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Abstract

Little is known about the metabolic basis of life-history trade-offs but lipid stores seem to play a pivotal role. During reproduction,
an energetically highly costly process, animals mobilize fat reserves. Conversely, reduced or curtailed reproduction promotes lipid
storage in many animals. Systemic signals from the gonad seem to be involved: Caenorhabditis elegans lacking germline stem cells
display endocrine changes, have increased fat stores and are long-lived. Similarly, germline-ablated Drosophila melanogaster exhibit
major somatic physiological changes, but whether and how germline loss affects lipid metabolism remains largely unclear. Here we
show that germline-ablated flies have profoundly altered energy metabolism at the transcriptional level and store excess fat as com-
pared to fertile flies. Germline activity thus constrains or represses fat accumulation, and this effect is conserved between flies and
worms. More broadly, our findings confirm that lipids represent a major energetic currency in which costs of reproduction are paid.
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Lay summary

Evolutionary theory predicts that energy allocation to reproduction occurs at the expense of investment into somatic mainte-
nance and survival. Notably, lipids are thought to be a central energetic currency in which such “costs of reproduction” are paid
but still little is understood about the underlying mechanisms. Previous work in the nematode worm and the fruit fly has found
that loss of proliferating germ cells (and hence curtailed reproduction) alters hormonal signaling and extends lifespan; in the
worm, germline removal also leads to excess fat stores. Here, we sought to test whether the lack of a proliferating germline in the
fly also impacts fat metabolism as observed in the worm. Using gene expression and lipid measurements we show that—similar
to the worm—germline-ablated flies exhibit profound changes in lipid metabolism and excess fat storage. Our findings confirm
that lipids play a central role in mediating costs of reproduction and suggest that the regulatory principles governing reproduc-
tive trade-offs are evolutionarily conserved.

...as Goethe expressed it, “in order to spend on one side, nature of a greater or lesser share of the available resources towards
is forced to economise on the other side”” ... natural selection reproduction.
is continually trying to economise in every part of the organ- (Fisher, 1930, p. 43-44)

isation. If under changed conditions of life a structure, before

useful, becomes less useful, its diminution will be favoured, for

it will profit the individual not to have its nutriment wasted in d .
building up a useless structure. Introduction

(Darwin, 1859, p. 147-148) Understanding how trade-offs constrain adaptation is a cen-

tral, long-standing problem in evolutionary biology (Bell &

Koufopanou, 1986; Fisher, 1930; Roff, 2007; Roff & Fairbairn, 2007;

It would be instructive to know not only by what physiological Stearns, 1989). Despite much work on life-history trade-offs, how-
mechanisms a just apportionment is made between the nutri- ever, still little is known about their biochemical, physiological or
ment devoted to the gonads and that devoted to the rest of the metabolic underpinnings (Barnes & Partridge, 2003; Calow, 1979;
parental organism, but also what circumstances in the life-his- Flatt & Heyland, 2011; Harshman & Zera, 2007; Leroi, 2001; Rose
tory and environment would render profitable the diversion & Bradley, 1998; Williams, 2005; Zera & Harshman, 2001).
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Fat (i.e, lipids called triglycerides or triacylglycerides, TAG)
represents a major form of energy storage that seems to play a
central role in many life-history trade-offs (Galikova & Klepsatel,
2018; Townsend & Calow, 1981; van der Horst et al., 2002; Zera,
2005; Zhao & Zera, 2002). In insects, where many trade-off stud-
ies have been performed, the abundance of total lipid or TAG is
positively correlated with longevity, starvation survival, and/or
energetically demanding activities such as fecundity, flight, or
diapause (Chippindale et al., 1993, 1996; Dingle, 1996; Djawdan
et al., 1998; Hansen et al., 2013; Leroi et al., 1994; Rion & Kawecki,
2007; Rose et al., 1992; Service, 1987; Service & Rose, 1985; Service
et al., 1985; 1988; Zera & Larsen, 2001; Zhao & Zera, 2002; Zwaan
etal.,, 1995).

In particular, fat is a major currency in which the energeti-
cally costly process of reproduction is paid: animals mobilize
and spend down their fat reserves during reproduction (Bronson,
1989; Carey, 1996; Rose & Bradley, 1998; Townsend & Calow, 1981).
Conversely, reduced or curtailed reproduction (e.g., gonadectomy;
hypogonadism, a gonadal hormone deficiency) causes excess fat
storage in many mammals (e.g., humans, monkeys, cats, dogs,
rodents) (Corona et al., 2009; Hansen et al., 2013; McElroy & Wade,
1987; Stotsenburg, 1913; Wilson & Roehrborn, 1999).

Likewise,inmanyinsects (e.g., fruit flies, blow flies, bugs, locusts,
grasshoppers) ovariectomy causes an enlargement (hypertrophy)
of the “fat body,” the insect equivalent of mammalian adipose and
liver tissues (Hansen et al,, 2013; Judd et al., 2011; Socha et al,,
1991; Strong, 1967; Thomsen & Hamburger, 1955). Hypertrophy of
the fat body has also been observed in female-sterile Drosophila
mutants; remarkably, a normal-sized fat body can be restored by
implanting wild-type ovaries into the mutants (Butterworth &
Bodenstein, 1968; Doane, 1961). In C. elegans, germline-less and
long-lived glp-1 mutants, as well as several other sterile mutants,
have increased fat stores (Chaturbedi & Lee, 2023; McCormick
et al.,, 2012; O'Rourke et al., 2009). Such “failure reveals design”
(Frank, 2016): the above cases of “reproductive failure” suggest a
common pattern whereby under normal conditions gonadal (or
germline) activity constrains or represses the growth of adipose
tissue and thus reduces lipid stores (Butterworth & Bodenstein,
1968; Chippindale et al., 1993; Leroi, 2001).

Similar to the observations in C. elegans and related nema-
todes (Arantes-Oliveira et al., 2002; Hsin & Kenyon, 1999; Rae et
al., 2012), we have previously found that loss of germline stem
cells in Drosophila alters insulin/insulin-like growth factor sign-
aling (IIS) and carbohydrate metabolism, extends lifespan and
promotes innate immunity (Flatt et al., 2008; Rodrigues et al,,
2021). Yet, how loss of germline stem cell proliferation impacts
lipid metabolism in the fly remains poorly understood (Parisi et
al., 2010, 2011). More generally, the above findings hint at pro-
found but poorly understood connections between the gonad,
germline activity, metabolism and somatic maintenance that
might be important for understanding the nature of physiological
constraints upon life history (Flatt et al., 2008; Hansen et al., 2013;
O’Rourke et al., 2009; Wang et al., 2008).

To further examine these fundamental issues, we sought to
investigate “conflicts” (i.e, trade-offs) between reproduction
and metabolism over patterns of gene expression (Stearns &
Magwene, 2003) in adult female Drosophila melanogaster by ana-
lyzing transcriptome-wide changes with RNA sequencing (RNA-
seq) in response to simultaneous manipulation of reproduction
(germline ablated vs. fertile control flies) and diet (varying lev-
els of dietary yeast). We were particularly interested in testing
whether the effects of germline loss upon fat metabolism might
be conserved between the nematode worm and the fruit fly.

Our results show that germline-less and fertile flies differ in
the expression of numerous genes involved in energy metabo-
lism, especially lipid metabolism. In support of these transcrip-
tomic results, we find that germline-ablated flies possess excess
fat accumulation, similar to previous findings in C. elegans. These
findings suggest that the energetic trade-off between investment
into reproduction (germline activity) vs. lipid storage (in support
of somatic maintenance) is evolutionarily conserved.

Results and discussion

We analyzed transcriptome-wide patterns of gene expression in
female flies in response to both reproductive and dietary manip-
ulation. To directly manipulate costs of reproduction we used
germline-ablated flies (hereafter referred to as “germline-less” or
“sterile”) vs. fertile control flies. Germline ablation was achieved
by driving overexpression of bag of marbles (UASp-bam*) with a
germline-specific nanos (nos)-GAL4::VP16 driver, which causes loss
of germ cells in the late third larval instar or early adult and hence
abolishes egg production (see Figure 1; Chen & McKearin, 2003;
Flatt et al., 2008; Rodrigues et al., 2021; see Materials and Methods
for details). Because the metabolic demands of fecundity vs.
somatic maintenance depend on nutritional input (Chippindale
et al.,, 1993; Djawdan et al., 1996; Flatt, 2011; Lee et al., 2008; Min
et al,, 2007; Simmons & Bradley, 1997; Skorupa et al., 2008), we
also manipulated dietary yeast levels (2, 4, 8, or 12% of total food
volume; see Materials and Methods; cf. Tatar, 2007), the main pro-
tein source of flies (see Figure 1). Considering the joint effects of
reproduction and diet is also relevant as diet and germline signals
are known to interact in affecting C. elegans lifespan (Crawford et
al., 2007). Figure 1 illustrates the effects on fecundity of our 2-way
design; as is well known, increasing yeast levels promote egg pro-
duction (Min et al., 2007; Simmons & Bradley, 1997; Skorupa et al.,
2008), and transgenic germline ablation abolishes reproductive
output (Flatt et al., 2008).

To study gene expression changes in response to these treat-
ments and their interaction, we used RNA-seq. We examined
expression changes in two tissues of key importance in endo-
crine physiology and energy metabolism, the fat body (the fly
equivalent of mammalian adipose and liver tissues) and the
head (as a proxy for the brain) (Baker & Thummel, 2007; Leopold
and Perrimon 2007). Because age can have large effects on gene
expression (Carnes et al., 2015; Pletcher et al., 2002), we exam-
ined transcriptional responses in young vs. old flies (10 vs. 38 days
after eclosion; see Materials and Methods).

Previous work by Parisi et al. (2010) has also analyzed pat-
terns of nongonadal gene expression using the germline-less
Drosophila mutant tudor. A potential caveat of using such mater-
nal-effect mutants is that they act during development (Boswell
& Mahowald, 1985) and might thus exhibit confounding devel-
opmental effects (Flatt et al., 2008; Rodrigues et al., 2021). Here
instead, we used an alternative method for germline ablation,
enabling us to study the effects of germline loss in a manner that
excludes potential developmental carry-over effects. While we
analyzed expression in two tissues of female flies at two adult
ages across 4 yeast levels, Parisi et al. (2010) examined expres-
sion in carcasses (the totality of nongonad tissue) of both females
and males at 5-7 days of adult age on a single diet. Despite these
major differences, the experiments of Parisi et al. (2010) and ours
are complementary and provide a helpful comparison.

In total, we identified 8,644 differentially expressed genes
(DEG). To explore overall patterns of expression changes we used
principal components analysis (PCA) (Figure 2).
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Figure 1. Effects of treatments (germline ablation; dietary yeast) on
female fecundity. In our transcriptomic study we sought to manipulate
reproductive physiology and metabolism of female D. melanogaster in
two ways: by manipulating reproduction (germline ablation vs. fertile
control flies) and by manipulating yeast levels in the fly food. The graph
shows the average total number of eggs laid per female over a 20-day
period as a function of the yeast level in the diet (2%, 4%, 8%, 12%). Red
curve: germline-less (sterile) flies (yw; +/+; nanos-GAL4::VP16/nanos-
GAL4::VP16); dark blue curve: fertile control genotype (y*,w'*#); light blue
curve: a second fertile control genotype (y,w; CyO/+; nanos-GAL4:VP16/+);
error bars represent the standard error of the mean. As is well known,
increasing dietary yeast levels promote female fecundity. By contrast,
germline-ablated flies are unable to produce eggs. Data were analyzed with
a fully factorial two-way fixed-effects type Il ANOVA on rank-transformed
egg counts, revealing the following effects: Reproduction (germline-less
vs. fertile controls; F, ., = 62.6, p < .0001); Diet (F, , = 4.4, p = .0068); and
Reproduction x Diet (F, , = 1.4, p = .26). The two fertile controls were not
statistically different from each other (F, ,, = 1.6, p = .21); we therefore
pooled them for the above-mentioned analysis.

The first principal component (PC1) clearly separated fat body
and head, explaining 84.48% of the variance in the data (Figure
2). PC2 separated the different yeast diets and, to a lesser extent,
the two reproductive states (fertile vs. germline-less), but only
explained 5.8% of the variance (Figure 2). Increasing yeast from
to 2 to 8% had large effects on expression, while increasing yeast
from 8 to 12% had marginal effects, as indicated by the clustering
of the two high yeast levels in the PCA plot (Figure 2).

To facilitate further analyses, we divided our data by tissue
and age into four subsets: (a) fat body, young; (b) fat body, old; (c)
head, young; and (d) head, old. PCAs on these subsets resulted in
a clear separation of reproductive states (Figure 3).

Reproduction has major effects on expression of
energy metabolic pathways

We next used linear models in limma-voom (Ritchie et al., 2015;
see Materials and Methods) to identify expression effects on indi-
vidual transcripts of (a) reproduction (R; germline-less vs. fertile),
(b) diet (D; 2%, 4%, 8%, 12% yeast), and (c) the interaction between
reproduction and diet (R X D) in each data subset. We only consid-
ered DEG with an absolute fold change (FC) > 1.5 (log, [FC] < -0.58
or log, [FC] = 0.58) as candidates for analyses, resulting in a “uni-
verse” of 8644 DEG (Supplementary Table S1; see Materials and
Methods).

Reproduction (germline ablated vs. fertile flies) affected the
expression of 1,390 genes (16% of all DEG; Figure 4; Supplementary
Table S1). Expression changes due to differences in reproduction
were more prevalent in the fat body than in the head: 802 genes
were differentially expressed in fat bodies of young flies and 749
DEG in fat bodies of old flies (Figure 4A and B, Supplementary
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Table S1). In contrast, we only found 472 and 416 DEG in the
heads of young and old flies, respectively (Figure 4C and D,
Supplementary Table S1).

DEG affected by reproduction were significantly enriched for
lipid, carbohydrate and protein metabolism, as well as for sig-
nal transduction, immunity (also cf. Rodrigues et al., 2021) and
neuronal physiology (Supplementary Tables S2 and S3). Notably,
pathways and GO terms related to lipid metabolism were consist-
ently and significantly enriched in all four data subsets, with a
relatively large number of hits (Supplementary Tables S2 and S3).

Our results on the effects of germline removal vs. fertility on
gene expression in fat body and head agree well with those of
Parisi et al. (2010) who found that germline-less tudor mutants
express many genes involved in energy capture and utilization
(but also see Parisi et al., 2011). Such energy-related expression
changes in distant tissues outside the gonad thus likely reflect
the metabolic demands of reproduction.

Our above results are also consistent with previous work show-
ing that germline removal in Drosophila has systemic effects on
carbohydrate stores, insulin signaling, and immunity (Flatt et al.,
2008; Rodrigues et al., 2021). Similarly, evidence suggests the exist-
ence of an endocrine feedback loop between germline stem cells
in the gonad and the brain (Flatt et al., 2008; Hsu & Drummond-
Barbosa, 2009; Hsu et al., 2008; LaFever & Drummond-Barbosa,
2005; Narbonne & Roy, 2006). As discussed by Parisi et al. (2010),
such long-range effects of germline removal on gene expression
and metabolism indicate that Drosophila has a germline/soma
hormonal axis that is similar to the well known hypothalamic-
pituitary—gonadal axis of mammals.

Dietary yeast levels and the interaction between reproduction
and diet also had major effects on expression (Figure 4). Yeast
levels affected the expression of 1,346 genes (15.6% of all DEG;
Supplementary Table S1), with the highest number of DEG (1077)
found in the fat body of old flies (Figure 4B, Supplementary Table
S1). Genes whose expression was affected by diet were enriched
for carbohydrate, amino acid and nucleotide metabolism, as well
as for immunity and pathways related to molecule transport
(Supplementary Tables S4 and S5). In particular, we identified a
large number of pathway and GO-term enrichment hits for lipid
metabolism, especially in old flies (Supplementary Tables S4
and S5). The reproduction by diet interaction also affected the
expression of many genes (1,787 =20.7% of all DEG; Figure 4,
Supplementary Table S1), which were mostly enriched for RNA
and protein metabolism (Supplementary Tables S6 and S7). Again,
we found enrichment of pathways and GO terms related to lipid
metabolism in all four subsets, with a particularly strong signa-
ture in the heads of young flies (Supplementary Tables S6 and S7).

Many transcriptional effects of reproduction, diet and their inter-
action thus seem to converge on the regulation of lipid metabolism.
This is in strong agreement with the facts that (a) gamete produc-
tion relies on mobilizing energy from fat; (b) curtailed reproduction
causes excess fat storage; and (c) dietary yeast promotes fecundity
but suppresses fat accumulation (see Introduction; cf. Simmons &
Bradley, 1997; Skorupa et al., 2008). Given these compelling connec-
tions, we focus our discussion below on lipid metabolism (a discus-
sion of other transcriptome-wide expression changes is beyond the
scope of this paper; also see our related experiments and analyses
in Rodrigues et al., 2021).

Loss of germline proliferation causes
upregulation of lipid metabolic genes
In support of the above enrichment results (Supplementary Tables
S2-S7), analyses of individual DEG using linear models revealed
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Figure 2. PCA of differentially expressed genes (DEG). PC1 separates the expression data by tissue (fat body vs. head), whereas PC2 separates the data
by yeast levels and, more weakly, by reproductive status (germline-less vs. fertile flies). PCA plots based on normalized reads. Red symbols: germline-
less (sterile) flies; blue symbols: fertile flies; squares: fat body; circles: heads; open symbols: young flies; filled symbols: old flies. Different symbol sizes
represent the different yeast concentrations, ranging from smallest (2%) to largest (12%).

(a) upregulation of many genes involved in lipid metabolism in
germline-less relative to fertile flies (Figure 5); (b) a positive rela-
tion between the expression levels of many of these transcripts
and increasing dietary yeast levels (Figure 6); and (c) for several
lipid metabolic genes significant interactions between the effects
of reproduction and diet (Figure 7).

Figures 5-7 illustrate the expression effects of reproduction
(Figure 5), dietary yeast (Figure 6), and the interaction between
reproduction and diet (Figure 7) in the form of “reaction norm”
plots: these plots depict expression levels of germline-less vs. fer-
tile flies as a function of dietary yeast levels, plotted separately
for the different tissues and age classes. Before discussing these
results, we provide a brief overview of the key processes involved
in lipid metabolism.

Brief overview of triacylglycerol/ lipid metabolism

Lipid metabolism is defined as the synthesis and breakdown of
triacylglycerol (TAG) lipids, which represent the most impor-
tant energy store for supporting metabolic homeostasis, repro-
duction and survival (Hansen et al., 2013; Heier & Kihnlein,
2018; Lehmann, 2018). The physiological (especially nutritional)

state of the organism determines the different functions of
lipid metabolism. Upon feeding under optimal diet conditions,
ingested fat is processed and stored as TAG in lipid droplets in
the fat body. Conversely, under poor diet conditions, or when
reproduction demands it, fat reserves are mobilized and TAG
are processed into smaller molecules to produce the energy
necessary to support vital processes (Heier & Kithnlein, 2018;
also cf. Introduction). At the same time, the fat reserves need
to be replenished by the synthesis of new TAG molecules (Heier
& Kithnlein, 2018).

Major endocrine signaling pathways, such as the IIS, target
of rapamycin (TOR) and adipokinetic hormone (AKH) pathways,
are the principal coordinators of lipid metabolism in response to
organismal demands upon metabolism. The IIS/TOR pathways
are important for initiating and regulating TAG synthesis (Heier
& Kihnlein, 2018; Lehmann, 2018; Néssel & Vanden Broeck, 2016;
Teleman, 2009), whereas AKH maintains homeostasis by mobiliz-
ing lipids in response to a negative energy balance, for example
under starvation (Baumbach et al., 2014; Bharucha et al., 2008;
Galikova et al., 2015; Gronke et al., 2007; Isabel et al., 2005; Lee &
Park, 2004; Liao et al., 2021; Mochanov4 et al., 2018).
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(2%) to largest (12%).

Below we discuss the results in Figures 5-7 in terms of lipid
anabolism vs. catabolism: TAG synthesis to support fat storage vs.
mobilization of TAG stores and lipid transport to “fuel” energeti-
cally costly processes such as reproduction.

Lipid anabolism: TAG synthesis
Major genes implicated in lipid anabolism, including mino-
taur (mino, FBgn0027579, CG5508), midway (mdy, FBgn0004797,

CG31991), 1-Acylglycerol-3-phosphate O-acyltransferase 2 (Agpat2,
FBgn0026718, CG17608), and Fatty acid synthase genes 1 and 2
(FASN1, FBgn0283427, CG3523; FASN2, FBgn0042627, CG3524),
were differentially expressed in response to reproduction, diet
and their interaction (Figures 5-7, Supplementary Table S1).

For example, germline ablation caused upregulation of mdy
and FASN2 relative to fertile flies, most prominently in young flies
(Figure 5; Supplementary Table S1). mdy is involved in the last
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flies; (B) fat body in old flies; (C) head in young flies; and (D) head in old flies. See main text and Materials and Methods for further details.

steps of TAG synthesis, specifically in the formation of long-chain
fatty acids, whereas genes of the FASN family are implicated
in de novo fatty acid formation (Barber et al., 2005; Baumbach
et al., 2014; Beller et al., 2010; Heier & Kiithnlein, 2018; Smith et
al., 2003). Mutations in these genes are known to cause reduced
TAG levels (Barber et al., 2005; Baumbach et al,, 2014; Heier &
Kihnlein, 2018; Schiipbach & Wieschaus, 1991; Wicker-Thomas et
al.,, 2015). Interestingly, mdy is implicated in reproduction: it was
first identified in a genetic screen for female sterility (Schiipbach
& Wieschaus, 1991), and mdy mutants exhibit reduced oocyte
lipid stores and egg chamber degeneration during mid-oogenesis
(Buszczak et al., 2002). Loss of germline proliferation in Drosophila
thus seems to increase the expression of several components of
TAG synthesis, maybe consistent with previous results from other
organisms showing that curtailed reproduction causes accumu-
lation of excess fat (see Introduction).

Diet also affected the expression of genes in lipid anabolism.
Depending on the tissue and age, the expression of mdy, FASN1,
FASN2, and Agpat2 was positively affected by increasing yeast lev-
els, typically followed by a plateau at higher yeast concentrations
(Figure 6; Supplementary Table S1). At first glance, these findings
are a bit puzzling, given that high yeast levels suppress fat accu-
mulation in Drosophila (Simmons & Bradley, 1997; Skorupa et al.,
2008). An important caveat is that transcript levels are unlikely to

bear a 1:1 relation to realized levels of lipid store, and the effects
of expression changes on fat stores will depend on the balance of
anabolic vs. catabolic effects, as also discussed below.

Lipid anabolic genes such as mino (involved in the conversion
of fatty acids into more complex lipids; Vagin et al., 2013), Agpat?2,
and FASN1 were also affected by the interaction between repro-
duction and diet, revealing several intriguing patterns (Figure 7;
Supplementary Table S1). For instance, the expression levels of
both mino and Agpat2 were higher in fertile than germline-less
flies at the lowest yeast concentration (2%), but this pattern was
reversed for higher yeast concentrations, with expression being
higher in germline-less than fertile flies (Figure 7). On the other
hand, FASN1 showed exactly the opposite interaction pattern as
mino and Agpat2 (Figure 7).

These and other “interaction” results in Figure 7 indicate that
the effects of germline proliferation vs. fertility on the expression
of specific lipid metabolic genes depend critically on diet levels.
Given the current state of our knowledge, it is very difficult to
interpret such complex patterns beyond documenting their exist-
ence. Nonetheless, the presence of such interaction effects in
response to well-defined experimental manipulations suggests
that they may well be functionally relevant. This seems especially
likely for reaction norms that cross over (e.g., as seen for mino
and other transcripts; Figure 7): such crossing curves involve the
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Figure 5. Effects of germline ablation vs. fertility on expression of genes in lipid metabolism. The figure shows a selection of genes involved in lipid
metabolism whose expression is significantly affected by reproduction, i.e., germline removal vs. fertility (also see Supplementary Table S1). Germline
removal seems to cause the upregulation of genes involved in both lipid anabolism and catabolism. Columns represent the four expression data
subsets (fat body, young; fat body, old; head, young; and head, old). The x-axes display percentage dietary yeast (2%, 4%, 8%, 12%), and y-axes indicate
expression values (log, of the counts per million, CPM). Error bars represent standard errors of the mean. Red curves (‘reaction norms”) depict
expression in germline-less (sterile) flies, whereas blue curves or reaction norms represent fertile control flies. Note that the results for mdy, dob,
Lsd-1, and apolpp are also displayed in Figures 6 and 7 because these transcripts were also significantly affected by diet and the reproduction x diet

interaction.

reversal of a given effect at some crossing point and thus repre-
sent a very strong form of interaction.

Lipid catabolism: mobilization and transport of lipids

In terms of TAG catabolism, we found several genes involved in
lipid mobilization to be differentially expressed in our dataset. For
example, one of the main genes responsible for TAG breakdown
(lipolysis), brummer (bmm, FBgn0036449, CG5295; see Gronke et
al., 2005), was differentially expressed in response to germline

ablation in the fat body of young flies (Figure 5, Supplementary
Table S1).

In addition to bmm, we also observed differential expres-
sion of doppelgdnger von brummer (dob, FBgn0030607, CG5560)
and pummelig (puml, FBgn0033226, CG1882), both of which are
induced by starvation and thought to have similar lipase func-
tions as bmm (Gronke et al., 2005; Birner-Gruenberger et al.,
2012; R. Kithnlein, pers. comm.; Figures 5 and 6, Supplementary
Table S1). Expression of bmm and dob tended to be higher in
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Figure 6. Effects of diet on expression of genes in lipid metabolism. The figure shows a selection of genes involved in lipid metabolism whose
expression is significantly affected by dietary yeast concentration (also see Supplementary Table S1). Increasing yeast levels tend to lead to higher
expression of genes involved in both lipid anabolism and catabolism. Columns represent the four expression data subsets (fat body, young; fat body,
old; head, young; and head, old). The x-axes display percentage dietary yeast (2%, 4%, 8%, 12%), and y-axes indicate expression values (log, of the
counts per million, CPM). Error bars represent standard errors of the mean. Red curves (“reaction norms”) depict expression in germline-less (sterile)
flies, whereas blue curves or reaction norms represent fertile control flies. Note that expression levels for mdy, AcCoAS, Agpat2, dob, FASN1, apolpp,
and AkhR are also displayed in Figures 5 and 7 because these transcripts were also significantly affected by reproduction and the reproduction by diet
interaction.

germline-less flies, perhaps consistent with increased lipolysis
upon germline ablation, but the opposite trend was seen for
puml (Figures 5 and 6).

Expression of another component of lipid catabolism, adipoki-
netic hormone receptor (AkRhR, FBgn0025595, CG11325), a member
of the adipokinetic hormone (Akh) pathway, was affected by diet
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Figure 7. Effects of the reproduction by diet interaction on expression of genes in lipid metabolism. The figure shows genes involved in lipid
metabolism whose expression is significantly affected by the interaction between reproduction and yeast concentration (see Supplementary Table S1).
Columns represent the four expression data subsets (fat body, young; fat body, old; head, young; and head, old). The x-axes display percentage dietary
yeast (2%, 4%, 8%, 12%), and y-axes indicate expression values (log, of the counts per million, CPM). Error bars represent standard errors of the mean.
Red curves (“reaction norms”) depict expression in germline-less (sterile) flies, whereas blue curves or reaction norms represent fertile control flies.
Note that AcCoAS, Agpat2, dob, Lsd-1, FASN1, apolpp, and AkhR are also displayed in Figures 5 and 6 because their expression was also significantly

affected by the main effects of reproduction and diet.

and especially by the reproduction by diet interaction (Figures 6
and 7, Supplementary Table S1). Notably, Akh signaling is a main
regulator of bmm expression under poor diet conditions; similar
to bmm, ARhR is involved in accumulation and mobilization of
fat stores (Gronke et al.,, 2007). Mutants of Akhr and of Akh, the
gene encoding the hormone ligand, are obese as adults and highly
starvation resistant; although they down-spend their fat reserves
during starvation at a similar rate as control flies, they maintain
constitutively greater fat stores than control flies (Galikova et al.,
2015). Double mutants of bmm and AkhR are extremely obese and

unable to mobilize body fat even when fully starved (Gronke et
al., 2007).

Under low yeast conditions AkhR was upregulated in germline-
less flies relative to fertile flies, but at higher yeast levels this
pattern was reversed (Figure 7). Despite this interaction, AkRhR
expression tended to be more constant across yeast levels in
germline-ablated flies, maybe suggesting that AKH signaling
responds less to yeast levels in germline-less than fertile flies.

Two genes called Lipid storage droplet 1 and 2 (Lsd-1, FBgn0039114,
CG10374; Lsd-2, FBgn0030608, CG9057), which are involved in
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regulating lipase activity on lipid droplets (Kimmel et al., 2010),
were also differentially expressed in response to the reproduc-
tion, diet or their interaction (Figures 5-7, Supplementary Table
S1). Lsd-1 was affected by reproduction and diet: expression
tended to be higher in germline-less flies and increased with
higher yeast concentration (Figures 5 and 6); and Lsd-2 expression
was affected by the interaction between reproduction and diet in
the heads of young flies (Figure 7).

Once mobilized, TAG must be transported from the fat body
to other tissues. An important gene involved in this process is
apolipophorin (apolpp, FBgn0087002, CG11064), which encodes the
precursor of lipophorin (Lpp), the major lipoprotein responsible
for carrying lipids through the hemolymph (Sundermeyer et al.,
1996). Expression of apolpp was affected by reproduction, diet
and their interaction across tissues and age classes (Figures 5-7,
Supplementary Table S1). Overall, expression of apolpp tended to
increase with higher yeast concentration (Figure 6). While apolpp
was upregulated in germline-less flies at a low yeast level, its
expression was very similar between germline-less and fertile
flies at higher yeast concentrations (Figure 7).

Qualitative patterns in the dataset

Overall, two qualitative patterns emerge from the above analyses
with regard to the effects of reproduction on the expression of
genes involved in lipid metabolism (see Figures 5-7; see statistics
in Supplementary Table S1).

First, germline-less flies often tend to exhibit significantly
higher expression levels than fertile flies for both lipid anabolic
and catabolic genes, suggesting that lipid metabolism might be
increased in germline-less flies as compared to fertile control
flies. Germline loss might thus possibly cause both higher lipid
synthesis and higher breakdown.

Second, while expression levels of anabolic and catabolic
genes typically increased with increasing yeast levels for both
germline-less and fertile flies, the reaction norms of major lipid
catabolism genes often tended to be flatter across yeast levels for
germline-less as compared to fertile flies. If true, this pattern sug-
gests that germline-less flies might break down lipids at a lower
rate than fertile flies and that germline loss tilts the “metabolic
balance” towards increased anabolism, thereby potentially caus-
ing increased fat storage.

Germline loss in the gonad causes excess fat
storage in the soma

To test the above prediction, we determined the fat content of
germline-less vs. fertile control female flies using a TAG assay (see
Materials and Methods). As expected, we found that germline-less
females exhibit excess fat storage as compared to fertile females
(Figure 8 [data of MAR, CDV, TFJ; this result is also supported by
several independent previous experiments by our group [unpub-
lished data of M. Gé&likova; J. Steger {Steger, 2010}; S. Carvalho;
data not shown]).

The fact that germline-ablated D. melanogaster show increased
fat accumulation mirrors observations in gonadectomized insects
and germline-ablated C. elegans (e.g., Butterworth & Bodenstein,
1968; Judd et al., 2011; O’'Rourke et al., 2009; Chaturbedi & Lee,
2023; also cf. Hansen et al.,, 2013) and suggests that the effects
of germline loss upon lipid storage are evolutionarily conserved.

While the proximate causes of increased fat storage upon
loss of germline stem cells in the fly await mechanistic study,
it is noteworthy that germline-less flies are characterized by
increased whole-body expression of the translation inhibitor

4E-BP whose activity is controlled by the IIS/TOR pathways (Flatt
et al., 2008); interestingly, systemic activation of 4E-BP causes a
net increase in fat accumulation in adipose tissue (Teleman et
al., 2005). Similarly, germline-less flies exhibit upregulation of
the insulin binding protein Imp-L2 (Flatt et al., 2008); and over-
expression of Imp-L2 has been found to cause upregulation of
4E-BP, improve oxidative stress resistance and extend lifespan,
reduce fecundity and—notably—to increase lipid storage (Alic et
al., 2011). It is thus an interesting possibility that the effects of
germline ablation on lipid storage might be mediated by 4E-BP
(and/or by Imp-L2).

Summary and conclusions

Here we have used a transcriptomic approach to identify poten-
tial “conflicts” (i.e., trade-offs) between reproduction and metab-
olism over patterns of gene expression in Drosophila. Our main
findings and conclusions can be summarized as follows:

(1) Increasing dietary yeast levels tend to increase the expres-
sion of genes involved in both lipid anabolism and catab-
olism. Since fecundity increases with higher yeast levels,
this might indicate an increased turnover of lipid pools
(i.e., higher synthesis and breakdown) in order to meet the
high energetic demands of egg manufacture. Yet, since
high yeast levels repress fat accumulation despite pro-
moting fecundity (e.g., Simmons & Bradley, 1997; Skorupa
et al., 2008), this implies that under high yeast conditions
“expenditure” might exceed “income.”

(2) Germline-less flies tend to exhibit higher expression of both
lipid anabolic and catabolic genes as compared to fertile
control flies; lack of germline activity in the gonad has sys-
temic effects on the expression of genes involved in lipid
metabolism in tissues outside of the gonad, i.e,, in the fat
body and head.

(3) Despite this increased expression of both anabolic and cata-
bolic genes, the reaction norms for several major catabolic
genes are shallower in germline-less as compared to fer-
tile flies, consistent with the idea that breakdown of lipids
in germline-ablated flies might be reduced. In support of
this hypothesis, germline-less flies exhibit significantly
increased fat storage as compared to fertile flies, similar to
previous observations in C. elegans (e.g., Chaturbedi & Lee,
2023; O'Rourke et al., 2009).

(4) These results confirm that germline activity trades off
with fat storage and that developing oocytes represent a
major energetic sink for lipids (see Introduction; cf. Van
Antwerpen et al., 2005). Removal of this sink in the gonad,
for example, through ablation of proliferating germline
stem cells, has systemic effects that cause fat accumula-
tion in the soma (cf. Butterworth & Bodenstein, 1968).

(5) Germline loss is a sufficient but not a necessary cause for
increased lipid storage as gonadectomy, hypogonadism, or
other forms of sterility also cause excess fat storage (see
Introduction; cf. Chaturbedi & Lee, 2023; Hansen et al., 2013).

(6) The effects of germline activity (or reproduction more
broadly) on lipid metabolism represent a highly regulated,
evolutionarily conserved process that involves a feedback
loop between the gonad and the soma (cf. Butterworth
& Bodenstein, 1968; Doane, 1961), not a passive process
of energy allocation between reproduction and somatic
maintenance.
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It will clearly be of considerable interest to learn more about
the signals that coordinate such metabolic costs of reproduction
and how they constrain life-history evolution (cf. Fisher, 1930).

Materials and methods

Drosophila strains and maintenance

To obtain germline-less flies we used the binary GAL4 > UAS sys-
tem, by crossing a nanos-GAL4::VP16 driver line (full genotype: y,w;
+/+; nanos-GAL4::VP16/nanos-GAL4::VP16; Van Doren et al., 1998)
to a UASp-bag of marbles (bam; full genotype: yw; UAS-bam/CyO;
+/+; Chen & McKearin, 2003) responder line (for details see Flatt
et al., 2008). Ectopic overexpression of bam under the control of
the nanos-GAL4::VP16 driver leads to the loss of germline stem
cells at the late L3 pupal stage or in early adulthood (Chen &
McKearin, 2003; Flatt et al., 2008). To obtain adult flies for the
experiments, we employed the following procedure. Using light
CO, anesthesia, we collected virgin females and unmated males
from the nanos-GAL4 and UAS-bam stocks within 2 hr of eclosion
and kept them separate for 3 days. After 3 days, 15 females from
one strain and 15 males from the other were placed in a bottle
containing 25 ml of medium, allowing flies to mate and females
to lay eggs during 24 hr. Crosses were set up reciprocally in both
directions (cross 1: UAS-bam females x nanos-GAL4 males; cross
2: nanos-GAL4 females x UAS-bam males). These crosses yielded
50% germline-less (sterile) progeny (y,w; nanos-GAL4:VP16/+;
UAS-bam/+; called “Sterile”) and 50% fertile progeny (y,w; CyO/+;
nanos-GAL4::VP16/+; called “Fertile - Cy0”). Adult F1 flies from
these crosses were collected within 2 hr of eclosion and sexed
under light CO, anesthesia; the dominant CyO mutation on the
second chromosome of the UAS strain was used as a marker
to distinguish between germline-less and fertile females. Prior
assays revealed no differences between the two cross directions
in terms of fat content: cross directionality had neither a signifi-
cant effect on the fat content (ug fat/ mg fly) of germline-less F1
flies (type II ANOVA, effect of cross direction: F,, = 1.4, p=.26)
nor on that of fertile F1 flies (F, , = 0.39, p = .54) (unpublished data
of CDV and TF). For our experiments here, we therefore pooled
F1 females from both crosses in equal proportions. From these
crosses, we reared F1 progeny to adulthood.
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As fertile control genotypes we used, depending on the exper-
iment, (i) fertile females derived from the above-mentioned
crosses (i.e., yw; CyO/+ nanos-GAL4:VP16/+ ="“Fertile - CyO”")
and/or (i) fertile y?, w''** mutant females (y',w'"*; +/+; +/+; called
“Fertile”), i.e., the strain that provided the genetic background
for the UAS and GAL4 strains (obtained through multi-genera-
tion backcrossing; Flatt et al., 2008). Control (ii) was handled as
described above for transgenic crosses. Fecundity assays involved
both control genotypes (i) and (ii); fat assays employed control (i);
and RNA-seq experiments used control (ii).

Note that multiple (or different) control genotypes are com-
monly used (and useful) when employing the binary GAL4 > UAS
transgenic system (cf. Flatt et al., 2008). This is because there is
typically no single, “perfect” control genotype: even with repeated
backcrossing and isogenization of backgrounds, the binary
GAL4 > UAS system (which involves crossing two distinct strains)
does not necessarily guarantee complete isogenicity. Importantly,
both control genotypes, (i) and (ii), yielded identical results in
terms of fecundity (see analysis in Figure 1), suggesting that both
controls can be viewed as being equivalent.

Stocks were maintained and crosses and experiments per-
formed at 25 °C and 60% relative air humidity on a 12 hr:12 hr
light:dark cycle, using controlled larval densities to avoid over-
crowding. Stocks were reared on a standard laboratory diet
consisting of agar (7 g/L), sugar (50 g/L, sucrose), yeast (50 g/L),
cornmeal (50 g/L), 20% nipagin (10 ml/L), and propionic acid (6
ml/L).

Fecundity assay

In the fecundity assay, we compared germline-less flies with
both controls (i) and (ii), as mentioned above. Upon eclosion, one
female and one male from the same genotype were put into a
vial containing one of the four diet treatments (2%, 4%, 8%, and
12% yeast in the total food volume) (see Supplementary Table S8).

The range of yeast levels used in our experiments (also see the
section on RNA-seq below) was chosen based on a large body of
prior work on dietary manipulation in Drosophila (e.g., reviewed
in Min & Tatar, 2006; Min et al., 2007; Tatar, 2007 and references
therein; also cf. ). The majority of such experiments has used
yeast levels falling into the range of 1-16% yeast, with levels of
approximately 2-5% yeast typically maximizing lifespan (“dietary
restriction” effect) at the expense of reduced fecundity and with
lower (malnutrition) or higher yeast levels (overfeeding) causing
shortened lifespan (cf. Tatar, 2007).

For each genotype and diet, we used seven replicate vials.
Flies were transferred daily to a new vial with fresh food, and
daily per-capita fecundity was quantified by counting eggs in the
old vial. Fecundity was measured over a 20-day period; Figure
1 shows the average number of eggs laid per female over the
20-day period. Egg count data were analyzed with a fully facto-
rial two-way fixed-effects type II analysis of variance (ANOVA) on
rank-transformed counts.

Fat assay

To measure and compare the fat content of germline-less flies
vs. fertile control (i) flies we used a triglyceride assay. Genotypes
were selected and separated upon eclosion; flies were kept in
vials in mixed-sex groups consisting of approximately 10-15
adults and allowed to mate freely. Flies were transferred every
2-3 days into new vials with fresh food. Measures of fat content
were performed on female flies of four different age classes: (a)
1-2 day-old, not yet reproductively fully mature/active females;
(b) 5-8 day-old females at (or close to) peak fecundity; (c) 12-14
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day-old females whose fecundity levels start to decline; and (d)
28-40 day-old females whose fecundity is relatively low to very
low. For each age class, groups of 10-20 females from each geno-
type were collected, weighed, snap-frozen, and stored at —20 °C.
For fat measurements, we separated females into groups of two
flies per sample and measured fat content (ug/ mg fly) with the
Serum Triglyceride Determination kit from Sigma, using triolein
for establishing standard curves. The data were analyzed using
two-way fixed-effects type II ANOVA with factors genotype and
age and their interaction.

RNA-seq and transcriptomic analyses
Experimental flies, RNA extraction and sequencing

Germline-less and control genotype (i) flies were collected upon
eclosion and transferred to 1-L demography cages (Tatar et al.,
2001) within a 24-h period. Cages with germline-less flies were
set up with 65 females and 35 males from each cross direction
(see above), thus giving a total of 130 females and 70 males per
cage. For control flies, the same total number of females (130) and
males (70) was transferred to each cage. Four replicate cages were
set up per genotype, with one cage per diet treatment (i.e., either
2%, 4%, 8%, or 12% yeast) (Supplementary Table S8) until the end
of the experiment (see above for the choice of yeast levels). Fresh
food was supplied every second day, and dead flies were removed
from cages

Adult females from each cage were sampled for RNA extrac-
tions at two different ages: 10 day-old females (“young” group)
and 38 day-old females (“old” group). For each cage and time
point, four groups of 5 females were sampled (20 females in total),
providing two replicates for fat body and head tissue extractions.
Each sample consisted of a pool of tissue from five females.

For fat body samples, groups of five female flies were cold-an-
esthetized at 4 °C for 2-3 min. Fat bodies were dissected in ice-
cold 1x PBS and collected attached to the cuticle to ensure that
the entire fat body tissue was collected. Such samples are often
referred to as “fat body enriched” samples (DiAngelo & Birnbaum,
2009). Once detached from the other organs and separated from
the thorax, fat body enriched tissue was transferred to sterile
tubes with 200 ul of homogenization buffer from the RNA iso-
lation kit (MagMAX-96 Total RNA Isolation Kit [ThermoFisher
Scientific, Waltham, MA, USA]). Tissue samples were homogenized
using a pestle rotor until no visible tissue could be recognized in
the solution. Samples were stored at —80 °C until RNA extraction.

For head samples, RNA from entire heads was sampled, with
the samples thus including the brain, the head capsule and the
head (pericerebral) fat body, but excluding the retrocerebral com-
plex (which contains the corpus allatum and the corpora cardi-
aca). Groups of five females were transferred into sterile tubes
and snap-frozen using liquid nitrogen. Tubes were shaken man-
ually in order to separate heads from bodies. Heads were trans-
ferred to new sterile tubes containing 200 pl of homogenization
buffer from the RNA isolation kit. As described above, tissues
were homogenized in the solution and kept at —-80 °C until RNA
extraction.

Total RNA was extracted from 66 samples (2 genotypes x 2
tissues x 2 age classesx4 dietsx2 (or 3) replicates; see
Supplementary Table S9) using the MagMAX-96 Total RNA
Isolation Kit (ThermoFisher Scientific, Waltham, MA, USA) follow-
ing the manufacturer’s protocol on a MagMAX Express Magnetic
Particle Processor (ThermoFisher Scientific, Waltham, MA, USA).
Prior to sequencing RNA quality was measured using Fragment
Analyzer (Advanced Analytical). Total RNA from each sample was
sequenced using the Illumina HiSeq 4000 platform at BGI (Hong

Kong, China), with the following parameters: paired-end, 100bp
length, and approximately 200x coverage. Library preparation
was performed by BGI using the TruSeq RNA kit (Illumina, Ca.
USA), following the BGI in-house protocol.

Analysis of RNA-seq data

Reads were cleaned by BGI using “SOAPnuke” (https://github.
com/BGI-flexlab/SOAPnuke) using the following parameters: -n
0.05-120-q0.2-p1-i-Q2-G--seqType 1. Upon receipt of the
reads, we performed quality assessment using FastQC (v.0.11.7;
Andrews, 2010) and assessed that a second cleaning step was
necessary. After the cleaning step, reads were trimmed with
Q-score below 35 using Cutadapt (v.1.15; Martin, 2011). Trimmed
reads were aligned to the D. melanogaster transcriptome (release
6.17) using Kallisto (v.0.43.0; Bray et al., 2016), and a quantifi-
cation list of transcript abundances was generated. To identify
differentially expressed genes we used the Bioconductor pack-
age edgeR (v.3.20.8; Robinson et al., 2009) in R (v.3.5.0; http://
www.R-project.org). Genes with less than two counts per million
in at least 12 samples were excluded. The final number of differ-
entially expressed genes in this experiment was 8,644 (L.e., 62%
of all genes).

To reduce the complexity and dimensionality of our dataset
prior to further analyses beyond PCA (see Figure 2), we divided
the dataset by tissue (fat body vs. head tissues), according to PC1,
and by age class, thus resulting in four data subsets: (a) fat body,
young; (b) fat body, old; (c) head, young; and (d) head, old.

To identify gene expression changes in response to repro-
ductive manipulation (sterile vs. fertile), dietary manipulation
(different yeast levels), and their interaction we performed fac-
torial analyses with the Bioconductor package “limma-voom”
(v.3.34.7; Ritchie et al., 2015) and using the “makeConstrast” func-
tion. To calculate a global F-test across pairwise comparisons
we employed the “eBayes” function and applied the Benjamini-
Hochberg procedure to all p-values in order to account for mul-
tiple testing (Benjamini & Hochberg, 1995). Next, we selected
differentially expressed candidate genes based on a significance
threshold of <5% (adjusted F-test p <.05). Because some differ-
entially expressed genes exhibited rather small fold-changes
(FC), we used an additional FC-based cutoff and only consid-
ered genes with an absolute FC equal to or greater than 1.5 as
candidates (log, [FC] <-0.58 or log, [FC] > 0.58) between groups
(Supplementary Table S1).

To perform pathway enrichment analyses based on candidate
genes, we used the Bioconductor package “ReactomePA” (v.1.28.0;
Yu & He, 2016). p-values were corrected for multiple testing using
the Benjamini-Hochberg method (Benjamini & Hochberg, 1995).
As a complementary approach, we additionally performed gene
ontology (GO) term enrichment analyses using the Bioconductor
package “topGO” (v.2.16.0; Alexa & Rahnenfiihrer, 2010), with a
minimum node size of 5. In order to to be more conservative and
stringent, we applied a lower p-value filter (adjusted p-value < .005)
in the GO-term analysis.

Supplementary material

Supplementary material is available online at Evolution Letters.

Data and code availability

The RNA-seq data are available from the Short Read Archive
(SRA) under SRA accession PRINA672962 (http://www.ncbinlm.
nih.gov/bioproject/672962). The raw data in Figures 2 and 8 are
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available at Dryad: https://doi.org/10.5061/dryad.8cz8w9gxt.
The scripts and code used for data processing and analyses are
available in the Supplementary Materials and Methods file (pdf)
associated with this paper.
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