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ABSTRACT
Parent-of-origin effects create differences in gene expression among genetically identical individuals.
Using measurements of allele-specific expression, we demonstrate that previously reported parent-
of-origin effects on standing mRNA levels in Drosophila melanogaster are not attributable to genomic
imprinting. Offspring from reciprocal crosses exhibit differences in total expression without differences
in allelic expression, indicating that other types of maternal and/or paternal effects alter expression.

OST genes exhibit Mendelian inheritance. Both
parental alleles contribute to the phenotype of
offspring, and alleles have the same phenotypic effect
regardless of whether they were inherited from the
mother or the father. The expression of some genes,
however, is affected by parental transmission. Parent-
of-origin effects include genomic imprinting, in which
either the maternal or the paternal allele is epigenet-
ically modified during gametogenesis, as well as maternal
and paternal effects, which are often attributable to the
cytoplasmic contributions of the egg and sperm.
Genomic imprinting is essential for the proper de-
velopment of many mammals and plants (reviewed in
GEHRING et al. 2004; Scort and SPIELMAN 2004;
MORISON et al. 2005). Imprinted genes typically have
one allele, either the maternal or the paternal allele,
completely silenced by epigenetic modifications (REIK
and WALTER 2001; pa RocHA and FERGUSON-SMITH
2004), but partial imprinting also occurs (MORISON et al.
2005). Although present in some insects (CROUSE 1960;
Gopay and EsTeEBAN 2001), the role of imprinting in
Drosophila melanogaster has been unclear. D. melanogaster
is capable of genomic imprinting under some circum-
stances (GovLic et al. 1998; LLoYD et al. 1999; HALLER
and WooDRU¥FF 2000; Joants and LLoyD 2002; MAGGERT
and GoLic 2002), but imprinting is not strictly required
for viability. Gynogenetic and androgenetic flies, which
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inherit chromosomes from a single parent, appear
normal (Fuvyama 1984; Komma and ENpow 1995). In
contrast, maternal and paternal effects in D. melanogaster
are often essential for embryonic survival (e.g., PERRIMON
et al. 1989; NUSSLEIN-VOLHARD 1991; PERRIMON et al.
1996; FrTcH et al. 1998) and can be propagated through
development to affect adult phenotypes (Firch et al.
1998; Fox et al. 2004; MALMANCHE and CLARK 2004).
Recently, GiBsoN et al. (2004) identified parent-of-
origin effects on standing mRNA transcript levels in D.
melanogaster using genomic microarrays. As described by
the authors, the male parent-like and female parent-like
expression they observed could be caused by either
genomic imprinting or more general maternal/paternal
effects. The primary difference between these two mo-
lecular mechanisms is that imprinting has allele-specific
effects on gene expression, whereas other maternal and
paternal effects are caused by changes in cellular com-
position that should affect expression of both alleles.
Here, we use measurements of allele-specific expression
in offspring from reciprocal crosses to determine whether
parent-of-origin effects on gene expression are attribut-
able to genomic imprinting or other mechanisms.
Rationale: In the absence of imprinting, the same
ratio of allelic expression is expected in reciprocal
crosses. If a gene is imprinted, relative allelic expression
should differ in progeny of reciprocal crosses. Expres-
sion of each allele (Y) is determined by the activity (A) of
its associated cisregulatory sequences as well as by any
epigenetic imprinting (/) that may affect expression
of the maternal or paternal allele. In a cross between
females from line 1 and males from line 2, the relative
expression of the two alleles (Y;/Ys) can be written as
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(Ay X I,)/(Ag X L) or (Aj/A9) X (In/L,). In the

reciprocal cross, Y;/Ys = (A1/A2) X (I,/1y). When
allelic expression is measured under constant cellular
conditions, A; and Ay are fixed properties of each allele.
The ratio of allelic expression (Y;/Ys) in reciprocal
crosses will then be the same only if Im/lp = Ip/lm. This
is true when there is no genomic imprinting and thus no
distinction between the maternal and paternal alleles
(Im = I,). If a gene is imprinted, I, # I, and the relative
allelic expression (Y;/ Ys) will differ between reciprocal
crosses. Note that this is true for complete (/= 0) as well
as partial imprinting (0 < I <1).

Maternal and paternal effects can alter total gene
expression levels without affecting the relative expres-
sion of the maternal and paternal alleles. For example,
parental effects can alter the distribution of cell types
among genetically identical individuals (e.g., RICE et al.
1979; CARMENA et al. 1991). If cell number differs in
offspring from reciprocal crosses, genes expressed in af-
fected cell types will exhibit parent-of-origin effects on
transcript level without altering the relative expression
from the two alleles. Parental effects may also alter total
gene expression by changing the number of transcrip-
tion factors within a cell. Changing the abundance of
transcription factors should not affect relative allelic ex-
pression unless the factor mediating the parental effect
(i.e., differing between reciprocal crosses) interacts pref-
erentially with either the maternal or the paternal allele.
Although possible, we are unaware of any such inter-
actions within a species.

Choosing imprinting candidate genes: Using DNA
microarrays GIBSON et al. (2004) measured expression
levels for 12,559 genes in the highly inbred Oregon R
(Ore) and Russian2b (2b) strains of D. melanogaster and
in F; heterozygotes, O2b and 2bO, produced by re-
ciprocal crosses of these strains (i.e., Ore X 2b and 2b X
Ore, respectively, where the maternal strain is listed
first). Of the genes surveyed, 2% showed parent-of-
origin effects on gene expression: expression in female
F; heterozygotes resembled paternal expression for 115
genes and maternal expression for 174 genes. A subset
of these genes was selected using the following criteria:
(1) magnitude of expression difference between paren-
tal strains, (2) similarity of hybrid expression to parental
expression, and (3) presence of a sequence polymorphism
between parental Ore and 2b strains that distinguishes
mRNA transcripts produced by each allele. Genes with
larger expression differences between parental strains
were preferentially selected.

Ultimately, nine of the best imprinting candidate
genes in the genome were chosen, including five genes
with female parentlike expression in F; flies (mod,
lambdaTry, thetaTry, Myo61F, and CG8952) and four genes
with male parentlike expression in F; flies (Spat,
CG4847, Mp20, and CG9641). CG8952 and Spat are X
linked, whereas the remaining genes are autosomal.
Fifteen control genes, which showed no evidence of

parent-of-origin effects in the microarray study, were
also examined. For each gene, expression was measured
in 7- to 10-day-old mated females (Ore, 2b, O2b, 2bO)
from each cross (Ore X Ore, 2b X 2b, Ore X 2b, 2b X
Ore, respectively), as described in GIBSON et al. (2004).
The same inbred Ore and 2b strains of D. melanogaster
studied by Gibson and colleagues were used for this
work.

Multiple techniques produce concordant measures
of gene expression: Microarray measurements of ex-
pression have inherently greater error than do liquid
phase assays; thus we used quantitative PCR (qPCR) to
investigate the validity of parent-of-origin effects ob-
served in GIBSON et al. (2004). Gene expression was
measured in both parental (Ore, 2b) and hybrid (O2b,
2b0O) flies for five of the nine imprinting candidate
genes and for two housekeeping genes (srebp and pld).
Patterns of expression observed among genotypes using
qPCR were similar to those reported in the microarray
study for all genes except CG9641 (Figure 1A). For
CG9641, expression in O2b flies was lower, relative to
the other three genotypes, than expression reported in
GIBSON et al. (2004).

Pyrosequencing, which uses a single nucleotide dif-
ference between two alleles to quantify their relative
abundance in a combined sample, was used to measure
allele-specific expression (AHMADIAN ef al. 2000). To
compare pyrosequencing measurements of gene ex-
pression with measurements from microarrays, reative
expression of all 24 genes in the 2b and Ore parental
strains was examined. Pyrosequencing measurements of
Ore and 2b transcripts in mRNA extracts from mixed
pools of flies were used to directly quantify the relative
expression in the two lines (WITTKOPP et al. 2004). A
comparable ratio of gene expression was calculated
from the GiBsoN et al. (2004) microarray data by sub-
tracting the log-transformed least-squares (LS) mean of
fluorescence intensity for Ore from that for 2b. As
shown in Figure 1B, both methods produced similar
estimates of the relative expression between parental
lines (R = 0.74).

The concordance of microarray, qPCR, and pyrose-
quencing measurements of gene expression (supplemen-
tal Table 1 at http://www.genetics.org/supplemental/)
indicates that environmental differences (e.g, media
composition, light, humidity) between our study (con-
ducted at Cornell University) and that of GIBSON et al.
(2004) (conducted at North Carolina State University)
had minimal effects on expression of the genes
examined.

Statistical test for imprinting: Relative expression of
the 2b and Ore alleles was measured in genetically
identical 2bO and O2b F; females from reciprocal
crosses. Pyrosequencing was used to measure allelic
expression in two replicate cDNA samples from each of
two pools containing 14 F, flies. For each gene, the
following general linear mixed model was fitted using
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F1GUrE 1.—DNA microarrays, quantitative PCR, and pyrosequencing produce similar measures of gene expression. (A) Expres-
sion of nine imprinting candidate genes selected from the GiBsoN et al. (2004) microarray study is shown in the bar chart. Quan-
titative PCR (qPCR) measurements of gene expression are shown by the black line graphs for five of the nine genes. For each
genotype, two replicate cDNA synthesis reactions [using poly(T) primers] were performed with RNA extracted from three inde-
pendent pools containing 12-14 flies each. Gene-specific Tagman probes (HEID et al. 1996) (Applied Biosystems) were used to
measure expression in all six cDNA pools for each genotype, in duplicate. The inverse of the critical threshold (1/CT) was fitted to
the following linear model using proc MIXED in SAS v. 8.02 (Cary, NC) for each gene, as described in (FIUMERA et al. 2005): Yy, =
p + Genotype; + Pool;; + cDNAy;, + PLD + €, where Y= 1/CT for the gene of interest, iis the genotype index (Ore, O2b, 2bO,
2b), jis the pool index (1, 2, 3), kis the cDNA sample index (1, 2), and PLD = 1/CT for the pld gene. Genotype was treated as a
fixed effect, Pool and cDNA as random effects, and PLD as a covariate. Analyses using srebp expression as a covariate instead of pld
expression gave similar results; expression of srebp and pld was strongly correlated (R* = 0.97). LS means for each genotype are
plotted with error bars indicating the standard error. (B) Relative expression between 2b and Ore (2b/Ore), measured by pyro-
sequencing, is plotted against the ratio of 2b/Ore expression reported in the GiBsoN et al. (2004) microarray data set.
For pyrosequencing, total RNA and genomic DNA were sequentially extracted from four mixed pools, each containing seven
Ore and seven 2b flies. RNA from each pool was used in three independent cDNA synthesis reactions with a poly(T) primer. After
normalization using measurements from genomic DNA (LANDRY et al. 2005), the logs(2b/Ore) ratio from pyrosequencing (Y) was
fitted to a gene-specific model including a random effect of replicate pools: Y; = p. + Pool; + €, where iis the the pool index (1, 2, 3,
4). Estimates and standard errors of the intercept () are shown. Supplemental Table 1 (http:/www.genetics.org/supplemental/)
summarizes expression levels measured using DNA microarrays, qPCR, and pyrosequencing.

“proc MIXED” in SASv. 8.02 (Cary, NC): Y;;= . + Cross; + was ever completelysilenced (Figure 2A). There was also

Pool;; + €, where Yis the relative expression loga( Yo,/ no evidence of partial imprinting: the 2b and Ore al-
Yore), 11s the direction of cross O2b, 2bO (fixed effect), leles maintained similar allelic expression in recipro-
and jis the poolindex 1, 2 (random effect). The ratio of cal crosses for all candidate genes (P > 0.05 for all
allelic expression (Y;) was logy transformed to meet the tests, supplemental Table 2 at http: /www.genetics.org/
assumption of normality. The significance of the Cross supplemental/). Asymmetrical expression between alleles
term, comparing the least-squares means of the allelic was observed for some genes, which indicates differ-
ratio (Yan,/ Yore) between the O2b and 2bO genotypes, ences in cisregulatory activity between the 2b and Ore
was used to test the null hypothesis of no imprinting alleles (CowLEs et al. 2002; WiTTKOPP ef al. 2004), but
(Ho: 2bO = O2b). The sensitivity of this test differs the relative expression of the two alleles was similar
among genes and is determined by the variability regardless of which parent transmitted which allele
among replicate samples and pyrosequencing measure- (Figure 2A). This similarity in allelic expression exists
ments. The 95% confidence intervals indicate that, despite parent-of-origin effects that alter total expres-
depending on the gene, this test would reject the null sion levels between 2bO and O2b flies (Figure 1A).

hypothesis at a = 0.05 if the abundance of either allele The same allelic expression in reciprocal crosses was
differed by >1-4% in reciprocal crosses (Figure 2A). observed not only for all imprinting candidate genes
These data provide sufficient power to detect complete but also for all 15 control genes examined (Figure 2B).
(on/off) imprinting as well as partial imprinting that In addition, we have tested for allelic expression dif-
alters the relative expression of one allele >5%. ferences between reciprocal crosses in the context of

other studies (WITTKROPP ¢f al. 2004; unpublished data),
including 24 additional genes examined in crosses
among inbred strains of D. melanogaster (42 compari-

Both parental alleles were expressed for all genes sons), among inbred strains of D. simulans (22 compar-
examined; neither the maternal nor the paternal allele isons), and between these two species (24 comparisons)

RESULTS AND DISCUSSION



4 P. J. Wittkopp, B. K. Haerum and A. G. Clark

B C
100 a4 Ta 4
B2x0e - Orex2b o candidale genes 1 Y = 098x -
R2=0.95 2 R2=096 oo
2L 15 « control genes *é-' < i
% = ’ £
= B y,= 098 =
3] & R2=099 - o
73] ’ =
c b o « . A
@ 50 @ P x 0 1
- = P m
S = ’ c ,
L ’ § 4 ¥
R 0 @ :§5 - +D. simulans
o o D. melanogsater
0 1k ¥ 4L « Interspecific
CG4847 Spat lambdaTry  CG8952 Myo61F -1 0 4 -4 0 4
Mp20  thetaTry CG9641 mod 2b x Ore strain A x strain B

FiGure 2.—Allelic expression in reciprocal crosses indicates a lack of imprinting. (A) The percentage of total transcripts derived
from the 2b allele in offspring from reciprocal crosses (2bO and O2b) is shown for imprinting candidate genes. The logo-transformed
ratio of allelic expression, logs(Ya,/ Yore), was fitted to the mixed model described in the main text. LS means derived from this
model were used to calculate the percentage of the 2b allele in each sample. For example, if loge(Yon,/ Yor.) = 0, then Yo,/ Yo, =
2° =1, and Yy, = 50%. Error bars indicate the 95% confidence interval surrounding each LS mean. Note that confidence intervals
are not symmetric because the analysis of variance was performed on log-transformed data. LS means of relative allelic expression for
2bO and O2b flies were within 0.3 to 3 times the standard error of each other for all candidate genes. In all cases, this is <4.3 times the
standard error (d.f. = 2) that defines the 95% confidence interval. (B) The LS mean and standard errors of logs (Yap/ Yore) are plot-
ted for imprinting candidate genes (open diamonds) and control genes (solid diamonds). Expression in 2bO flies from a cross be-
tween 2b females and Ore males is shown on the x-axis, with expression in O2b flies from a cross of Ore females and 2b males shown
on the yaxis. (C) Additional tests for imprinting from WITTKOPP ef al. (2004) and our unpublished data are shown. LS means are
plotted in both panels with error bars indicating the standard error. Supplemental Table 2 (http:/www.genetics.org/supplemental/)

summarizes the genes, crosses, LS means, standard errors, and significance tests for all comparisons.

(Figure 2C). Again, we found no evidence of differen-
tial allelic expression between reciprocal crosses that
would indicate genomic imprinting (P > 0.05 for all
tests) (supplemental Table 2, http://www.genetics.org/
supplemental/). In the absence of imprinting, parent-
of-origin effects on gene expression are inferred to be
caused by trans-acting maternal and paternal effects.
Initiated during embryogenesis, these effects must be
propagated during ontogeny to affect the physiology of
adult flies (e.g., RICE et al. 1979; ForqQuiGNON 1981; Fox
et al. 2004; MALMANCHE and CLARK 2004;).

A total of 48 genes were tested for genomic imprint-
ing in this study, including 9 of the best imprinting
candidate genes identified in a genomewide survey of
gene expression (GIBSON et al. 2004). Using a sensitive
allele-specific test, we found no evidence of imprinting,
suggesting that this phenomenon may contribute little
to normal gene expression in D. melanogaster. With meth-
ods for studying allele-specific transcription on a large
scale now available, additional genes, developmental
stages, and specific tissue types can be examined to
determine whether imprinting affects D. melanogaster gene
expression in other contexts. Genes located in hetero-
chromatin will be particularly interesting to examine,
since the transposition of euchromatic genes into or near
heterochromatin often results in imprinting (GoLic et al.
1998; LroyDp et al. 1999; HALLER and WoobRrurr 2000;
Joanis and Lroyp 2002; MAGGERT and GoLic 2002).
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Damon Runyon Postdoctoral Fellow supported by the Damon Runyon
Cancer Research Foundation.
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