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Genetic variation in the Yolk protein expression network
of Drosophila melanogaster: sex-biased negative

correlations with longevity

AM Tarone2, LM McIntyre3, LG Harshman* and SV Nuzhdin!

One of the persistent problems in biology is understanding how genetic variation contributes to phenotypic variation.
Associations at many levels have been reported, and yet causal inference has remained elusive. We propose to rely on the
knowledge of causal relationships established by molecular biology approaches. The existing molecular knowledge forms a firm
backbone upon which hypotheses connecting genetic variation, transcriptional variation and phenotypic variation can be built.
The sex determination pathway is a well-established molecular network, with the Yolk protein 1-3 (Yp) genes as the most
downstream target. Our analyses reveal that genetic variation in expression for genes known to be upstream in the pathway
explains variation in downstream targets. Relationships differ between the two sexes, and each Yp has a distinct transcriptional
pattern. Yp expression is significantly negatively correlated with longevity, an important life history trait, for both males and

females.
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INTRODUCTION

Genomic tools have enabled the simultaneous evaluation of many
gene expression levels within a genome, making the study of
transcriptional networks possible (Featherstone and Broadie, 2002;
Guthke et al, 2005). There is evidence of genetic variation in
expression networks (Tarone et al., 2005; Sieberts and Schadt, 2007;
Nuzhdin ef al, 2009), and genetic variation in transcription has been
used as a systems biology tool for mapping large groups of genes
underlying human diseases (Schadt et al., 2009a,b) in a ‘top down’
approach. These large networks help to pinpoint specific genes, but a
problem remains as covariation in gene expression should not be
confused with causality (Coffman et al, 2005; Lee et al., 2009). For
example, gene expression levels will be correlated with each other
when there is a causal relationship, such as when one gene is upstream
of the other. Expression levels will also be correlated when two genes
are regulated by a common factor (Jansen et al., 2009). When large
numbers of genes are examined with small sample number of
genotypes, the sheer complexity of organism-wide networks interfere
with the identification of causal relationships (Coffman et al., 2005;
Jansen et al., 2009). We propose a novel ‘bottom up’ approach, relying
on causal relationships among genes having been already established
in prior molecular biological experiments. We apply this paradigm for
natural small-effect mutations where the networks have been estab-
lished using mutations of major effect. It remains an open question as
to whether natural genetic variation recapitulates a molecular network
structure and can be related to phenotypic variation (see Box 3 in
Harshman and Zera (2007) and Stern (2000)). In addition, the nature
of the response to expression variation (that is, linear versus

nonlinear) may be important to network outcomes (Gjuvsland
et al., 2007a—). Here, we address these challenges using the Yolk
protein (Yp) expression network as an exemplar.

The Yp expression network of Drosophila melanogaster (Figure 1) is
well described (Ota et al., 1981; Belote et al., 1985; Kraus et al., 1988;
Baker et al., 1989; Burtis et al., 1991; Abrahamsen et al., 1993; An and
Wensink, 1995; Bownes et al., 1996; Cline and Meyer, 1996; Erdman
et al., 1996; Li and Baker, 1998; Brodu et al, 2001; Hutson and
Bownes, 2003; Kumar and Lopez, 2005; Billeter et al., 2006; Goldman
and Arbeitman, 2007; Qi et al, 2007; Sanchez, 2008; Lebo et al.,
2009). Consequently, causal relationships among genes in the network
are known. YpI-3 provide the major components of egg yolk
(Bownes, 1992) and are located on the X chromosome. The Yp
network has a number of distinct advantages (1) many mutants are
not lethal and demonstrate intermediate phenotypes (Cline and
Meyer, 1996), (2) dosage effects have been established with mutant
experiments (that is, Li and Baker, 1998) and (3) a genetic component
has been demonstrated for expression variation in all parts of the sex
determination hierarchy, including mis-spliced isoforms of dsx
(Tarone et al., 2005), that correlate with Ypl expression in males.
Accordingly, this set of well-established causal relationships among
genes in the network regulating Yps, and quantitative responses to
upstream variation in known causal factors, makes the Yp expression
network an ideal system for evaluating the effects of natural variation
from a systems biology perspective.

A detailed understanding of natural variation in the Yp network
could also provide insight into several interesting biological problems.
Several loci in the network, including all of the Yps, are located on the
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Figure 1 A diagram of known regulatory interactions in the Yp expression
network. Sx/, tra, tra2 and the Rbps are splicing factors, all other genes
regulate expression. Arrows indicate activation of expression/splicing. Bars
indicate inhibition of expression/splicing. Boxes indicate groups of
physically interacting proteins. Red and blue represent alternative splices
that are canonically considered to be expressed in a sex-specific manner
(male, blue; female, red), though their expression is known to be leaky.
Boxes represent genes that function together in complexes to influence
downstream expression/splicing.

X chromosome, which is upregulated approximately twofold in
Drosophila males compared with females (Hamada et al, 2005;
Kind et al, 2008). Moreover, in the data analyzed here the X
chromosome is enriched for genes that show additive genetic
inheritance of gene expression in Drosophila males, but dominance
variation in females (Wayne et al, 2007). This pattern may suggest
nonlinear responses in the network (Gjuvsland et al, 2007a—c),
variation in dosage compensation (Goldman and Arbeitman, 2007;
Lebo et al, 2009) or a combination of both factors. In the Yp
network, SxI is the most upstream. SxI is also the most upstream
factor in the sex determination splicing cascade and it regulates
dosage compensation (Cline and Meyer, 1996; Sanchez, 2008).
Manipulation of expression of genes in the Yp network has been
demonstrated to affect indicators of fecundity such as fertility, hatch
rates and egg numbers in females (Postlethwait and Shirk, 1981;
Bownes et al., 1991; Terashima and Bownes, 2004). The Yps are the
major component of eggs and their expression is a good indicator
of females with high fertility and fecundity (Bownes et al, 1991;
Terashima and Bownes, 2004). Reproduction is also known to result
in a complex tradeoff with lifespan under some conditions (Rose,
1989; Djawdan et al., 1996; Partridge et al, 2005; Flatt et al., 2008;
Toivonen and Partridge, 2009; Kenyon, 2010). There is also some
evidence that would suggest Yps may have a role in longevity. Yps
have been shown to bind ecdysone (Bownes et al., 1988), indicating
that they may help relay hormonal signals that may in turn influence
longevity (Simon et al, 2003; Tatar, 2004). Further, Yps are
evolutionarily convergent with vitellogenins (Brandt et al, 2005;
Tufail and Takeda, 2008, 2009) and recent evidence from studies of
hymenoptera suggests that vitellogenins have a role in extending
longevity (Brandt et al, 2005; Seehuus et al, 2006; Corona et al,
2007). In the hymenoptera, long-lived castes have been shown to
express more vitellogenin than shorter-lived castes, which has been
linked to a reduction in oxidative stress (Landis et al., 2004; Seehuus
et al., 2006) as well as immune function (Amdam et al., 2004). For
these reasons, studying natural expression variation in the Yp network
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may provide valuable information regarding the disparity in the
inheritance of Drosophila gene expression levels between the sexes and
could provide molecular mechanisms for life history tradeoffs
(Chippindale et al., 2001).

The causal network, established by molecular biology techniques,
combined with demonstrated links between large effect mutations
and important life history traits provides the perfect backdrop upon
which to test a ‘bottom up’ approach to understanding how genetic
variation contributes to phenotypic variation. If genetic variation in
these networks exists, and is important, then variation in upstream
genes will be associated with variation in downstream targets. If the
network itself is important for life history traits then the most
downstream targets (the Yps) will be associated with longevity.
Further this backdrop allows us to ask structural questions about
the system such as: (1) Do nonlinear responses reflect patterns of
genetic variation in gene expression? (2) Are the relationships among
genes in the Yp network the same in both sexes? (3) Does each Yp
respond to variation in the same regulators? (4) Given the
X-chromosomal positions of genes in the network (the Yps, usp,
RbpI-like and Sxl), is dosage compensation important to the male Yp
network? Using a set of expression data from 72 genotypes, progeny
from a diallel cross, Wayne et al. (2007), and longevity data from the
same crosses, genetic variation in the Yp network and that impact on
longevity is explored. The regulatory structure of the existing network
is modeled using structural equation models (SEMs) derived from
Wright’s pathway analyses (Pearl, 2000). Structural equation modeling
is distinct from regression modeling in that it is composed of a system
of equations. In some equations a particular variable is independent,
whereas others are dependent. In this ‘bottom up’ approach, we
establish a network of equations derived from molecular experiments
that establish causal relationships among genes and then test whether
the genetic variation is reflected in the relationships dictated by the
molecular models.

MATERIALS AND METHODS

Microarray gene expression data for the Yp network

Data from Wayne et al. (2007) were used for these analyses and results from
this experiment for Yp network genes (Figure 1) can be observed in Table 1,
Figure 2, Supplementary File 1 and Supplementary File 2. Reciprocal crosses of
nine different inbred genotypes isolated from Winters, CA, USA were obtained
and Agilent microarrays (Agilent, Santa Clara, CA, USA) were used to assay
expression. At 3 days post-eclosion, RNA was isolated from whole carcasses of
10 males and 10 females derived from the full matrix of crosses among
genotypes (minus the homozogotes). This scheme allows for the dissection of
simple versus complex forms of inheritance. On a genome-wide scale, this
experiment demonstrated a simple mode of gene expression inheritance for
males (where offspring appear to express a gene at levels that are intermediate
to parental expression levels), but a more complex pattern for females.
Expression level data were derived from the natural log of microarray probe
intensities after subtracting the mean background intensity and were only
evaluated if the probe was determined to be expressed significantly beyond
background levels (Wayne et al., 2007). Data entered into the SEMs were
centered by dye and scaled such that the mean was zero. Maternal genotype
effects were then regressed out of the data by extracting and evaluating the
residuals from models of expression based on maternal genotype. Centering
does not change the relationship between genes, but is important for
multivariate depiction of the data (Neter et al., 1990).

Dosage compensation

Dosage compensation effects for genes in the Yp network were evaluated from
two previously published data sets. The first study evaluated the genome-wide
effects of msl-2 RNAi (Hamada et al., 2005). Results from the Yp network
were extracted and assessed here. Also, the effect of functional SxI in tra
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pseudomales on genes in the network was evaluated by comparing ratios of
male/female expression to pseudomale/female expression with a t-test, as
reported by the authors of that manuscript (Goldman and Arbeitman, 2007).

Genetic variation and heritability

Heritability estimates and the significance of variance components for each
probe analyzed were available (Wayne et al, 2007), and can be found
in Supplementary File 2. General combining ability (GCA) describes
additive inheritance, specific combining ability (SCA) describes non-additive

Table 1 The proportion of crosses for which expression levels of a
probe was not significantly above background levels

Gene Probeuid Males Females
Aefl 1070 0.1 0
dsxF 6162 0.47 0.07
dsxM 12690 0 0.01
EcRA 5648 0.5 0.08
EcRB 14630 0.18 0.13
fruC 9294 0 0
her 4988 0 0

ix 5511 0.46 0.04
Rbpl 7014 0 0
Rbp1D 12045 0 0
Rbp1-like 4731 0 0
Sxl 782 0 0
SxIM 824 0.11 0.19
tra 9174 0 0
tra2 4734 0.03 0
usp 12140 0.03 0
Ypl 13974 0 0
Yp2 13101 0.88 0.01
Yp3 2812 0 0

Probeuid indicates the unique identifier for a probe on the arrays associated with specific
isoforms of genes in the genome. Males denote the proportion of males that exhibited
expression that was statistically above background on the microarray for that probe. Females
indicate the same information for the probe, but for females.
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(dominance or epistasis) inheritance, and reciprocal values for these terms
(RGCA, RSCA) denote inheritance of expression levels that are dependent on
parental effects (Wayne et al., 2007). A nominal P-value of <0.05 was
considered significant. This approach may be liberal, in that some results that
are significant may be false-positives. For this reason, we rely primarily on the
consensus results across analytical approaches rather than individual tests.

The Yp network

The probes evaluated corresponded to loci known to affect Yp expression, sex
determination genes and ecdysone receptor genes. The sex determination
proteins encoded by dsxM and dsxF, ix, her and fruC have all been implicated
in the regulation of Yps (Belote et al, 1985; Kraus et al., 1988; Abrahamsen
et al., 1993; An and Wensink, 1995; Bownes et al., 1996; Hutson and Bownes,
2003; Goldman and Arbeitman, 2007; Lebo et al., 2009). The involvement of
fru in Yp regulation has been implied recently, based on the observation that
ectopic fruB expression, driven by a heat shock promoter, increases Yp
expression and deletion of the male-specific fru P1 promoter increases
expression of Yp (Goldman and Arbeitman, 2007; Lebo et al., 2009). These
two pieces of evidence suggest different regulatory roles (positive and negative
regulation). Accordingly, the effect of the fruC isoform on Yp expression was
evaluated, as it is the least likely exon to be expressed by females through
common promoters and it is expressed in the majority of cells that express the
male-biased isoforms of fru (Goodwin et al., 2000).

In addition, probes from genes involved in ecdysone mediated regulation of
Yps were evaluated and included EcR (the A and B1 isoforms), usp and Aefl
(An and Wensink, 1995; Bownes et al., 1996; Brodu et al., 2001; Hutson and
Bownes, 2003). Likewise, the influence of concentration of the common exon
of tra, the common exon of #ra2, a common exon of RbpI, a male-biased RbpI
exon (referred to as Rbp1D) and RbpI-like were evaluated as to their influences
on dsx and fru splicing and mis-splicing in both sexes. The effects of the RbpI
transcripts and a common (labeled here as SxI) and male-biased (SxIM) exon
of SxI were considered as potential factors that could influence tra expression.

Structural equation models

The expression network was evaluated with SEMs (Pearl, 2000). Linear SEMs
were developed using the known prior network structure (Figure 1). A
confirmatory modeling procedure was used, where the regulatory relationships
given by molecular approaches were used to derive a system of equations
(Supplementary Files 3-9). These relationships where then tested to see
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Figure 2 Bootstrapped hierarchical clustering of Yp network transcripts in males and females. Red values reflect approximate unbiased probabilities
determined through hierarchical bootstrapping. Green values reflect bootstrap values. (a=Females). Clustering of Rbpl/tra, Ypl/Yp3 and herltra2 is
significant. (b= Males). Clustering of Yp1/Yp3, fruC/Rbpl-like, RbplD/dsxM and EcRA/EcRB1/ix is significant.

Heredity



Genetic variation in the Yp expression network of D. melanogaster
AM Tarone et al

a Ypl Female b Ypl Male
0.53 *usp -0.35 * EcRB Q‘Aeﬁ 0.28 * her
Yolk protein 1 Yolk protein 1
c Yp2 Female d Yp2 Male
0.21 * 5x| 0.61 * Rbpl
0.24 * RbplD | 0.42 * tra2 |
0.53 * Rbp1D
-0.76 * tra
0.53 * tra2 0.4 * Rbpi-like
0.37 * Rbp1D v
-0.21 * fruC
0.43 * her
v
Yolk protein 2
v
Yolk protein 2
e Yp3 Female f Yp3 Male
0.45 * usp 0.29 * her -0.44 * EcRB 0.59 * Aefl

Yolk protein 3

Yolk protein 3

Figure 3 SEM results for each Yp in both sexes. Arrows, bars and colors are the same as Figure 1 and represent predicted regulatory relationships. Only
statistically significant correlations among transcript levels are noted for each Yp and sex. (a, ¢ and e) Present results of Yp analyses in females, denoting
Ypl, Yp2 and Yp3, respectively. (b, d and f) Present results of Yp analyses in males, denoting Ypl, Yp2 and Yp3, respectively. Numbers in front of genes
names represent standardized parameter estimates for each response. Note that Yp2 was the only locus sensitive to expression variation of sex
determination loci, whereas YpI and Yp3 were more responsive to variation in ecdysone signaling.

whether genetic variation in the network was reflected in the given system of
equations. Transcripts that were external variables were considered as
covariates if they were isoforms of the same gene (that is, EcRA and EcRB),
or if they were structurally and functionally similar (that is, RbpID and RbpI-
like, which are both male-biased splices of similar genes). One model was made
for each Yp in each sex. Summaries of results can be found in Supplementary
File 3 and Figure 3. Full reports from the analyses can be found in
Supplementary Files 4-9. Connections between variables in the network were
considered significant if they yielded a Q-value of <0.05 with an false
discovery rate of 0.05 (Supplementary File 3). Relative expression values
among genotypes were compared between sexes with histograms
(Supplementary File 1) and by clustering of expression levels (Suzuki and
Shimodaira, 2006). Bootstrap values (green) as well as approximate unbiased
probabilities (red) are reported (Figure 2).

Regression models

Genes in the network were evaluated for nonlinearity of response using the
mixed model: Y= p+d;+ s+ g+ a2+ sgik + &iji- For each of the relation-
ships postulated in the network, the gene expression of the downstream gene
was fit as the dependent variable (Y) and the upstream gene as the
independent variable (g) with both a linear and quadratic term. The

significance of quadratic term indicates a nonlinear response. The fixed effects
of dye (d) and sex (s) and the interaction between the linear effect of the
downstream gene and sex were also included in the model. Possible correlation
among the observations due to the mating design was accounted for using a
block diagonal structure for the error matrix with each dam having its own
estimate of error. Full results are reported in Supplementary File 10. For these
models a P-value of 0.05 was considered significant.

Longevity experiment

For each cross and sex the median age at which 15 individuals (per replicate)
survived post-eclosion was used as a measure of longevity. Two independent
replicates were performed for each cross and sex for a total of 288
measurements of cross averages. Samples where replicates were highly
discordant and one of the replicates had values that were consistent with date
entry error were removed. This left 248 samples for analysis, though it should
be noted that the general pattern of our observations were unchanged by
evaluating all 288. The model Y=g+ s;+g+sg;+ej was fit where
longevity, the dependent variable (Y), was the median time of death for sex
i and genotype j. The mean of the array replicates for sex i and genotype j was
used to estimate the effect of the Yp and possible correlation among the
observations due to the mating design was accounted for using a block
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diagonal structure for the error matrix with each dam having its own estimate
of error. Error was assumed to be normally distributed.

For the longevity experiments flies were reared on a Drosophila diet that
consisted of the following components: water (92.45% v/v), unsulfured
molasses (5.39% v/v), ethanol (1.54% v/v), propionic acid (0.62% v/v),
cornmeal (9.24% v/w), torula yeast (7.70% w/v), agar (0.68% w/v) and
Tegosept (0.31% w/v). Stocks were maintained at room temperature
(22-24°C). Adults were collected from each line as virgins and crossed in all
pairwise combinations including reciprocal crosses. These crosses were made in
cut bottles and eggs were harvested from the bottles and transferred to vials at
~75 eggs per vial. Offsprings were collected from these vials and collected as
virgins using light ether. These flies were transferred to cages at ~30 newly
eclosed virgin flies per cage for the lifespan assay. The cages consisted of quart
deli containers with mesh on the lid for ventilation and two portals on
opposite sides of the cylinder. One portal was a small circle cut into the side
adapted as a fitting for fresh food vials. The other portal was a slit cut into an
inner tube sewn onto the wall of the cylinder. An aspirator was inserted into
the slit to collect dead flies from the cage. The lifespan assay was conducted at
25°C, 12L: 12D. A fresh food vial replaced the previous vial in the cage every 4
days, and the dead flies collected and recorded until all flies in each cage were
dead. Three cages were set up for each cross and all crosses were assayed at the
same time. The entire lifespan assay was repeated once.

RESULTS

Gene expression correlations

Expression was detected for all genes in this study (Table 1, (Wayne
et al., 2007)). In males, the expression of dsxF, ix, ECRA and Yp2 was
statistically indistinguishable from background in numerous crosses
(Table 1). Expression levels of these genes were female biased
(Supplementary File 1, Supplementary File 2).

Several groups of transcripts in the network were highly correlated.
Unsupervised, hierarchical clustering of expression showed similar
groupings in male and female profiles (Figure 2). Within sex-biased
groups of genes (Wayne et al, 2007), there were several distinct
modules of co-regulated genes (Supplementary File 2, Figure 2). YplI
and Yp3 were co-expressed in a strongly supported cluster in both
sexes (correlations were 0.95 and 0.93 in males and females,
respectively; covariance estimates were 0.23 and 0.13, respectively).
In males, the male-biased fruC transcript clustered with the male-
biased splicing factor Rbpl-like (correlation: 0.67; covariance: 0.04)
and dsxM clustered with the male-biased transcript of a splicing factor
RbpI (correlation: 0.82; covariance: 0.05). Further, both isoforms of
EcR significantly clustered with ix expression in males (average
correlation: 0.83; average covariance: 0.06). In females, RbpI clustered
with fra expression (correlation: 0.92; covariance: 0.11), whereas her
clustered significantly with tra2 expression (correlation: 0.93; covar-
iance: 0.1). Mixed-sex models were evaluated to identify statistical
interactions between sex and expression. Table 2 indicates the many
significant sex by gene interactions that were found in the network.

Genetic variation and heritability
Heritability and genetic variance components were evaluated for
genes in the network (Supplementary File 2) (Wayne et al., 2007).
Heritability of expression was generally <0.1, reflecting the low
amount of additive genetic variance in females. Less genetic variation
was detected in males than females, with 8 of 19 genes in the analysis
demonstrating significant genetic variation in males, whereas all 19
genes demonstrated significant genetic variation in females (Fisher’s
exact test, P=0.00012).

The entire network was assessed separately in males and females
with SEMs based upon the known linkages among genes in this
pathway (Supplementary File 3, Figure 3a—f; Pearl, 2000). SEMs

Heredity

Table 2 Significant interactions of sex with gene expression levels in
the Yp network

Regulator NumDF DenDF  F value P-value Model Q-value

fruC*sex 1 308 69.37496 2.71E-15 Yp2 1.19E-13
EcRB*sex 1 304 44.70859 1.10E-10 Yp2 2.41E-09
Rbp1-like*sex 1 306 43.36909 1.97E-10 dsxF 2.89E-09
Rbp1D*sex 1 308 31.11336 5.33E-08 dsxF 5.86E-07
EcRA*sex 1 308 26.40915 4.91E-07 Yp2 4.33E-06
her*sex 1 306 17.38404 3.98E-05 Yp2 0.000292
Rbp1-like*sex 1 306 14.9784 0.000133 tra 0.000836
EcRA*sex 1 308 13.71128 0.000253 Yp3  0.001389
ix*sex 1 306 13.36864 0.000301 Yp3  0.001422
ix*sex 1 306 13.22946 0.000323 Yp2  0.001422
Rbp1-like*sex 1 306 12.80402 0.000402 tra 0.001608
EcRA*sex 1 308 12.26733 0.000529 Ypl 0.00194
ix*sex 1 306 11.88957 0.000644 Ypl  0.002178
Rbp1-like*sex 1 306 11.73646 0.000697 fruC  0.002189
dsxF*sex 1 308 10.70216 0.001192 Yp2  0.003495
Rbp1*sex 1 308 10.57733 0.001272 tra 0.003498
Rbp1D*sex 1 308 10.24278 0.001515 fruC  0.003922

Abbreviations: FDR, false discovery rate; Yp, Yolk protein.
Regulator indicates the genes known to regulate the gene or splice in the model column.
Q-values represent an FDR of 0.05.

demonstrated several interesting features. In males, variation in her,
Aefl and EcRB was correlated with variation in YpI expression.
Similarly, Yp3 responded to variation in expression of Aefl and her.
However, variation in expression of Yp2 was significantly influenced
by variation in ix, dsxF and fruC. Variation in dsxF expression was
influenced by tra2 and RbpID levels, while fruC was significantly
correlated with variation in RbpI-like. In females, YpI and Yp3 were
both correlated with expression levels of usp, but Yp3 also responded
to variation in her. Yp2 variation in females was significantly
influenced by dsxE, ix and her expression. Expression of dsxF was
significantly correlated with tra, tra2 and RbpID expression and tra
expression was, in turn, correlated with SxI, Rbpl and RbplID
expression (Figure 3c and d).

Statistical analyses of the Yp network

The SEM analyses also revealed several interesting factors associated
with the mis-splicing of transcripts. Previously, tra2 (a gene known to
regulate dsx splicing) expression was observed to significantly
correlate with dsxF levels in males (Tarone et al, 2005). The
observation of a tra2 correlation with dsx mis-splicing was repeated
in these analyses. Furthermore, RbplD was significantly correlated
with dsxM levels in females and dsxF levels in males, whereas RbpI-
like levels in females significantly correlated with expression of the
fruC transcript in females. All of these results indicate that fluctua-
tions in the levels of specific splicing factors have downstream
repercussions for the splicing of specific target transcripts.

The results of the SEM analyses were then evaluated graphically
and statistically to identify potential nonlinear responses in the
network (Figure 4, Table 3). Several genes significantly correlated
with expression levels of downstream targets and also exhibited
linear responses within a sex with a small number of genotypes that
clearly fell off of the line. However, when both sexes were observed
together, these loci exhibited curved responses, with some overlap
between the sexes observed among the outlier genotypes of both
sexes (Figure 4a). The sexes clearly form two separate groups
(Figure 4b and c) and the sexes were significantly different from
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Table 3 Significant nonlinear responses in the Yp network detected
across sexes as determined by significant correlations of quadratic
terms in a linear model with the transcript in the Model column

Regulator NumDF DenDF  F value P-value  Model  Q-value

Rbpl*Rbpl 1 308 47.27511 3.44E-11 dsxF 1.51E-09
tra*tra 1 308 33.89814 1.46E-08 dsxF 3.21E-07
Rbpl-like*Rbpl- 1 306 32.68229 2.58E-08 dsxF 3.78E-07
like

Rbpl-like*Rbpl- 1 306 25.80027 6.60E-07 fra 6.68E—06
like

usp*usp 1 304 25.51169 7.60E-07 Ypl 6.68E-06
Aefl*Aefl 1 302 23.18078 2.34E-06 Ypl 1.71E-05
Aef1*Aefl 1 302 21.6355 4.94E-06 Yp3 2.92E-05
her*her 1 306 21.31166 5.75E-06 Yp2 2.92E-05
her*her 1 306 21.23315 5.98E-06 Yp3 2.92E-05
usp*usp 1 304 18.15835 2.71E-05 Yp3 0.000119
her*her 1 306 16.60402 5.87E-05 Ypl 0.000235
iX*ix 1 306 15.91645 8.29E-05 Yp2 0.000304
RbpID*Rbp1D 1 308 9.974343 0.001745 tra 0.005905
tra2*tra2 1 308 8.971234 0.002965 dsxF 0.009319
Rbpl*Rbpl 1 308  8.499873 0.003812 fra 0.011183
Rbp1D*Rbp1D 1 308 7.75046 0.005702 tra  0.01568
Rbpl-like*Rbpl- 1 306  7.443663 0.006734 tra 0.017429
like

dsxF*dsxF 1 308 6.477048 0.011415 Ypl 0.027904
Rbpl-like*Rbpl- 1 306 5.863766 0.016037 fruC 0.037138

like

Abbreviations: FDR, false discovery rate; Yp, Yolk protein.
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Figure 4 Plots of Yp expression in terms of usp expression. These profiles
were typical of usp, Aefl, her, ix, dsxF and Rbpl-like. (@) Ypl expression as
a function of usp expression from the diallel crosses displays linear
responses within a sex, but a sigmoidal response between the sexes. Males
are displayed in red and females in black. (b) Mean expression in females
for each parental line, with each line assigned a different color that is the
same in all. There were three lines that expressed high levels of usp, which
also produced the highest Yp expression levels. These lines were much less
likely to produce crosses that expressed Yps at intermediate levels. (c) Mean
expression in males for each parental line, with each line assigned a
different color. There was one line that expressed high levels of usp, which
also produced the highest Yp expression levels. This line was much more
likely to produce crosses that expressed Yps at intermediate levels.

each other (Table 2). Such patterns were typical of usp, Aefl, her, ix,
dsxF and Rbpl-like. There was also a nonlinear response of dsxM in
females, where the line means demonstrated a parabolic response to
tra2, with the exception of two genotypes that expressed exception-
ally high levels of Rbp1D, which was also significantly associated
with mis-splicing (Figure 5). These responses potentially indicate a
nonlinear switch-like behavior. To explicitly test the observation of
nonlinear switches, a general model across sexes was used to test for
nonlinear responses through the observation of significance in
quadratic terms. These analyses identified 19 significant nonlinear
responses between sexes (Table 3). However, within a sex all but one
gene show linear responses.

Dosage compensation
The effect of dosage compensation on the Yp network genes was
evaluated with two data sets. The ‘Kuroda’ data set (Hamada et al.,

Q-values represent an FDR of 0.05.

2005) is derived from a genome-wide evaluation of the effects of
knocking out dosage compensation in a male cell line via RNAi of
msl-2, which is necessary for dosage compensation. Any genes that
were differentially expressed in this experiment are likely to be
affected by dosage compensation, either directly or indirectly. These
data indicated that tra, tra2, Rbpl, Aefl and ix displayed stable and
consistent differences in expression among RNAi and control treat-
ments, which were statistically significant (¢-test, P<0.05). In addi-
tion, the ‘Arbeitman’ data set (Goldman and Arbeitman, 2007)
measured expression differences between females and males and
compared them to expression differences between females and tra
pseudomales, which have two X chromosomes but are somatically
male. These data showed significant differences among males and tra
pseudomales for expression of Yp3 (t-test, P=0.01), suggesting that
at least one Yp is influenced by the dosage compensation mechanism.
Taken together, these data suggest that in both cell culture and in
whole males, one or more components of the Yp network are
significantly influenced by dosage compensation, which may be one
reason for the discrepancy in gene expression inheritance observed
between the sexes in this experiment.

Longevity

Recent data suggest that vitellogenin proteins, which are functionally
similar to Yps, have effects on insect lifespans (Seehuus et al., 2006;
Corona et al., 2007). All Yps were significantly correlated with median
time of death in at least one sex, with females demonstrating stronger
correlations than males (Figure 6a and b). When individual Yps were
evaluated along with sex in a mixed linear model, sex significantly
correlated with lifespan in all cases, with females living longer than
males (P<0.0001). The median time of death was significantly
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genotypes. (b) These two strains express high levels of RbpID. These results indicate that an optimal level of tra2 (high or low levels) should produce the
least mis-splicing in females, though some genotypes that express RbpID at high levels overcome this pattern, meaning interactions between these two

regulators may be complex.
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Figure 6 Correlations of longevity with Yp expression. Regressions of line
means for median time of death with Yp expression in females (a) and
males (b). Ypl expression levels are designated by the color black, Yp2 by
green and Yp3 by magenta.

correlated with Yp expression (Ypl and Yp2; P=0.016 and 0.026,
respectively). Median time of death was significantly associated with
Yp3 expression (P = 0.023), with a significant interaction between sex
and Yp3 (P=0.026). Given the observation of an interaction between
sex and Yp3 expression, correlations of that gene with lifespan were
evaluated in each sex individually. This analysis demonstrated
correlations with female (P=0.0004), but not male lifespan
(P=0.71). In all analyses, high Yp expression levels were more likely
to be found in individuals with shorter median times of death.

DISCUSSION
Do nonlinear responses reflect patterns of genetic variation in gene
expression?
Research by Gjuvsland et al. (2007a—c) would suggest that the large
degree of non-additive genetic variation observed in females in this
experiment (as compared with the predominantly additive inheritance
of male gene expression) could be explained by nonlinear responses
on additive inheritance. In such a case, females should exhibit more
nonlinear responses in the network than males. The data presented
here do not support the idea of within-sex nonlinear responses, with
the exception of tra2 effects on dsxM expression in females. Accord-
ingly, it is unlikely that nonlinearity explains differences in gene
expression inheritance between the sexes.

However, there were numerous responses within the network that
indicated a nonlinear, sigmoid, response if expression was observed
between the sexes (Figure 4). This pattern indicates a switch-like
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response between sexes, with some genotypes more likely than others
to produce intermediate expression levels that would fall on the
nonlinear portion of the response. Note that these ‘switches’ appear
noisy, raising a question as to how unambiguous sex-specific
regulation is maintained. These results clarify previous observations
that variation in the sex determination pathway functions more like a
dial than a switch (Tarone et al., 2005).

Does each Yp respond to genetic variation in the same regulators?
Is dosage compensation important to the male Yp network?
The Yps are usually considered to respond to the same regulatory
elements. However, each locus has its own position on the X
chromosome and its own orientation with respect to the sequences
that regulate their expression. Although each gene may be affected by
the same set of transcription factors, the order of importance of any
single regulator to a specific Yp may be unique to that Yp. There were
clear differences among Yps responding to the same network
variation. In both sexes, Ypl and Yp3 were significantly correlated
with each other more strongly than with Yp2 (Figure 2). It is
particularly notable that this pattern was observed (in both sexes)
given that Ypl and Yp2 are considered to share the same regulatory
sequence (though they read in opposite orientations from that
region). In the SEMs, YpI and Yp3 also correlated with variation in
ecdysone signaling transcripts (usp in females; EcrB and Aefl in
males), while Yp2 responded to variation in sex determination loci.
These and other observed correlations within the network suggest that
genetic variation in the Yp network affected specific targets differently.
Dosage compensation has been shown to decrease transcriptional
noise in mammals (Yin et al, 2009), imposing a general pattern of
simplicity of expression inheritance in males. In Drosophila, RNAi
experiments with male tissues have been used to eliminate expression
of two dosage compensation genes msl-2 and MOF, demonstrating a
patchwork system where each locus on the X is upregulated to a
slightly different degree, with some autosomal consequences (Hamada
et al., 2005; Kind et al., 2008). We hypothesize that the variation in
these dosage compensation responses among genotypes could have
important consequences for the male Yp network. Indeed, experi-
ments comparing genome-wide patterns of expression find many
more genes differentially expressed between males and females than
between females and tra pseudomales, which are not apparently
engaged in dosage compensation (Goldman and Arbeitman, 2007).



Our assessment of published results from a genome-wide study of
RNAI in male cell lines and a comparison of males to tra pseudomales
is that dosage compensation may have a role in expression inheritance
in the Yp network. Results from these studies indicate that Yp3, tra,
tra2, ix, Aefl and multiple isoforms of Rbplare susceptible to dosage
compensation effects in males. These transcripts fall within all of the
major clusters of expression found in the network, and their response
to knocking out the dosage compensation machinery indicates the
potential for widespread effects of dosage compensation throughout
the network, which may overwhelm the other inputs in the pathway,
and account for the simple inheritance of male expression levels.

Does variation in Yp expression, an indicator of fecundity in
females, correlate with variation in longevity?

Variation in the Yp network may shed light on the very complex
tradeoff between fecundity and longevity (Chippindale et al., 2001;
Partridge et al., 2005; Flatt et al., 2008; Toivonen and Partridge, 2009;
Kenyon, 2010). We compared the state of the pathway with longevity
phenotypes in the 72 genotypes and found extensive negative
correlations of Yps on the median time of death for males and
females. We focused on virgin flies that enabled the evaluation of
longevity responses in the absence of interference from mating effects.
In females, Yp mutants affect fertility, ovariole number and egg hatch
rates (Postlethwait and Shirk, 1981; Bownes et al., 1991; Terashima
and Bownes, 2004), therefore Yp expression is an indicator of
fecundity. Tradeoffs between fecundity and lifespan are well described;
therefore this correlation makes sense in females (Marden et al., 2003;
Mukhopadhyay and Tissenbaum, 2007).

However, males have no ovaries and only express Yps at back-
ground rates, indicating that there may be non-germline mediated
influences at have in this correlation. High Yp expression in males
with short lifespans may mean that Yp expression is a marker of mis-
expression of sex determination network genes, which could have
negative repercussions for either sex. This potential effect is supported
by the observation that overexpressing sex determination genes has
negative effects on Drosophila lifespan (Shen et al., 2009). There is also
a potential endocrine signaling function for Yps, related to the
demonstrated ability of these proteins to bind ecdysone (Bownes
et al., 1988) and the fact that they are known to be regulated by
ecdysone signaling, which may also affect lifespan (Simon et al., 2003;
Tatar, 2004). Another potential avenue by which male longevity may
be directly affected by Yp expression is through immune function,
which has also been linked to Yp levels (Amdam et al., 2004).

The potential causes of the observed negative correlation of Yps
with longevity in male and female Drosophila are numerous and
correspond to several distinct mechanisms that are considered critical
to understanding mechanisms underlying tradeoffs between longevity
and reproduction (Harshman and Zera, 2007). Functional informa-
tion from hymenopteran vitellogenins would indicate that Yps may
have a functional role in Drosophila longevity, possibly through
influences on oxidative stress, juvenile hormone or immune function
(Amdam et al., 2004; Landis et al., 2004; Seehuus et al., 2006). Note
though that the effects here are opposite to what is known about
effects of vitellogenins on lifespan of hymenoptera (Seehuus et al.,
2006; Corona et al., 2007). Direct experimentation with Yp mutants
and natural Yp variants, especially in males, will help to dissect the
mechanism by which Yps negatively correlate with longevity in
Drosophila. Further studies examining the relationship between
genetic variation in Yp and longevity developed from independent
populations of D. melanogaster and related species, as well as
quantitative manipulations of Yp (for example, through RNAi), will
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be necessary before concluding that the relationship between Yp and
longevity is causal.

CONCLUSIONS

The goal of this study was to test whether natural variation within a
known gene expression network reflects known regulatory relation-
ships and phenotypic associations. The Yp expression network was
used as a model for this ‘bottom up’ systems biology approach, as it is
well-characterized molecularly. Variation in the network reflects many
known interactions, though sex and individual Yps responded to
genetic variation in different known factors. Yp expression also
negatively correlated with longevity in both males and females, but
to different degrees, indicating that systems-level analyses of this
expression network may be a useful model system for unraveling
molecular mechanisms of life history tradeoffs related to reproduction
and lifespan.
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