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G
enome-wide association studies 
(GWASs) identify genetic variants as-
sociated with a trait. Most traits are 
associated with thousands of vari-
ants, and many variants are pleiotro-
pic, meaning they are associated with 

multiple traits. Pervasive pleiotropy makes it 
impractical to assess genetic overlap between 
two traits by tallying the shared variants. For 
example, traits such as major depression and 
anxiety are likely associated with a shared set 
of thousands of variants. Genetic correlation 
(r

g
) estimated  from GWASs of a pair of traits 

is typically interpreted as an overall measure 
of genetic overlap, providing a useful met-
ric for quantifying shared biology between 
traits. On page 754 of this issue, Border et 
al. (1) report simulation-based and empirical 
findings that challenge this interpretation. 

Border et al. investigate the ef-
fect on r

g
 of cross-trait assortative 

mating (xAM), which occurs when 
individuals scoring highly for trait Y 
mate with partners who score high 
(or low) for a separate trait, Z. The 
level of xAM will vary depending on 
the pair of traits being considered 
and is quantified in their study us-
ing cross-trait correlations across 
spouses. They show that xAM can in-
crease r

g 
in two ways (see the figure). 

They demonstrate that xAM will in-
crease r

g 
due to genetic variants for 

trait Y being coinherited with the 
variants for trait Z (and vice versa). 
This first potential effect of xAM on 
r

g
 estimates has been understood for 

decades as an interpretive caveat in 
family-based studies (2–4), although 
it is perhaps not widely discussed. 
The authors point out that this first 
effect of xAM does not cause an ac-
tual bias in r

g
 estimates because the 

polygenic scores—the cumulative set 
of genetic variants that affect each 
trait—are legitimately correlated. 
This is despite there being no pleio-
tropic genetic variants that affect 

both traits. If this were the only issue, the 
interpretation of r

g 
as strictly an index of 

shared biology would require updating, but 
r

g
 would still be a valuable metric with etio-

logical and clinical implications for under-
standing risk for trait Y given trait Z. 

The second effect that xAM has on r
g 

is 
potentially more problematic. Commonly 
used methods for estimating r

g
, such as link-

age disequilibrium (LD) score regression 
(5), Haseman-Elston regression (6), and ge-
nomic residual maximum likelihood (REML) 
(7), assume that there is no long-range cor-
relation across causal variants. Border et al.
find that xAM violates this assumption by 
inducing long-range correlations between 
causal variants that are on average positive 
or negative (i.e., sign-consistent). This causes 
an upward bias in r

g 
estimates after even 

a single generation of xAM. Unlike in the 
first case where only the interpretation of r

g 

would shift, this second issue causes bias in 

the true sense of the term: The inflation of r
g 

is a statistical artifact that distorts the corre-
lation between polygenic scores. Somewhat 
reassuringly, the first effect of xAM on r

g 
will 

typically be greater than the influence of the 
second effect, particularly when genomic 
REML is used. 

In the worst-case scenario, xAM for two 
traits with no overlapping causal variants 
will produce r

g 
estimates that are not due to 

pleiotropy and are upwardly biased. Border 
et al. use simulation findings and empirical 
r

g
 and cross-mate, cross-trait correlation esti-

mates to show that, for example, r
g 
estimates 

between alcohol use disorder–schizophrenia 
or height–educational attainment may fall 
into this worst-case scenario. However, for 
other pairs of traits, the r

g
 estimates are too 

high relative to the estimated levels of xAM 
to realistically reflect a by-product of xAM 
alone. Within psychiatric phenotypes, these 
trait pairs with large r

g 
estimates include 

bipolar disorder–schizophrenia and 
major depressive disorder–anxiety. 
In addition, estimates of r

g
 between 

traits that show little or no xAM, 
such as certain diseases or late-
onset disorders, are still likely to re-
flect pleiotropy. Even for traits that 
do show evidence for xAM, r

g
 will 

typically reflect some combination 
of three alternative contributions—
pleiotropy, correlated polygenic 
scores not due to pleiotropy, and 
bias due to long-range correlation. 
Therefore, the findings of Border et 
al. should not be interpreted as im-
plying that r

g
 estimates are wholly 

unrelated to pleiotropy.   
Their results for case-control 

traits, which compare individuals 
with a disorder (a case) to those who 
do not have the disorder (a control), 
should also be interpreted with cau-
tion. As is standard, Border et al. 
quantify xAM between case-control 
traits using tetrachoric correlations, 
which estimate the correlation be-
tween the continuous risk scores 
assumed to underlie two disorders. 
Because patterns of xAM across all 
levels of genetic risk affect r

g
, this 

approach assumes that the same 
degree of xAM inferred from mat-
ing patterns for cases with extreme 
risk holds across all levels of risk, 
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Cross-trait 
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Trait Y Trait Z

Child inherits two 

copies of shared 

causal variant for 

traits Y and Z

along with variant 

for trait Y and 

variant for trait Z. 

If assortative mating occurs in the population, the measure 

of genetic correlation, rg, would reflect three scenarios: 

Shared causal 

variant reflects 

typical pleiotropy 

interpretation of rg.

Separate causal variants 

are inherited together. 

rg increases owing to 

correlated genetic scores 

but not pleiotropy. 

Upward bias in 

rg score owing 

to long-range 

correlation 

between variants.

Cro

assortati

Trait Y

rait 

mating

Trait Z

Child inherit

oss-t

ative 

mating occurs in the population

Measuring genetic correlations 
Cross-trait assortative mating could result in genetic correlations  

with certain traits that are explained by three scenarios, two of 
which inflate the score, rg, upward even in the absence of pleiotropy.
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P
yridine (C

5
H

5
N) is a launch point for 

creating a wide range of chemicals, 
including those used in drug discov-
ery, catalysis, and materials science 
(1). It consists of a hexagonal ring of 
five carbon-hydrogen (C–H) pairs and 

one nitrogen (N) atom. The synthesis of pyr-
idine derivatives bearing substituents other 
than hydrogen requires custom-designed 
processes. Among them, substitutions of 
one substituent for another are frequently 
performed while maintaining the integrity 
of the ring. However, the efficiency of these 
methods and the diversity of pyridine com-
pounds that they yield 
need improvement (2). 
On pages 773 and 779 of 
this issue, Boyle et al. (3) 
and Cao et al. (4), respec-
tively, report different 
approaches to breaking 
a pyridine ring, replac-
ing the hydrogens, and 
then restoring the ring. 
These techniques present 
possible new pathways to generate a wider 
variety of agrochemicals, pharmaceuticals, 
and material compounds.

The effects of substituents that replace 
the hydrogens in a pyridine is an important 
topic in organic chemistry. Halogenation—
the replacement of these hydrogens with 
a halogen atom—is useful as an interme-
diate step for making pyridine derivatives 
because the installed halogen can be much 
more readily substituted by another atom or 
group of atoms as compared with hydrogen 
(5). In addition, the halogen substituents 
can facilitate intermolecular interactions 
that are essential for certain desired func-
tions such as binding to target proteins (6). 

Halogenation of pyridines can be accom-
plished through their reaction with elec-
trophilic chemicals (7). These electrophiles 
are electron poor and can form chemical 
bonds by accepting an electron pair from 
electron-rich chemicals. However, because 
the nitrogen atom attracts electrons from 
carbon atoms of the ring, the carbon at-

oms themselves are electron poor and thus 
do not react easily with electrophiles. Fur-
thermore, the nitrogen atom reacts prefer-
entially with electrophilic reagents to form 
the corresponding pyridinium salts, which 
are more electron poor than pyridines and 
thereby less likely to react with electrophilic 
halogen species. As a result, halogenation 
requires harsh reaction conditions, usually 
involving strong acids and elevated temper-
atures, to generate very strong electrophiles 
that can enable the reaction. This limits the 
range of reactants that can be used and the 
products that can be created. 

Positional selectivity is another impor-
tant consideration in preparing pyridine 

derivatives. Although the 
most relatively electron-
rich positions on the 
ring (positions 3 and 5) 
allow electrophilic sub-
stitution, it is difficult to 
control which of these 
positions is substituted 
or whether one or both of 
the positions are substi-
tuted. In addition, some 

substituents could alter the electronic and 
structural characteristics of the pyridine 
ring in ways that enable chemical functions 
but may decrease the positional selectivity 
of the reaction on the ring (7). There are also 
certain products that require the pyridine 
to react while positioned alongside other 
aromatic rings (such as those with delocal-
ized electrons) that would compete with the 
aromatic pyridine ring for halogenation. 

Different strategies addressing the halo-
genation of pyridines present advantages 
and disadvantages. For example, the use 
of bases instead of acids to mediate halo-
genation tends to generate more reactive 
intermediates (8). Some indirect methods 
use more reactive and accessible intermedi-
ates to avoid the use of strong electrophiles 
(9, 10). However, the requirements of these 
other strategies can limit the range of pos-
sible substituents. Thus, more versatile 
means are needed to prepare halogenated 
pyridines from simple pyridines or complex 
substituted pyridines. 

Boyle et al. developed a strategy that 
transforms the electron-deficient pyridine 
into an electron-rich molecule, enabling 
it to react with electrophilic halogenat-

ORGANIC CHEMISTRY

Adding functions to pyridines 
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including for mates who are “subthreshold” 
for a disorder. However, increased mating 
between individuals who receive a diagnosis 
may occur for reasons, such as an elevated 
chance of meeting a partner in a clinical set-
ting, that have no bearing on mating that oc-
curs between individuals with subthreshold 
risk. Thus, tetrachoric correlations between 
disorders, and perhaps especially between 
psychiatric disorders, may overstate the in-
fluence of xAM on r

g 
estimates.

The findings of Border et al. make it clear 
that more realistic models for why mates 
correlate within and between multiple traits 
need to be developed and tested. It may be 
that xAM occurs only on a few traits of cen-
tral importance to mating and that most 
other mate correlations are consequences 
of the phenotypic and genetic correlations 
between those central traits and the traits 
that are actually measured (indirect AM). 
It is also possible that some xAM estimates 
are due to mates becoming more similar 
over time (convergence). Assortment can 
also reflect social homogamy, which oc-
curs when mate choice is based on envi-
ronmental components of the trait that are 
not due to genetics. This could occur, for 
example, if mates are chosen on the basis 
of religious beliefs and religion is both due 
to the environment and affects the traits 
being studied. Convergence and social ho-
mogamy are not expected to affect r

g
 esti-

mates. Deriving more complete models of 
the mechanisms through which observed 
levels of xAM manifest will be important 
for obtaining a better understanding of 
downstream effects on r

g
. 

Border et al. demonstrate that xAM is 
likely to be pervasive and affect many r

g
 

estimates to some degree. This bias will in-
herently carry forward to results from any 
methods that use genetic correlations as 
input, such as Mendelian randomization 
(8) or genomic structural equation model-
ing (9). Therefore, complex trait genetics 
ignores these problems at its peril. These 
issues can be addressed by increased care 
in interpreting r

g 
as well as through the de-

velopment of methods that can disentangle 
the various contributions to r

g 
estimates. j
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“...new pathways...
generate a wider variety 

of agrochemicals, 
pharmaceuticals, 

and material compounds.”
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