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Abstract
Introduction: Previous studies have demonstrated effects of
rare coding variants on common, clinically relevant pheno-
types although the additive burden of these variants makes
only a small contribution to overall trait variance. Although
recessive effects of individual homozygous variants have been
studied, little work has been done to elucidate the impact of
rare coding variants occurring together as compound het-
erozygotes. Methods: In this study, attempts were made to
identify pairs of variants likely to be occurring as compound
heterozygotes using 200,000 exome-sequenced subjects from
the UK Biobank. Pairs of variants, which were seen together in
the same subject more often than would be expected by
chance, were excluded as it was assumed that these might be
present in the same haplotype. Attention was restricted to
variants with minor allele frequency ≤0.05 and to those pre-
dicted to alter amino acid sequence or prevent normal gene
expression. For each gene, compound heterozygotes were
assigned scores based on the rarity and predicted functional
consequences of the constituent variants and the scores were
used in a logistic regression analysis to test for association with
hypertension, hyperlipidaemia, and type 2 diabetes. Results:
No statistically significant associations were observed and the
results conformed to the distribution, which would be ex-
pected under the null hypothesis. The average number of

apparently compound heterozygous subjects for each gene
was only 282.2. Conclusion: It seems difficult to detect an effect
of compound heterozygotes on the risk of these phenotypes.
Even if recessive effects from compound heterozygotes do
occur, they would only affect a small number of people and
overall would not make a substantial contribution to pheno-
typic variance. This research has been conducted using the UK
Biobank Resource. © 2024 The Author(s).

Published by S. Karger AG, Basel

Introduction

With the availability of results from large-scale exome-
sequencing projects, it has become possible to gain in-
sights into the contribution of rare coding variants to
human phenotypes [1, 2]. By treating this contribution
simply as an additive burden of variants, it explains on
average only 1.3% of the variance of 22 common traits
and diseases [2]. If we consider the situation in more
detail, we can note that there are some gene-phenotype
pairs where protein-truncating variants (PTVs, consisting
of stop gained, frameshift, and essential splice site vari-
ants) are very rare but have large effect sizes while some
categories of nonsynonymous variant are less rare and
have more modest effects on risk [3–6]. To take one
concrete example, in 200,000 exome-sequenced UK Bi-
obank subjects, fewer than 0.1% of subjects with hy-
perlipidaemia were observed to carry a PTV in LDLR and
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these variants were estimated to confer increased risk
with OR >20 whereas over 1% carried a nonsynonymous
variant annotated as deleterious by SIFT and for these
variants the OR was estimated to be 1.7 [4]. If variants
within a particular category, such as nonsynonymous,
have differential effects on risk, then classing them all
together and characterising their average effect size will
tend to underestimate proportion of the phenotypic
variance, which they explain. Given that in silico anno-
tation methods cannot consistently predict variant ef-
fects, it is not possible to accurately characterise the effect
sizes of the individual variants within a category [7]. This
means that the actual contribution to trait liability made
by rare coding variants might be considerably larger than
the estimate of 1.3%, which is obtained if they are all
lumped together and considered to have an additive
burden.

A complementary scenario whereby coding variants
might influence phenotypes, which would not be captured
by simply assessing rare variant burden, would be through
variants, which acted recessively. If a class of variant in a
gene had a negligible effect when only present in one copy of
the gene but a substantial effect if in both copies, then there
would only be a weak association between the phenotype
and the variant burden. Such variants might even be not
especially rare. If we consider the example of cystic fibrosis,
until recently a lethal condition, we can note that the carrier
rate in Europeans of around 1 in 30 implies a cumulative
risk allele frequency of greater than 0.01. It seems plausible
that variants having recessive effects producing less severe
phenotypesmight cumulatively be evenmore common.We
have argued elsewhere that intuitively onemight expect that
unrecognised recessive effects could be important risk
factors for disease [8].When considering rare variant effects
in isolation, PTVs are generally expected to have large effect
sizes and in general this is supported empirically, although
there are also examples of particular non-synonymous
variants having large effects. However, although this is
clearly an over-simplification, the expectation of the effect of
a PTV in biological terms is that it produces hap-
loinsufficiency of the gene – that one copy does not function
but the other remains intact and that the overall product
yield might be halved. By contrast, it does not seem hard to
imagine that non-synonymous variants affecting both
copies of the gene could have an effect as large as, or even
greater than, a single PTV affecting only one copy.

In analyses of individual variants in exome-sequenced
participants in UK Biobank, it was possible to detect
significant recessively acting variant-trait associations for
1,088 binary traits and 10,770 quantitative traits, of
which 21% and 12%, respectively, were not detectable

using a dominant model [1]. That is, for these variants
there was significant association of the trait with the
homozygous genotype. However, one might expect that
in an outbred population the frequency of homozygotes
for a single variant would be low relative to the number of
compound heterozygotes formed by combinations of two
variants present in trans and indeed it has been shown
that compound heterozygotes can be important causes of
disease [9]. However, detecting compound heterozygotes
is by no means straightforward. In the same study as the
one showing associations with single variant homozy-
gotes, a gene-wise recessive model was defined as one in
which two qualifying variants were observed in the same
gene in the same subject, without any indication as to
whether they occurred in cis or trans [1]. No significant
gene-wise recessive associations were reported. Although
it may seem superficially reasonable to assume that when
two rare variants are observed in the same subject, then
they are likely to be on different chromosomes; in fact,
this cannot be relied upon. Earlier attempts to detect
recessive effects on schizophrenia risk foundered when it
became apparent that rare variants occurred together in
the same haplotype surprisingly frequently and that,
without information about phase, simple approaches to
treating pairs of rare variants observed in the same
subject as compound heterozygotes were unlikely to be
successful [8].

The analyses reported here set out to investigate whether
recessive effects on common, clinically relevant phenotypes
could be detected by observing increased risk in subjects
who are apparently compound heterozygotes for qualifying
variants. The hope was that there might be a relatively large
number of such subjects and that compound heterozygotes
of coding variants might make a substantial contribution to
risk of developing common phenotypes.

One approach to determining whether variants within a
gene occur together in cis or trans is to first carry out
phasing to estimate the underlying haplotypes forming the
observed genotypes. Phasing algorithms can be computa-
tionally intensive and earlier software, developed primarily
for phasing common SNPs, proved inaccurate for phasing
rare variants within a gene although newer methods offer
improved performance [8, 10]. However, for the present
purpose of identifying probably compound heterozygotes a
simpler procedure may be adequate if we restrict attention
to variants with relatively low MAF and if we assume that,
because variants are within the same gene, it will be rare for
recombination to occur between them. In this situation,
denoting a pair of variants as Aa and Bb, if within the
population there are no haplotypes bearing both minor
alleles a and b then we will expect to sometimes observe
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joint genotypes AABb and AaBB but only rarely the
compound heterozygote AaBb. On the other hand, if the b
allele was formed on a chromosome bearing the a allele then
wewill rarely see the b allele in the absence of the a allele and
we expect to see joint genotypes AaBB and AaBb, or for the
reverse scenario we expect so see AABb and AaBb. To
operationalise this, we can say that if there is a haplotype
within the population bearing both the a and b allele then
we will expect to see the AaBb joint genotype much more
frequently than would be predicted if the a and be allele
were segregating independently. We can also note that if
any individual is homozygous for one minor allele and
heterozygous for the other then both alleles must be present
together in one haplotype. This simple approach can be
used to identify pairs of alleles, which sometimes occur
together in cis, and such pairs can be discounted when
attempting to identify subjects who are likely compound
heterozygotes.

This process was used to identify participants in the
UK Biobank whowere probable compound heterozygotes
for coding variants within a gene and then scores were
assigned to these compound heterozygotes based on the
constituent variants. Weighted burden analysis was ap-
plied to these scores to assess whether compound het-
erozygote status for a gene was associated with risk for a
number of clinically relevant phenotypes.

Methods

Exome variants were identified and annotated as previously de-
scribed [11]. The UK Biobank dataset was downloaded along with the
variant call files for 200,632 subjects who had undergone exome
sequencing and genotyping by the UK Biobank Exome Sequencing
Consortium using the GRCh38 assembly with coverage 20X at 95.6%
of sites on average [12]. UK Biobank had obtained ethics approval
from theNorthWestMulti-centre Research Ethics Committee, which
covers the UK (approval number: 11/NW/0382), and had obtained
written informed consent from all participants. The UK Biobank
approved an application for use of the data (ID 51119) and ethics
approval for the analyses was obtained from the UCL Research Ethics
Committee (11527/001). All variants were annotated using the
standard software packages VEP, PolyPhen, and SIFT [13–15]. To
obtain population principal components reflecting ancestry, version
2.0 of PLINK (https://www.cog-genomics.org/plink/2.0/) was run
with the options --maf 0.1 --pca 20 approx [16, 17].

As described previously, the SCOREASSOC program was used
to assign a score to each variant in each gene, such that variants,
which were rarer and/or predicted to have more severe functional
effects, were given higher scores [11]. Attention was restricted to
variants with minor allele frequency (MAF) ≤0.05. A rarity score
for each variant was assigned as a parabolic function of MAF, such
that variants with MAF approaching 0 have a score of 10 while
variants with MAF of 0.05 have a score of 1. Variants were also
scored according to their functional annotation using the GEN-

EVARASSOC program, which was used to generate input files for
the analysis by SCOREASSOC [18, 19]. Attention was restricted to
protein-altering variants, likely to either alter the amino acid
sequence of a protein or prevent normal gene expression. Variants
predicted to cause complete loss of function were given a score of
100 while nonsynonymous, in-frame indels and start or stop loss
variants were given a score of 10. For nonsynonymous variants, 20
was added to the score if they were annotated as deleterious by
SIFT, 5 if they were annotated as possibly damaging by PolyPhen,
and 10 if they annotated as probably damaging by PolyPhen. Other
variants were ignored. The overall score for each variant consisted
of the product of the rarity score and the functional score, meaning
that the score could range from 1,000 for a very rare loss of
function variant down to 10 for a common nonsynonymous
variant with no additional annotations.

Variants were excluded if there were more than 10% of genotypes
missing or if the heterozygote count was smaller than both homo-
zygote counts. If a subject was not genotyped for a variant, then they
were assumed to be homozygous for the reference allele. For variants
on the X chromosome, only female subjects were considered.

The method used aimed to focus only on compound hetero-
zygotes and to ignore homozygotes. There were a number of
reasons for this. One is that a homozygous call might be a re-
flection of increased autozygosity for a subject across their genome
rather than any specific effect of the variant or gene under con-
sideration. Another is that a homozygous call might be more likely
to be the result of a genotyping error than a heterozygote call. A
third is the expectation that, in an outbred population, if a number
of different variants could in combination have a recessive effect
then one might expect that the number of homozygotes would be
low relative to the number of compound heterozygotes.

For each gene in turn, the next step was to identify subjects who
carried two different valid variants in whom the variants seemed likely
to occur as a compound heterozygote, i.e., were not both present on
the same chromosome. In order to do this, it was first necessary to
exclude pairs of variants, which were seen to occur together more
often than would be expected by chance. Since enumerating counts
for all pairs is O(n2), the list of potentially valid variants was first
restricted to a maximum of 200 variants for each gene. If there were
initially more than 200 potentially valid variants, then the aim would
be to restrict attention to those which would be most likely to provide
information and these would be variants which occurred more fre-
quently and those which had higher scores. In order to achieve this,
variants were ranked in order of “importance,”which was taken to be
for each variant the product of its score with its frequency, and then
any variants with a rank lower than 200 were discarded.

Out of all possible pairs of valid variants, a pair was considered
to be invalid if any subject was observed who carried one variant
and was homozygous for the other since this would indicate that
both variants at least sometimes occurred in the same haplotype.
Additionally, a pair was considered invalid if both were observed
together in the same subject in at least half as many subjects as
carried one member of the pair, again because this would suggest
that they sometimes occurred in the same haplotype.

Once a list of valid pairs of variants was obtained, any subject
carrying both variants of a valid pair, presumed to be a compound
heterozygote, was allocated a score consisting of the sum of the
scores of each variant. If a subject carried more than one valid pair,
then the highest scoring pair was used. Thus, each subject was
assigned a score indicating whether they appeared to carry different
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variants in both copies of the gene in question and if so reflecting the
rarity and predicted functional impacts of the two variants.

This procedure was coded and implemented in a modified form
of the SCOREASSOC program [11]. Three different common and
clinically relevant phenotypes were used, consisting of hyper-
tension, hyperlipidaemia, and type 2 diabetes. Using the same
processes as previously described, for each phenotype cases were
defined using a combination of recorded diagnosis and prescribed
medication, with the other subjects used as controls [3–5].

For each gene and each phenotype, multiple logistic regression
analysis was carried out with caseness as the dependent variable and
including the first 20 population principal components and sex as
covariates. A likelihood ratio test was performed comparing the like-
lihoods of the models, which did and did not additionally include the
compound heterozygote score as a predictor of caseness. Under the null
hypothesis, the distribution of the natural log of this likelihood ratio
should follow a χ2 distribution with 1 degree of freedom. For con-
venience, the statistical significance is expressed as a signed log p value
(SLP), which is the log base 10 of the p value given a positive sign if the
score is positively correlatedwith caseness. Thismeans strongly positive
or negative values for the SLP indicate results, which are statistically
significant, while the sign indicates whether impaired functioning of the
gene is positively or negatively associated with caseness.

Although the primary analyses utilised the compound het-
erozygote score as described above as the predictive variable, two
subsidiary analyses were also performed. For the first of these, the
rank of the score across subjects was used instead of the absolute
value and for the second of these a simple indicator variable for
having a non-zero score or not (being a compound heterozygote or
not) was used. Although all genes were analysed, the primary
analyses were restricted to genes in which at least 20 subjects were
classified as compound heterozygotes.

Data manipulation and statistical analyses were performed
using GENEVARASSOC, SCOREASSOC, and R [20]. Software
and scripts used to carry out the analyses are available at https://
github.com/davenomiddlenamecurtis.

Results

200,627 subjects were analysed, of whom 66,123 were
classified as cases with hypertension, 44,054 cases with
hyperlipidaemia, and 13,938 as cases with type 2 diabetes.
19,763 genes were analysed, of which 15,665 had at least
one subject qualifying as a compound heterozygote. Of
these, the mean number of variants per gene was 296.4
(SD = 303.3) with a mean total minor allele count for
these variants of 12,401.2 (SD = 20,829.7). The mean
number of subjects qualifying as compound heterozy-
gotes per gene was 282.2 (SD = 1,351.5) and 9,677 genes
had 20 subjects or more qualifying as compound het-
erozygotes. These were the genes, which were used for the
primary analyses. Given that three phenotypes were
analysed, the critical threshold for the absolute value of
the SLP to declare a result as formally statistically sig-
nificant is −log10(0.05/[3*9,677]) = 5.76.

Logistic regression analysis for the three phenotypes
using the compound heterozygote scores was carried
out as described above for each gene with 20 or more
compound heterozygotes. The gene-wise results for
each phenotype conformed closely to the distribution
under the null hypothesis. This is illustrated by the QQ
plots of the SLPs, which are displayed in Figure 1. None
of the results are statistically significant after correction
for multiple testing and only 3 results are significant at
p < 10−4, these being XRCC4 (SLP = 4.95) and DGCR6L
(SLP = 4.66) for type 2 diabetes and CASP4
(SLP = −4.04) for hyperlipidaemia. The detailed results
for these genes are shown in Table 1. None of these
genes seem to be obvious candidates to affect the as-
sociated trait from a biological point of view. Exami-
nation of all the results obtained using rank scores or
simply dichotomised as being a compound heterozy-
gote or not showed that these results also complied
closely with the null hypothesis expectations. Likewise,
the analysis of genes with fewer than 20 compound
heterozygotes did not produce any results with higher
levels of significance. The full results for all genes using
the raw scores, the rank scores, or dichotomised status
as compound heterozygote are provided in online
supplementary Table 1 (for all online suppl. material,
see https://doi.org/10.1159/000537771).

Discussion

Overall, the results seem entirely negative, with no
suggestion that the method detects genes in which
recessive effects of coding variants have important
effects on risk of the phenotypes studied. These results
stand in marked contrast to those obtained from
weighted burden analysis assuming additive effects of
variants impacting single copies of each gene, with
exome-wide significant results being obtained for all
three of these phenotypes using the same dataset [3–5].
Of course, it remains plausible that recessively acting
variants in compound heterozygotes do sometimes
have effects on risk of these phenotypes and the ap-
proach used, applied to unphased data, is not expected
to infallibly detect every compound heterozygote.
Likewise, methods used to characterise the likely
functional effect of variants are not completely accurate
[7]. Thus, it is possible that slightly different results
would have been obtained if different scoring methods
and/or predictors of impact of nonsynonymous vari-
ants had been used. However, the fact that neither the
rank scores nor dichotomised carrier status produced
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any signal would seem to suggest that it is unlikely that
different scoring methods would have a very major
effect. Overall, it seems clear that recessively acting
coding variants do not represent “low hanging fruit” in

terms of the potential for the discovery of novel
associations.

Although the sample size might seem large and for
each gene the minor allele counts of protein-altering

Fig. 1. QQ plots obtained from logistic regression analysis of compound heterozygote score showing observed
against expected SLP for each gene. a Results for hypertension. b Results for hyperlipidaemia. c Results for type 2
diabetes.
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variants with MAF ≤0.05 tends to run into thousands, in
fact the number of subjects apparently carrying two such
variants on different copies of the same gene averages
only a few hundred. This is broadly in line with the
expectation given the overall frequency of qualifying
variants. With an average about 12,000 qualifying var-
iants in a gene observed in about 200,000 participants,
we can say that the probability for one copy of the gene
to carry a variant is about 0.03 and for both copies to
carry a variant, assuming independence, the probability
would be 0.009. This means one would expect only about
one in a thousand subjects to have variants in both
copies of the gene. Andmany of these variants, especially
those seen most commonly, might have little or no effect
on gene function. This expected rarity of compound
heterozygotes has two implications. One is that com-
pound heterozygotes may have effects on risk but that
the sample is underpowered to detect them. The other is
that even if such effects do occur then, for common
phenotypes, they could only be relevant to a small
fraction of cases. These results suggest that recessively
acting effects of coding variants do not make a sub-
stantial contribution overall to the variance of the lia-
bility to these phenotypes.
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Table 1. Detailed results for three genes significant at p < 10−4, showing SLPs obtained using score or dichotomised compound
heterozygote status along with odds ratio associated with compound heterozygote status

Gene
symbol

Gene name Phenotype Number of
compound
heterozygotes

SLP for
score

SLP for compound
heterozygote status

OR (95% CI) for
compound
heterozygote status

XRCC4 X-ray repair cross-
complementing 4

Type 2 diabetes 275 4.95 2.80 1.9 (1.3–2.7)

DGCR6L DiGeorge syndrome
critical region gene 6
like

Type 2 diabetes 21 4.66 3.51 7.1 (2.8–18.3)

CASP4 Caspase 4 Hyperlipidaemia 116 −4.04 −2.79 0.44 (0.24–0.78)
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