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ABSTRACT

Epigenetic effects are increasingly recognized as an important source of variation in complex traits and
have emerged as the focus of a rapidly expanding area of research. Principle among these effects is
genomic imprinting, which has generally been examined in analyses of complex traits by testing for
parent-of-origin-dependent effects of alleles. However, in most of these analyses maternal effects are
confounded with genomic imprinting because they can produce the same patterns of phenotypic
variation expected for various forms of imprinting. Distinguishing between the two is critical for genetic
and evolutionary studies because they have entirely different patterns of gene expression and evolutionary
dynamics. Using a simple single-locus model, we show that maternal genetic effects can result in patterns
that mimic those expected under genomic imprinting. We further demonstrate how maternal effects and
imprinting effects can be distinguished using genomic data from parents and offspring. The model results
are applied to a genome scan for quantitative trait loci (QTL) affecting growth- and weight-related traits in
mice to illustrate how maternal effects can mimic imprinting. This genome scan revealed five separate
maternal-effect loci that caused a diversity of patterns mimicking those expected under various modes of
genomic imprinting. These results demonstrate that the appearance of parent-of-origin-dependent effects
(POEs) of alleles at a locus cannot be taken as direct evidence that the locus is imprinted. Moreover, they
show that, in gene mapping studies, genetic data from both parents and offspring are required to suc-
cessfully differentiate between imprinting and maternal effects as the cause of apparent parent-of-origin

effects of alleles.

ARENT-of-origin-dependent effects (POEs) comprise

a range of genetic and epigenetic phenomena
modulating different complex traits such as individual
growth and development (HAGER and JOHNSTONE 2003,
2006), cognitive abilities (ISLEs and WILKINSON 2000),
and several human diseases such as Prader-Willi and
Angelman syndromes and obesity (Nicaorrs 2000;
CONSTANCIA et al. 2004; DONG et al. 2005; MORISON
et al. 2005). A number of recent genomewide linkage
studies have investigated POEs on complex traits and
identified several quantitative trait loci (QTL) with pu-
tative genomic imprinting effects (DE KONING ez al. 2000;
LINDSAY et al. 2002; MANTEY et al. 2005). Similarly, evi-
dence for genomic imprinting effects on cognitive
abilities in humans has been reported from family cor-
relation studies (Goos and SILVERMAN 2006). However,
in most of these studies further analysis has not been
conducted to determine whether the detected POE is
actually caused by genomic imprinting or other factors.
The assumption that differences between reciprocal het-
erozygotes [i.e, those that obtain, for example, their A,
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allele from their father (A;As) as opposed to those that
receive this allele from the mother (AsA;)] are equiv-
alent to imprinting effects is found in other treatments
as well (HaLL 1997; MorisoN and Reeve 1998; Goos
et al. 2007).

While some gene mapping studies have attempted to
locate imprinted loci by detecting differences between
the reciprocal heterozygotes, other genetic effects can
also lead to the same phenotypic pattern. Maternal ge-
netic effects (hereafter referred to as “maternal effects”),
the effect of a mother’s genotype on the expression of
traits in her offspring via the maternally provided envi-
ronment (FALCONER 1965; Moussrau and Fox 1998),
can also lead to differences between reciprocal hetero-
zygotes. This occurs because homozygous mothers can
give rise only to one of the reciprocal heterozygotes. For
example, A;A; mothers can produce only AsA; (given as
paternal/maternal) heterozygotes while AsAs mothers
can produce only A;As heterozygotes. Genomic im-
printing can create the same pattern of effects through
monoallelic or differential expression of the two alleles
atalocus (BARTOLOMEI and TILGHMAN 1997; HAYWARD
et al. 1998; REIk and WaLTER 2001). Differences in
methylation status between parental alleles can cause
this uniparental pattern of gene expression, whereby
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the imprint is erased and reset during gametogenesis
according to the sex of the parent (LEwis and REIK
2006; Woob and OAREY 2006).

The distinction between genomic imprinting and ma-
ternal effects has considerable implications both for
research on the genetic basis of individual development
and cognitive abilities as well as for our understanding
of the evolutionary dynamics associated with them
(SANTURE and SPENCER 2006). This distinction will also
be crucial for identifying the underlying genes causal to
such effects. For example, loci may show significant dif-
ferences between reciprocal heterozygotes in a genome
scan (e.g., a QTL study) but have no corresponding
parent-of origin-dependent pattern of gene expression
if the apparent POE is caused by a maternal-effect locus
expressed by mothers but not their offspring. This may
be particularly paradoxical if, for instance, the maternal-
effect gene is expressed only in females, yet appears to
show a POE in males despite the fact that they never
express the gene. Furthermore, the evolutionary dy-
namics of traits affected by maternal effects are different
from those affected by genomic imprinting since the
response to selection in the case of maternal effects may
show, for example, time lags and evolutionary inertia
caused by the response to selection in previous gener-
ations (KiRKPATRICK and LANDE 1989; PrARcCE and
SPENCER 1992; CHEVERUD and WorLr 2008). Maternal-
effect loci are exposed to selection both as a result of
their direct effects on the mother’s phenotype (and
possibly their direct effects on their offspring’s pheno-
type due to pleiotropy) and their indirect effects on
their offspring’s phenotype, as in evolution by kin
selection (CHEVERUD 1984). This pattern of selection
leads to different rates of evolution and levels of poly-
morphism for maternal-effect loci compared to direct-
effect loci (WADE et al. 2008). Furthermore, several
models have been developed explaining the evolution
of genomic imprinting (WILKINS and HA1G 2003; WoLF
and HAGER 2006) that make specific assumptions about
the nature of imprinted loci and, therefore, the con-
founding of maternal-effect and imprinted loci will
impede analyses of these models. Finally, SANTURE and
SPENCER (2006) have shown that maternal effects and
genomic imprinting also have distinct effects on the
phenotypic similarity among relatives.

While the mechanisms of imprinting and maternal
genetic effects are clearly recognized as being distinct, it
has not been explored whether the two could yield
identical patterns of phenotypic effects at individual
loci, thus leading to a confounding of genomic imprint-
ing and maternal effects in genome scans. In this article,
we first use a simple single-locus model to show how
maternal genetic effects can result in patterns that
mimic the sorts of parent-of-origin-dependent effects
of alleles expected under genomic imprinting. We then
use the model to illustrate how the two (maternal effects
and genomic imprinting) can be distinguished by using

genotypic data from parents and offspring. Finally, we
use an empirical investigation of QTL affecting weight
and growth traits in mice to illustrate the model results
(i.e., how maternal effects can mimic but also be
distinguished from genomic imprinting).

MATERIALS AND METHODS

Genetic model: We consider a simple single-locus model
with two alleles to illustrate how maternal effects can cause an
apparent parent-of-origin-dependent effect at a given locus
that mimics various patterns of genomic imprinting (de-
scribed below). We refer to these as “apparent parent-of-
origin-dependent effects” because the expression of the locus
does not actually depend on the parent-of-origin of alleles.
Rather, in the model the locus is assumed to have a maternal
effect (additive and/or dominance) on the trait of interest
and may also show a direct effect on the same trait due to
pleiotropy. Although we use a two-allele model for simplicity,
the general results apply to any system where genetically var-
iable parents produce offspring for whom parent-of-origin of
alleles can be assigned. Therefore, these results do notapply to
an Fy population created from an intercross of a pair of inbred
lines since all individuals have genetically identical F; parents
and, as a result, there can be no phenotypic variation in
the Fy attributable to genetically based maternal effects. Be-
cause the detection and characterization of parent-of-origin-
dependent effects depend critically on the distinction between
reciprocal heterozygotes, the use of outbred populations or
crosses between more than two lines may aid in the detection
and characterization of parent-of-origin-dependent effects.

We assume a single locus with two alleles, L and S (to match
the large and small alleles from the LG/J and SM/] lines used
in our empirical example), with frequencies p and ¢, respec-
tively. We assume random mating in a population that con-
forms to Hardy—Weinberg equilibrium genotype frequencies
(which matches the population we use in the QTL analysis).
We further assume that the locus has a maternal effect on the
phenotype of her offspring when expressed by mothers. The
additive maternal-effect genotypic value of the locus is de-
noted, a,, (where the subscript m is used for all terms that
correspond to the maternal effect of the locus) such that
offspring of LL mothers have the average phenotype +a,, and
those of SS mothers have the average phenotype —a,, (the
expected phenotypes for each possible maternal-offspring
genotype combination are shown in Table 1). We denote the
dominance maternal-effect genotypic value as d,,,, which is the
difference between the average phenotype of the offspring
of heterozygous mothers (LS or SL) and the midpoint of the
average phenotypes of the offspring of the two homozygous
mothers. For simplicity, the two types of heterozygous mothers
(LS vs. SL) are grouped together since we assume that the
parent-of-origin of alleles does not affect the maternal trait
responsible for the maternal effect on offspring phenotype.
This assumption has no effect on the model results (i.e., the
results are identical regardless of the assumption about the
imprinting state of the locus in mothers) and, therefore,
the model results shown here apply equally well to cases where
a locus has an imprinted effect on the maternal trait.

To examine the appearance of parent-of-origin-dependent
effects we keep track of allelic parent-of-origin in the offspring
and distinguish the two classes of heterozygotes. In the nota-
tion for offspring genotype (e.g., LS), the first allele refers to
the paternally inherited copy and the second to the maternally
inherited copy. The locus may also have a direct effect (i.e., the
individuals’ own genotypes affect their own phenotypes),
where the effect of the locus is given by the additive (a,),
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TABLE 1

Expected genotypic values as a function of the ordered offspring genotypes (i.e., ordered by the parent-of-origin of alleles,
with the first allele indicating the paternally inherited copy and the second the maternally inherited copy) and the
unordered maternal genotypes when variation in offspring traits is caused by maternal and direct effects

Offspring genotype

LL SL LS SS Zmaternal
Maternal genotype
LL +an, + a, tay, + d, — iy +ay, + dy + 1, +a, — a, +a, + a.p
") (Cat] 0) 0) + dog — ing
LS, SL A + a, e+ dy — it dy + iy thy — 1o t doy + 3
#9 (Pg) 79 2] Hao + ) (p— g
SS —-—ay, + a, —ay, +dy — 1, —ayt d, + i, —y — Gy — Gy — Goq
0) (0) (pg) (4" tdop + iop
Zoftspring amp + dng amp t dnq —ang t dnp —ang t dnp
+ a, +d, — i, +d, + i, — a,

The average phenotypes of individuals (offspring) with each of the four ordered genotypes (Zpring) are given at the bottom of
the table. Also shown in the right-hand column is the average phenotype of the offspring of mothers (Znaterna1) With each of the
three unordered maternal genotypes. The frequencies of the maternal-offspring genotype combinations are given in parentheses,
where pand g are the frequencies of the L and § alleles, respectively. Note that four maternal-offspring combinations (boldface)
cannot occur (i.e., have zero frequency) under Mendelian inheritance and, therefore, do not contribute to the means. a,, the
additive maternal-effect genotypic value; d,,, the dominance maternal-effect genotypic value; a,, d,, and 4, the additive, domi-

nance, and imprinting direct-effect genotypic values.

dominance (d,), and parent-of-origin (4,) genotypic values
(where the subscript o is used to indicate terms corresponding
to direct effects on the offspring’s own phenotype). These
direct-effect genotypic values are defined from the genotypic
values (the average phenotypes) of the four ordered geno-
types (i.e., genotypes where the order of alleles reflects their
parent-of-origin as described above): LL,1S,SL,SS. The
additive genotypic value is defined as half the difference
between the average phenotype of the homozygote genotypes,
(H— E)/?; the dominance genotypic value is defined as
the difference between the average heterozygote phenotype
and the average homozygote phenotype, [(LS+ SL)/2]—
[(LL+SS)/2]; and the parentoforigin genotypic value is
defined as half the difference between the average phenotypes
of the reciprocal heterozygotes, (L_S — i) /2. These directeffect
genotypic values correspond to those defined in the model of
genetic effects used in the QTL analysis below (see Equation 3).

The offspring phenotypes are given as a function of ma-
ternal and offspring genotypes in Table 1 for the general
model in which we include both direct and maternal effects.
Table 1 also gives the average phenotype expected for each of
the four ordered offspring genotypes and the average off-
spring phenotype associated with each of the three unordered
maternal genotypes (i.e., the latter are the means of the
offspring produced by each of these types of mothers), both
calculated as the frequency-weighted average of the cells in a
given row or column. Any specific combination of direct and
maternal effects at any specific allele frequencies can be
examined using the equations in Table 1.

The apparent POEs caused by maternal effects can lead to
several different patterns of genotypic values for the ordered
genotypes. These patterns can be characterized by the re-
lationship between the additive genotypic value (a,), domi-
nance genotypic value (d,), and parent-of-origin genotypic
value (3%,). Itis important to keep in mind that, for this analysis,
these patterns mimic POEs due to genomic imprinting but
are in fact caused by maternal effects or a combination of ma-
ternal and direct effects. We divide these patterns conceptually

into three categories (discussed in R. HAGER, J. CHEVERUD,
C. RosEmAN and J. WoLr, unpublished results), parental ex-
pression, polar dominance, and bipolar dominance, reflecting
the pattern of genomic imprinting they mimic. In parental
expression the two genotypes sharing the same allele of identical
parent-of-origin (maternal or paternal) have the same pheno-
type, which results in either a paternal or a maternal expres-
sion pattern. For the case of maternal expression we expect the
genotypic value to be determined solely by the maternally
inherited allele such that LL = SL, SS = LS, and a, = —i,. This
contrasts with paternal expression where we expect the geno-
typic value to be determined by the paternally inherited allele
such that L = LS, SS = SL, and a, = i,. In both cases, we
expect d,, = 0, thus, d,/i, = 0 and a,/i, = —1 or 1 for maternal
and paternal expression, respectively. Polar dominancerefers to
the pattern where the phenotype of one of the reciprocal
heterozygotes differs from that of the other three ordered
genotypes, all of which have the same phenotype (i.e., are not
significantly different from each other). In this case, LL = SS
and both of the homozygotes are also equal to either LS or SL.
When the divergent heterozygote is larger than the other
genotypes the locus shows polar overdominance and when it is
smaller it shows polar underdominance (¢f. the callipyge locus
in sheep; COCKETT et al. 1996; GEORGES et al. 2003). In its
canonical form (whether the locus be over- or underdomi-
nant), we expect d,, = i, while a, = 0, thus d, /i, =1 and a,/i, =
0. Finally, a bipolar dominance pattern occurs when the
phenotypes of the two reciprocal heterozygotes differ from
each other (i.e., LS # SL) while the two homozygotes have the
same phenotype (i.e, LL=SS). In its canonical form, we
expect %, to be significant and a, = d, = 0; thus d, /i, = 0 and
ao /i, = 0.

The case of an additive maternal effect without any direct
effect or maternal dominance effect is illustrated in Table 2a,
using a hypothetical numerical example for simplicity. The
genotypic values are entirely dependent on the additive
maternal-effect genotypic value (a,, = 2) with all direct effects
(@, d,, and 4,) and the dominance maternal genetic effect
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TABLE 2

Expected maternal and offspring genotypic values for
four scenarios that mimic various patterns of
genomic imprinting

Offspring genotype

LL SL LS SS Zmaternal
a.
Maternal genotype
LL 2 2 2 2 2
LS, SL 0 0 0 0 0
SS -2 -2 -2 -2 -2
Zoffspring 1 1 -1 -1
b.
Maternal genotype
LL 0 2 2 4 1
LS,SL -2 0 0 2 0
SS -4 -2 —2 0 -1
Zoffspring -1 1 -1 1
c.
Maternal genotype
LL 1 2 2 3 1.5
LS,SL -1 0 0 1 0
SS -3 -2 -2 -1 -15
Zoffspring 0 1 -1 0
d.
Maternal genotype
LL 1 3 3 3 2
LS,SL -1 1 1 1 0.5
SS -3 -1 -1 -1 -2
Zoffspring 0 2 0 0

In all cases the locus has no true imprinting effect (i.e., i, =
0). Table format is identical to Table 1. (a) Maternal-effect
locus mimicking maternal expression. The pattern is caused
by an additive maternal effect (a,, = 2) with p = ¢= 0.5. (b)
Maternal-effect locus mimicking paternal expression. Here,
an additive maternal effect (a,, = 2) shows the same magni-
tude of negative pleiotropic effect as the direct additive effect
(a, = —2). (c¢) Maternal-effect locus mimicking bipolar dom-
inance imprinting that is caused by an additive maternal
effect (a,, = 2) and a weaker negative pleiotropic additive di-
rect effect (a, = —1). (d) Maternal-effect locus mimicking po-
lar overdominance. Here, the maternal effect (a,, = 2) shows
a weaker negative pleiotropic than additive effect (a, = —1).
In addition, there is a dominance direct effect (d, = 1). In all
cases, the allele frequency is set to p = ¢ = 0.5. It should be
noted that in all cases the allele frequency does not affect
the pattern of genotypic values (although it does affect the ac-
tual values themselves). Boldface values correspond to maternal—
offspring genotype combinations that cannot exist under
Mendelian inheritance.

(d) being set to zero. In this example both alleles are at equal
frequency (i.e., p= ¢=0.5). Note that even without any direct
imprinting effect (4, = 0), there is a difference between
reciprocal heterozygote offspring (apparent i, = —1). Also,
without any direct additive effect (a, = 0), there is a difference
between offspring homozygotes (apparent a, = 1). Since each
of the reciprocal heterozygotes resembles the homozygote
carrying the same maternal allele (i.e., LL = SLand SS = LS),
this maternal genetic effect mimics maternal expression im-

printing (a,/i = —1). While this example has equal allele

frequencies, the result that additive genotypic maternal effects
mimic maternal expression is independent of the allele fre-
quency. This results in an apparent imprinting effect of half
the difference between reciprocal heterozygotes, or

i() - —llm/2 (1)
with additive maternal effects alone or
lo = (am + du(p — q))/2 (2)

with additive and dominance maternal effects, showing that
dominance maternal effects can also produce a pattern of
POEs, the value of which depends on the frequencies of the
alleles in the population. Therefore, when performing an anal-
ysis using the parent-of-origin of alleles to look for genomic
imprinting effects, significant positive results may actually be
due to maternal effects.

One way to separate these effects is to restrict the analysis
to offspring of heterozygous mothers, since maternal effects
(due to either dominance or additive effects) do not contrib-
ute to differences between these offspring. This is illustrated in
Table 1 where the difference between the reciprocal hetero-
zygotes born of heterozygous mothers is 2i,, containing no
maternal genetic effect terms. In the example in Table 2a
(where i, = 0 and a, = 2), both types of heterozygous off-
spring of heterozygous mothers have the same expected phe-
notype (zero) while the two types of heterozygous offspring of
homozygous mothers are distinct. Thus, restricting an analysis
to the offspring of heterozygous mothers can be used to
control the confounding of direct and maternal genetic effects
which is an inevitable consequence of Mendelian inheritance.

In addition to mimicking maternal expression, when both
maternal effects (a, and d,,) and direct additive (a,) and
dominance (d,) effects occur at a locus but imprinting effects
are absent, the patterns of ordered genotypes can mimic any
other type of genomic imprinting: paternal expression, bi-
polar dominance, or polar dominance. The conditions under
which each of these patterns will appear can be determined
using the average phenotypes of the four ordered genotypes,
which are given in the last row of Table 1 (labeled Zogrspring) -
These values are simply the expected mean phenotype for
each of the genotypes. A locus will appear to show paternal
expression (Table 2b) as the result of an additive maternal
effect in combination with an additive direct effect of similar
magnitude, but of opposite sign (i.e., a, = —a,). A similar
scenario leads to the appearance of bipolar dominance
imprinting (Table 2c), except in this case the magnitude of
the direct effect is half the maternal effect (a,, = —2a,). Such
scenarios involving a negative relationship between the direct
and maternal effects at a locus may be quite common as the
appearance of negative genetic correlations (and presumably
negative pleiotropy) between direct and maternal effects may
be relatively common (see, ¢.g., RoFr 1997, Table 7.5, p. 251).
Finally, an apparent polar dominance imprinting pattern
(Table 2d) can be caused when a direct dominance effect
(d,) of similar magnitude as the direct additive effect (a,) co-
occurs with the maternal effect. With positive dominance
(d, > 0; Table 2d) a pattern mimicking overdominance im-
printing will appear while with negative dominance (d, < 0)
a pattern mimicking polar underdominance imprinting will
appear.

Importantly, Table 1 also illustrates that, just as maternal
effects can mimic genomic imprinting effects, the opposite is
also true; actual genomic imprinting effects can masquerade
as maternal effects if an analysis is focused on maternal effects
rather than genomic imprinting. This is due to the fact that SS
mothers cannot have SL heterozygous offspring and that LL
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TABLE 3

Patterns of genotypic values for the five maternal-effect QTL

QTL
Wimge5.1 Wimge6.1 Wimgel2.1 Wimgel7.1 Witil8.1

Chromosome 5 6 12 17 18
Location 15.99 74.87 20.69 8.99 8.20
Coordinate 32,651,323 147,333,176 50,976,889 20,436,833 22,236,323
Traits

wk 1 Overd (+7)

wk 2 Overd (+7) Overd (+i7)

wk 3 Bipolar (—2) Overd (+9) Overd (+1)

wk 4 Bipolar (i) Mat

wk 5 Mat Overd (—7) Bipolar (+7)

wk 6 Mat Overd (-i) Bipolar (+1)

wk 7 Overd (-1)

wk 8 Overd (—?)

wk 9 Overd (-7)

wk 10 Overd (—7)

Growth 1-2 Mat

Growth 1-6 Mat Overd (—i)

Growth 3-10 Overd (—?)

QTL names are given as WimgeX.Y to indicate that the effects are on weight or weight-related traits (Wf) and
to show a maternal genetic effect (mge), with the first number (X) denoting the chromosome and the second
(Y) denoting the QTL number on that particular chromosome. The chromosome number, location (given as Fo
locations in centimorgans), and genome coordinates (in base pair units, based on mouse genome build 36;
http: /www.ensembl.org) are given for each QTL. Patterns are listed as follows: Mat, maternal expression; Bi-
polar, bipolar dominance; and Overd, polar overdominance. In the cases of bipolar and polar overdominance,
the sign of iis given in parentheses to indicate the observed pattern. Boldface type shows the patterns for which
the maternal effect was significant at the chromosomewide level. Non-boldface type shows patterns that were
significant at the locus level in a protected test (see MATERIALS AND METHODS). Shown are the 10 weekly weights
and three growth traits (e.g., growth 1-2 is weight gain from week 1 to week 2, etc.). Values of effects and exact
significance values are given in supplemental Table 1 at http:/www.genetics.org/supplemental/.

mothers cannot have LS offspring. As a result, a correlation
exists between maternal genotype and the parent-of-origin of
alleles in their progeny and, therefore, genomic imprinting
can lead to a difference between the average phenotypes
(Zmaterna1) Of the offspring of LL and SS mothers. With all
effects set to zero except the direct imprinting effect, the
apparent additive maternal effect, a,,, equals (i,/2). Thus,
in the absence of maternal genetic effects there would still
appear to be a maternal effect caused by genomic imprinting.
In the case of actual maternal expression of a locus (where
a, = —1,), the additive maternal-effect genotypic value, which
is half the difference between the homozygotes, would appear
to have the value %(ao — %,), which is equivalent to the value of
I, in an analysis of the ordered offspring genotypes. Clearly,
just as maternal genetic effects can mimic those expected for
genomic imprinting, the opposite is also true.

QTL analysis: Animal husbandry and phenotypes: The details
of the strains used, breeding design, and general animal
husbandry can be found elsewhere (VAUGHN et al. 1999; WOLF
et al. 2002). Briefly, we used the 382 Fy and 1632 F3 animals
from an intercross between the two inbred mouse strains, large
(LG/]J) and small (SM/J), which were originally created by
selection for either large or small body weight at 60 days of age
(CHAI1 1956). Mice were weighed weekly from 1 week of age to
week 10. From these weekly weights we also created a set of growth
variables corresponding to weight change over time (Table 3).
These size and growth traits were all corrected for sex differences.

Genotyping and QTL analysis: All Fo and Fg individuals were
genotyped at 353 SNP loci across all 19 autosomes by Illumina

(San Diego). Ordered haplotypes of the Fs animals were
reconstructed using the “block-extension algorithm” option
in the program Pedphase (L1 and JianG 2003a,b), which infers
haplotype configurations using the pedigree information.
This haplotype reconstruction method produces a set of
maternally and paternally derived chromosomal haplotypes
for all individuals. Therefore, the parental origin of each allele
isinferred for all alleles at all loci on a chromosome, regardless
of whether the individual is homozygous or heterozygous at a
particular locus.

We denote the four ordered genotypes LL, LS, SL, and S8,
where the first allele refers to the paternally derived allele and
the second to the maternally derived copy. Each genotype was
assigned an index score for the additive (4,), dominance (d,),
and parent-of-origin (4,) genotypic values (where the subscript
“0” denotes that these are direct effects of the Fg “offspring”
genotype on its own phenotype—these are contrasted later
with the maternal effect of the Fy, mothers’ genotypes on their
F3 offsprings’ phenotypes) corresponding to

L

1 1 0 0f]n
LS 1 0 1 111 a
SL 1 01 —1]||do}’ (3)
SS 1 -1 0 0 iy

where 7, is the “reference point,” which, in this model, cor-
responds to the midpoint between the two homozygotes. QTL
were identified using canonical correlation, as implemented
in the SAS Cancorr procedure (SAS Institute, Cary, NC), to fit
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Frcure 1.—Illustration of the direct effect, maternal effect, and overall genotypic values for the locus Wimge5.1, which affects
growth between weeks 1 and 6. (a) The overall genotypic values, calculated as the average phenotype of each of the four ordered
genotypes, are shown with standard error bars. This pattern matches what would be expected for maternal expression, where the
genotypes sharing their maternally derived allele have similar average phenotypes. (b) The average phenotypes of the offspring
of the three unordered maternal genotypes. This pattern shows that offspring of LL mothers grow more than those of the other
two types of mothers, both of which show similar average growth. (c) The genotypic values of the ordered genotypes are shown
for offspring of heterozygous mothers in which any differences between phenotypes are not caused by maternal genetic effects be-
cause heterozygous mothers do not differ in these effects. In the absence of the maternal effect, the four ordered genotypes all show
similar average growth, showing that the appearance of maternal expression was due to a maternal effect, not genomic imprinting.

a model with the additive, dominance, and parent-of-origin
genotypic index scores as orthogonal predictors and the traits
in question as response variables. Details of the use of canon-
ical correlation for QTL analysis are given in Leamy et al.
(1999) and WoLF et al. (2005). Using this model, we scanned
the genome to generate a distribution of probabilities for the
parent-of-origin (7,) effect. These probabilities were trans-
formed to a logarithmic probability ratio (LPR) comparable
to the LOD scores typically seen in QTL analyses (LPR =
—logo[probability]).

Because both genomic imprinting and maternal effects can
result in the appearance of POEs in an analysis (i.e, a
difference between LS and SL heterozygotes), loci identified
from the genome scan for significant POEs may be due to
either phenomenon, and the causal origin of the apparent
POE cannot be distinguished from the genome scan results
alone. Two strategies can be used to separate these effects: (1)
include genotype scores for both maternal genetic effects and
imprinting effects in the model jointly and obtain the partial
regression coefficient for each, holding the other constant or
(2) restrict the sample to offspring of heterozygous mothers as
there is no maternal genetic effect variation among these
offspring. Here, we have chosen the second strategy, which is
more powerful because it predicts that when a locus shows an
apparent POE due to a maternal effect, the POE disappears
when the analysis is limited to offspring from heterozygous
mothers. It should also be pointed out that dominance
maternal effects (d,,) are not confounded with imprinting in
our population as it has approximately equal frequencies for
both alleles at all loci.

Due to the family structure of the F3 population we could
not use standard resampling techniques to generate signifi-
cance thresholds. Therefore, we used results from simulated
F3 populations that maintained the family structure while
randomizing sets of genotypes. Following CHEN and STOREY
(2006) we generated chromosomewide significance thresh-
olds which were shown to yield overall the best results by
increasing the discovery of true positives while at the same
time reducing problems using the false discovery rate in
genetic mapping studies.

RESULTS

In the genomewide scan for QTL affecting body
weight and growth traits we detected a total of five loci

located on chromosomes 5, 6, 12, 17, and 18 that show
an apparent parent-of-origin-dependent effect due to
maternal genetic effects. These loci displayed a diversity
of patterns that resembled maternal expression, polar,
and bipolar dominance imprinting (Table 3). The con-
clusion that the detected POEs were due to maternal
effects rather than genomic imprinting was confirmed
using the analysis restricted to offspring of heterozygous
mothers (where the locus showed no POE in this group
of animals, which includes ~800 individuals). A model
including both direct and maternal additive and dom-
inance effects further confirmed the existence of a
maternal effect at these loci (supplemental Table 1 at
http: /www.genetics.org/supplemental/). QTL are named
as WimgeX.Y to indicate that the effects are on weight
traits (W) and show a maternal genetic effect (mge). The
first number (X) denotes the chromosome and the sec-
ond (Y) denotes the QTL number on that particular
chromosome (however, no chromosome has more than
one QTL, but we keep this naming convention to match
that used in our characterization of imprinted loci;
R. HAGER, C. ROSEMAN, M. CHEVERUD and J. WOLF, un-
published results).

The loci Wimge5.1 and Wimge6.1 show a pattern that
mimicked maternal expression such that the maternal
effect results in a significant difference between geno-
types differing in their maternally but not paternally
derived alleles. An example of such apparent maternal
expression is illustrated using the genotypic values of
Wimge5. I for growth between weeks 1 and 6 in Figure 1.
We also detected two loci (Wimgel2.1 and Wimgel8.1)
whose effects caused an apparent polar dominance im-
printing pattern in that only one of the two heterozy-
gotes is significantly different from the other genotypes.
Wimgel2.1 showed polar overdominance of the SL ge-
notype (¢ negative) for two growth traits and weight
between weeks 5 and 10 while Wimgel8. I displayed polar
overdominance of the LS genotype (¢ positive) for weeks
1-3 weight caused by significant maternal additive
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genetic effects (supplemental Table 1). Polar overdom-
inance was also found for weeks 2 and 3 body weight at
Witmgel7.1 due to maternal effects. This locus, however,
displayed a bipolar pattern at week 6. This change in
pattern at a given locus depending on the trait was also
found for Wimgel2.1, which changed from a bipolar
pattern at weeks 3 and 4 to polar overdominance at later
ages and is evinced by an increase in the negative d/i
ratio (see supplemental Table 1). The QTL on chromo-
some 18 (Wimgel8.1) changed its predominant pattern
of polar overdominance to maternal expression at week
4 and to a bipolar pattern at week 5. Generally, these
pattern changes reflect the quantitative nature of mater-
nal effects and can be seen in the changing ratios of the
additive (@) or dominance (d) effect in relation to the ap-
parent parent-of-origin effect () (supplemental Table 1).

DISCUSSION

The key result of this article is that genomic imprint-
ing and maternal genetic effects can both generate the
same phenotypic patterns that appear as parent-of-
origin-dependent effects on offspring traits. However,
in the case of maternal-effect loci, these are only appar-
ent parent-of-origin-dependent effects since the pattern
is not caused by parent-of-origin-dependent gene ex-
pression. This is evinced by the results of our QTL
analysis of complex traits in mice detecting five QTL
with maternal effects that mimic imprinting patterns.
These phenotypic patterns mimic not only the tradi-
tional imprinting pattern of maternal expression, but
also more complex patterns such as bipolar and polar
dominance imprinting. Furthermore, we found that
such complex patterns can be caused by a combination
of the direct additive and dominance effects of the
offspring genotype and the indirect effects of maternal
genotypes. Our findings suggest that prior genomewide
mapping studies using differences between reciprocal
heterozygotes to detect imprinting may have con-
founded imprinting effects with maternal effects. Sim-
ilarly, the confounding may also have occurred in
previous work on maternal effects such that reported
genetic maternal effects may have been caused by ge-
nomic imprinting.

The importance of parent-of-origin-dependent ef-
fects in affecting complex trait variation is reflected in
an increasing number of association and linkage map-
ping studies that include POEs in their analysis of
complex traits (DONG et al. 2005; MANTEY et al. 2005).
The distinction between the causes of apparent parent-
of-origin-dependent effects is crucial not only for stud-
ies aiming to ultimately locate underlying genes but also
for our understanding of evolutionary dynamics. In
particular, if the purpose of the research is to identify
potential candidate regions in the genome that may be
causal to a specific phenotype, i.e., to explore the ge-

netic basis of a given trait, mistaking a maternal for an
imprinting effect might lead to an inappropriate focus
in follow-up studies. For example, if a trait is clearly
identified as being affected by imprinting one can
attempt to isolate the gene by genomewide screens
using differences in methylation status or other appro-
priate molecular methods, such as gene expression stud-
ies, to locate imprinted genes (see e.g., KANEKO-ISHINO
et al. 1999; LuEDI et al. 2005). However, if the trait is
caused by a maternal effect, research should be focused
on genes expressed by the mother that affect a focal trait
in her offspring.

Among the more complex maternal-effect patterns
we found three loci showing a pattern that mimicked
polar dominance. This pattern is similar to the polar
overdominance phenotype described for sheep caused
by a mutation at the callipyge (CLPG) locus where the
phenotype of one of the four possible genotypes is
different from all others (COCKETT et al. 1996; GEORGES
et al. 2003). Interestingly, the CLPG mutation is caused
by a single nucleotide substitution within an imprinted
domain affecting several imprinted genes (GEORGES
et al. 2003). Our results show that a complex phenotypic
pattern such as polar overdominance can also be caused
by maternal effects. In addition to the diversity of
maternal-effect phenotypic patterns, we also found that
maternal effects affected traits at different stages in
development from as early as week 1 body weight to as
late as week 10. As can be seen in Table 3, several
maternal-effect loci affected both weekly weights as well
as growth traits and persisted in time for up to 7 weeks
(Wimgel2.1). Surprisingly, one QTL (Wimge6. 1) affected
early growth from week 1 to 2 only but not weekly
weights. During this early period offspring body weight
increase is solely due to maternal provisioning and the
conversion into body mass by the offspring’s metabo-
lism. Since this QTL seems to particularly affect the rate
of weight gain it may be linked to maternal provisioning
behavior.

Researchers are becoming increasingly aware that
predictions of phenotypes as a direct function of geno-
types are often simplified or even flawed because the
traitin question is the result of interaction or joint direct
and indirect effects (e.g., REIFSNYDER et al. 2005; HAGER
and JoHNSTONE 2007). Our study has shown that both
maternal genetic and direct genetic effects result in a
specific phenotype that is different from the effects of
the focal genotype alone and that particular consider-
ation should be given to the distinction between ge-
nomic imprinting effects and maternal effects in future
studies aiming to analyze either of the two effects.
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