome.ucsc.edu/s/mdawood/DISCREPS_GRCh38.
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Supplemental information can be found online at https://doi.org/

10.1016/j.ajhg.2021.05.011.
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