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Sequence variants in the parental genomes that are not transmitted to a child (the
proband) are often ignored in genetic studies. Here we show that nontransmitted alleles
can affect a child through their impacts on the parents and other relatives, a phenomenon
we call “genetic nurture.” Using results from a meta-analysis of educational attainment,
we find that the polygenic score computed for the nontransmitted alleles of 21,637 probands
with at least one parent genotyped has an estimated effect on the educational attainment
of the proband that is 29.9% (P = 1.6 × 10−14) of that of the transmitted polygenic score.
Genetic nurturing effects of this polygenic score extend to other traits. Paternal and maternal
polygenic scores have similar effects on educational attainment, but mothers contribute
more than fathers to nutrition- and heath-related traits.

H
ow the human genome (nature) and the
environment (nurture) work together to
shape members of our species is a funda-
mental question, and any insights into
this topicwould be an importantmilestone.

One challenge encountered by thosewho aspire to
shed light on this matter is the lack of indepen-
dence between the genome and the environment;
thus, models that fail to account for this limitation
are incomplete. Here we demonstrate how the
genomes of close relatives—parents and siblings—
can affect the proband through their contribu-
tions to the environment.
In animal studies, it is well established that

alleles in a parent that are not transmitted to the
offspring can nonetheless influence the offspring’s
phenotypes (1, 2). Most examples involve effects
manifested at the fetal stage, at which only the
nontransmitted maternal alleles are relevant. In
humans, the nontransmittedmaternal alleles have
been used to examine the potential causal rela-
tionships between the state of the mother during
pregnancy and the outcomes of the child (3, 4).
Here, for humans, we consider an alternative
causal path where both paternal and maternal
nontransmitted alleles can have effects that are

mostly manifested after birth. A sequence variant
that affects the phenotype of an individual is also
likely to affect the parent from whom it was
inherited (Fig. 1A). For some phenotypes, the
state of a parent can influence the state of its
child. This gives rise to a situation in which a
child’s phenotype is influenced not only by the
transmitted paternal and maternal alleles (TP
and TM) (Fig. 1A) but also by the alleles that were
not transmitted (NTP and NTM). A good example

is educational attainment (EA) (5, 6): The EA of
parents provides an environmental effect for chil-
dren, but one that has a genetic component (7, 8).
We call this phenomenon “genetic nurture.” The
transmitted and nontransmitted alleles (Fig. 1A)
both exert effects on the parents, and thus both
induce genetic nurturing effects. The effect of the
transmitted allele includes both its direct effect
on the proband and its effectmanifested through
nurturing from blood relatives. Because the
amount of trait variance explained is proportional
to the square of effect size, genetic nurture could
have a larger impact on variance explained through
the transmitted alleles (by magnifying the direct
effect) than the nontransmitted alleles. However,
data on the nontransmitted alleles are needed to
separate the genetic nurturing effects from the
direct effects of the transmitted alleles. Specifi-
cally, q̂T (transmitted) and q̂NT (nontransmitted)
denote the respective estimated effects of the al-
leles when the paternal and maternal alleles are
grouped together. Denoting the direct effect as d,
we propose to estimate it by d̂ ¼ ðq̂T # q̂NTÞ. By
calculating thedifference, genetic nurturing effects
andother potential confounding effects inducedby
population structure and assortative mating (9, 10)
(see below) are cancelled out. Even though the
implementations are different, this approach is
related to the transmission-disequilibrium test
(TDT) (11, 12), as both use nontransmitted alleles
as controls (13). However, the potential effects of
the nontransmitted alleles are ignored in the TDT.
Mathematically, genetic nurture is a form of as-
sociative (or indirect) genetic effect, as defined by
the animal-breeding literature (2). Genetic nur-
ture is not limited to effects manifested through
the phenotypes of the parents, as additional
contributions (albeit probably substantially smaller
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Fig. 1. Direct genetic effect and genetic nurturing effect. (A) Alleles at an autosomal site carried
by a parents-offspring trio are labeled with respect to the offspring (proband). TP and TM denote,
respectively, the alleles transmitted from the father and the mother to the proband, and NTP and
NTM denote the paternal and maternal alleles that are not transmitted. The transmitted alleles can
influence the phenotype of the offspring, XO, through a direct path. The alleles of the parents, both
transmitted and nontransmitted, can influence the parents’ phenotypes, YP and YM, and through
them may have a nurturing effect on XO. This pathway combines a genetic effect (TP, NTP, TM, and
NTM) on YP and YM with a nurturing effect (YP and YM) on XO. Note that although XO is often an
individual trait of interest, Y would include a much broader set of phenotypes and is not completely
known. (B) Red diamonds denote phenotypes of relatives; the blue diamond denotes the phenotype
of the proband. Using the maternally transmitted allele as an example (denoted by T), we highlight that,
in addition to the parents, the genetic nurturing effect can be manifested through the phenotypes of
older ancestors and nonancestors such as siblings.
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individual trait of interest, Y would include a much broader set of phenotypes and is not completely
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Fig. 1. Direct genetic effect and genetic nurturing effect. (A) Alleles at an autosomal site carried
by a parents-offspring trio are labeled with respect to the offspring (proband). TP and TM denote,
respectively, the alleles transmitted from the father and the mother to the proband, and NTP and
NTM denote the paternal and maternal alleles that are not transmitted. The transmitted alleles can
influence the phenotype of the offspring, XO, through a direct path. The alleles of the parents, both
transmitted and nontransmitted, can influence the parents’ phenotypes, YP and YM, and through
them may have a nurturing effect on XO. This pathway combines a genetic effect (TP, NTP, TM, and
NTM) on YP and YM with a nurturing effect (YP and YM) on XO. Note that although XO is often an
individual trait of interest, Y would include a much broader set of phenotypes and is not completely
known. (B) Red diamonds denote phenotypes of relatives; the blue diamond denotes the phenotype
of the proband. Using the maternally transmitted allele as an example (denoted by T), we highlight that,
in addition to the parents, the genetic nurturing effect can be manifested through the phenotypes of
older ancestors and nonancestors such as siblings.
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Heritability is the fraction of trait variation due to direct genetic effects



Phenotypic variance decomposition
Y = µ+ �g + ⌘gpar + ✏,

Var(Y ) = �2Var(g) + ⌘2Var(gpar) + 2�⌘Cov(g, gpar) + Var(✏)

Variance decomposition: 

Var(Y ) = vg + vg⇠e + cg,e +Var(✏)
vg
ve⇠g

cg,e

Genetic variance (heritability when normalized by phenotypic variance)

Variance of component of environmental component that is correlated 
with parental genotype

Covariance between genetic and environmental influences on trait

Var(✏) Variance of the environmental component uncorrelated with g, gpar



Genotypic covariance between 
individuals

Cov(gi, gj) = ?
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Genotypic covariance between 
individuals

Cov(gi, gj) = ?

Assume that                          when both inherited from recent 
common ancestor (identical-by-descent, IBD) 

gi = gj

Assume that                          when not identical by descentgi?gj

Cov(gi, gj) = 2f(1� f)Ri,j

Relatedness between pair



Relatedness coefficient

Rij = 2Ki,j =
1

2
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i,j +Kpm
i,j +Kmp

i,j +Kmm
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Covariance decomposition into inherited 
and non-inherited components

Cov ! = #$R + #'~$Rpar + ,$,'Ro,par + /0Cov 1
Var(Y )

Var(ε)#$ #'~$ ,$,'

mother father

offspring

mother father

offspringR
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Covariance decomposition into inherited 
and non-inherited components

Cov ! = #$R + #'~$Rpar + ,$,'Ro,par + /0Cov 1
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Origins of heritability estimation
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Source: mathematics genealogy project



Heritability Estimation 
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Heritability Estimation 
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Heritability Estimation 
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Heritability Estimation 

0.25

0.50

0.75

0.00 0.25 0.50 0.75 1.00
relatedness

IQ
 c

or
re

la
tio

n

0.00

1.00

cousins

half-
siblings

DZ
twins

MZ
twins

Data from: Familial studies of intelligence: a review. 
TJ Bouchard JR and M McGue, Science, 1981.

Twin
GREML
(Yang et al. 
2010)
Kinship
(Zaitlen et al. 
2013,
Hill et al. 2018)

Sib-Regression
(Visscher et al. 
2006)



Phenotypic covariance matrix

Cov(Y) =vgR+ ve⇠gRpar + cg,eRo,par +Cov(✏)

Phenotypic covariance model

Cov(Y) =vgR+ ve⇠gRpar + cg,eRo,par + �2
✏ I

Theorem:
Fitting the above covariance model gives a consistent estimator of the 

heritability 

v̂g ! vg ĥ2 =
v̂g
S2
Y

! h2
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Heritability is a measure of the proportion of trait variation 
due to genetic inheritance within a population. Estimation 
of the relative importance of genetic inheritance (nature) ver-

sus environment (including nurture) has generated much contro-
versy1. Historically, most estimates of heritability for human traits 
have come from twin studies2,3. Some more recent methods estimate 
heritability by modeling the effects of genome-wide SNPs4. We refer 
to these methods as GREML-SNP methods, which reference infer-
ence on genomic relatedness, estimated from SNPs, with restricted 
maximum likelihood (REML). To decrease the influence of nonad-
ditive genetic effects and environmental effects, samples are pruned 
so that no pair is related above a low threshold4.

Instead of modeling the effects of SNPs, heritability can be esti-
mated by examining how phenotypic similarity changes with relat-
edness. Relatedness is measured as the fraction of the genome that 
a pair shares in segments inherited from a common ancestor, called 
identical-by-descent (IBD) segments. (We note that what we call 
relatedness herein has sometimes been termed ‘realized related-
ness’ to distinguish it from expected relatedness given a pedigree.5) 
Sharing of an IBD segment implies sharing of all genetic variants 
in that segment, except for mutations that occurred since the last 
common ancestor of the segment, thus further implying that IBD-
based methods can capture nearly all of the heritability of a trait. 
In contrast, GREML-SNP methods can capture only the fraction of 
the heritability explained by genotyped SNPs4. Another advantage 
of IBD-based methods over GREML-SNP methods is that they do 
not make assumptions about the distribution of SNP effect sizes. 
Violation of these assumptions has been shown to introduce bias to 
GREML-SNP estimates of heritability4,6.

An IBD-based method, which we call the ‘Kinship’ method, 
examines how phenotypic similarity increases with relatedness 
for all pairs from a population sample7. When close relatives have 
more similar environments than distant relatives, the Kinship 
method overestimates heritability because it is unable to distinguish 
between similarity due to genetic effects and environmental effects. 

To decrease environmental bias, modeling of environmental effects 
shared between close relatives has been suggested8,9. However, envi-
ronmental similarity may increase with relatedness across much of 
the relatedness spectrum: siblings may have more similar environ-
ments than cousins, and so on, down to distant relatives. In that case, 
modeling environmental covariance between close relatives alone 
would not remove environmental bias from the Kinship method. 
Although an extension to the Kinship method has been developed 
that models spatially distributed environmental effects10, most envi-
ronmental effects do not follow a simple spatial distribution.

A different IBD-based method, which we call ‘Sib-Regression’, 
restricts the analysis to sibling pairs5. There are two copies of each 
piece of DNA in each parent. Whether a sibling inherits one or 
the other copy of a piece of DNA from a parent resembles the out-
come of a fair coin toss. The coin toss represents the outcome of 
random Mendelian segregation of DNA in the parent during meio-
sis. Whether both siblings inherit the same copy of a piece of DNA 
resembles whether two independent tosses of a fair coin will both 
have the same outcome. Therefore, the siblings inherit the same 
copy of DNA from a parent half the time on average. Most of the 
variation around the average relatedness is due to random segrega-
tions in the parents of the siblings. The random segregations are 
independent of almost all environmental effects. Sib-Regression 
therefore avoids most sources of environmental bias. However, Sib-
Regression requires hundreds of thousands of genotyped sibling 
pairs to obtain precise heritability estimates, whereas existing appli-
cations have used ~20,000 sibling pairs or fewer5,11.

Here, we introduce RDR, a novel method for estimating herita-
bility. RDR examines how much more or less related a pair is than 
would be expected from the relatedness of the parents. We call this 
deviation relatedness disequilibrium. Relatedness disequilibrium is 
due to random Mendelian segregations in the parents during meio-
sis and consequently is independent of almost all environmental 
effects. Unlike Sib-Regression, RDR can use any pair of individuals, 
provided that there is genetic information on the parents of the pair. 

Relatedness disequilibrium regression estimates 
heritability without environmental bias
Alexander I. Young! !1,2,3*, Michael L. Frigge! !1, Daniel F. Gudbjartsson! !1,4, Gudmar Thorleifsson1, 
Gyda Bjornsdottir1, Patrick Sulem! !1, Gisli Masson1, Unnur Thorsteinsdottir1,5, Kari Stefansson1,5  
and Augustine Kong! !1,3,4*

Heritability measures the proportion of trait variation that is due to genetic inheritance. Measurement of heritability is impor-
tant in the nature-versus-nurture debate. However, existing estimates of heritability may be biased by environmental effects. 
Here, we introduce relatedness disequilibrium regression (RDR), a novel method for estimating heritability. RDR avoids most 
sources of environmental bias by exploiting variation in relatedness due to random Mendelian segregation. We used a sample 
of 54,888 Icelanders who had both parents genotyped to estimate the heritability of 14 traits, including height (55.4%, s.e. 
4.4%) and educational attainment (17.0%, s.e. 9.4%). Our results suggest that some other estimates of heritability may be 
inflated by environmental effects.
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Comparison to Kinship (F.E.) Estimator

Mean Kin F.E.-RDR = 
12.1%. 

Significant 
differences for: EA, 

height, BMI, AAFCW

Relatedness disequilibrium regression (RDR)



Mean Twin-RDR: 
33%.  

Twin estimate higher 
(p<0.05) for all traits.

Swedish 
Twin Studies

Comparison to Swedish Twin Studies

Relatedness disequilibrium regression (RDR) [Iceland]



Comparison of Sib-Regression to Swedish Twins



GREML

Yi =
LX

l=1

�lxil + ei

Phenotype is sum of additive effects of 
genetic variants and noise

Genotypes are normalized 
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GREML
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SNP vs. IBD relatedness
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GREML Simulations

• Pop.	of	unrelated	individuals	from	UK	Biobank
• Heritability 20%
• Parental genetic nurturing effect 1/3rd of direct effect

Total variance explained by direct and nurturing effects of transmitted 
alleles: (1 + 1/3) >∗ 20% ≈ DE. EF%

GREML in GCTA estimates heritability to be: 
35.15% (0.16% S.E.) ≈ GH + GI~H/2 + KH,I

RDR-SNP estimate 19.70% (S.E. 0.30%) ≈ GH



Overestimation of heritability from unrelateds

!RELT−SNP
"

!RDR−SNP" = 1.69, p<0.027

Consistent with parental 
genetic nurturing 30% of 
direct

Consistent with Kong et al., 
Science 2018, and EA3 (Lee 
et al. Nature Genetics 2018)

Educational attainment

Height
!RELT−SNP
"

!RDR−SNP" = 1.24, p<0.015

AFCW
!RELT−SNP
"

!RDR−SNP" = 1.72, p<7.6x10-3



Genomic prediction beyond heritability

Maximum possible prediction accuracy without G-E correlation: 
!"

Var(') = ℎ+

Maximum possible prediction accuracy with G-E correlation: 

!",!-~"/+,0",-
Var(') > ℎ+

Maximum possible prediction accuracy for educational attainment: 

~1.7ℎ+ ∈ [34%, 68%]



Theoretical Context

Am J Hum Genet 25:618-637, 1973

Cultural versus Biological Inheritance: Phenotypic
Transmission from Parents to Children
(A Theory of the Effect of Parental
Phenotypes on Children's Phenotypes)

LUIGI L. CAVALLI-SFORZA' AND MARCUS W. FELDMAN2

INTRODUCTION

The foundations of biometrical genetics were first laid in a famous paper by R. A.
Fisher [1]. Since that time a considerable amount of literature has accumulated,
the book by Mather and Jinks [2] being the most recent summary. In most treat-
ments, the mode of transmission of nonbiological contributions to the phenotype
has not been specified in detail. An interesting exception is an analysis of adoption
studies and IQ by S. Wright in 1931 [3], in which a direct inheritance of "environ-
mental factors" over 1 generation has been postulated and found (by path coeffi-
cient analysis) to be of some magnitude.
When the parents' phenotypes affect the phenotype of their children directly, a

new mode of inheritance arises which operates side by side with strictly biological
inheritance (through the DNA) and may be difficult to distinguish from it. This
transmission is entirely phenotypic. Under certain conditions its importance rela-
tive to purely biological inheritance is not negligible, and justifies its theoretical
investigation. Such a mode of inheritance bypasses DNA and will be more relevant
for those characters which develop through a learning process. Parents' participation
in teaching is especially important in the earlier years of development, perhaps
more so in the less developed areas of the world, and those traits that are learned
during the first period of life are more likely to show phenotypic transmission from
parent to child.

Clearly, effects of this kind are more likely to exist for traits where "cultural"
transmission is of importance. In general terms, cultural transmission occurs when
parents and other members of the group may influence a child's behavior. A pre-
liminary analysis of the consequences of cultural effects of members of the group,

Received April 2, 1973.
Research supported in part by National Institutes of Health grant USPHS 10452-09, USAEC

grant no. (04-3)-326PA34, ACME grant NIH RR-00311, a research development grant from
Stanford University, and a grant from the National Science Foundation.
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We now express vk in closed form using the properties of geometric series:

vk = 1 + 2η2
1− (2η2)k

1− 2η2
+ h2

0

η

1− η

!
k−1"

i=0

(2η2)i − ηk
k−1"

i=0

(2η)i
#

(23)

= 1 + 2η2
1− (2η2)k

1− 2η2
+ h2

0

η

1− η

$
1− (2η2)k

1− 2η2
− ηk

1− (2η)k

1− 2η

%
(24)

For 0 < η < 1√
2
, as k → ∞, the variance tends towards an equilibrium:

vk →
1

1− 2η2
+ h2

0

η

(1− η)(1− 2η2)
=

1− (1− h2
0)η

(1− η)(1− 2η2)
≥ 1. (25)

We can write the equilibrium variance out in full to help interpret the components.
Let v∞ be the equilibrium variance, then:

v∞ = h2
0 + σ2

c + σ2
ϵ +

2η2

1− 2η2
+ h2

0

η

(1− η)(1− 2η2)
. (26)

The first three components are the contributions of effects operating purely in the cur-
rent generation: h2

0 is the variance from the direct genetic effect, σ2
c is the variance

from the family environment experienced by the current generation that is uncorrelated
with genetics, and σ2

ϵ is the variance from the unique environment of current generation.
2η2/(1− 2η2), which does not rely on h2

0, is the variance from non-genetically determined
nurturing accumulated over many generations, which comes from the components of the
parental phenotypes which are not genetically determined. The last term, which is pro-
portional to h2

0, combines the genetic component of the variance of the nurturing effect
and the covariance of the direct genetic effect with the nurturing effect.

From this, we can calculate the equilibrium proportion of variance explained by direct
genetic effects. As k → ∞,

h2
k → h2

0

(1− η)(1− 2η2)

1− (1− h2
0)η

= (1− η)(1− 2η2) for h2
0 = 1. (27)

So even if the trait is completely determined by direct genetic effects in the base gener-
ation, the direct heritability at equilibrium can be considerably smaller if the nurturing
effect is strong.

1.3 Evolution of the correlation between parent and offspring

The covariance between individuals born in generation 1 and their fathers, is,

Cov(Y1i, P1i) = Cov(gp1i + ηP1i, P1i) = Cov(gp1i, P1i) + ηVar(P1i), (28)

5

Equilibrium heritability: 

where we have ignored maternal terms that are uncorrelated due with paternal terms due
to random mating. Because there is no nurturing effect on the father of the individual in
generation 1, and the phenotypic variance in generation 1 is 1,

Cov(Y1i, P1i) =
h2
0

2
+ η. (29)

Let ck = Cov(Yki, Pki). We derive a closed form solution for ck by using the closed
form solution for vk−1.

ck = Cov(gpki + ηPki, Pki) = Cov(gpki, Pki) + ηVar(Pki) = Cov(gpki, Pki) + ηvk−1, (30)

because the father is from the previous generation, which has phenotypic variance vk−1.
The covariance between the paternally transmitted genotype and the father’s phe-

notype includes the covariance with the father’s genotypes and the covariance with the
genetically determined nurturing effects of the older generations all the way back to the
base generation.

Cov(gpki, Pki) = Cov(gpki, g
pp
ki + gpmki + η(PPki + PMki)) (31)

=
h2
0

2
+ η

!
h2
0

2
+ η

!
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0

2
+ · · ·

""
(32)

=
h2
0

2

k−1#

i=0

$η
2

%i

=
h2
0

2

1−
&
η
2

'k

1− η
2

. (33)

Combining this with the solution for vk−1, the covariance at generation k is

ck =
h2
0

2

(
1−

&
η
2

'k

1− η
2

+ 2
η2

1− η

!
1− (2η2)k−1

1− 2η2
− ηk−11− (2η)k−1

1− 2η

")
+ η

1− (2η2)k

1− 2η2
. (34)

For 0 < η < 1√
2
, and as k → ∞,

ck → c∞ =
h2
0

2

1

1− η
2

+ ηv∞. (35)

The first component is due to the covariance between the offspring’s paternally inherited
genotype and the father’s phenotype, which includes the covariance with the accumulated
genetically based nurturing effects over many generations. The second term is due to the
covariance between the nurturing effect and the father’s phenotype, which has both genetic
and non-genetic sources of variation – see the discussion of the components of v∞.

The equilibrium correlation between parent and offspring is

c∞
v∞

=
h2
0

2

(1− η)(1− 2η2)

(1− η/2)(1− [1− h2
0]η)

+ η. (36)

6

Equilibrium correlation between 
parents and offspring: 


