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Senescence, i.e., functional decline with age, is a major determi-
nant of health span in a rapidly aging population, but the genetic
basis of interindividual variation in senescence remains largely
unknown. Visual decline and age-related eye disorders are common
manifestations of senescence, but disentangling age-dependent
visual decline in human populations is challenging due to inability
to control genetic background and variation in histories of environ-
mental exposures. We assessed the genetic basis of natural variation
in visual senescence by measuring age-dependent decline in photo-
taxis using Drosophila melanogaster as a genetic model system. We
quantified phototaxis at 1, 2, and 4 wk of age in the sequenced,
inbred lines of the Drosophila melanogaster Genetic Reference Panel
(DGRP) and found an average decline in phototaxis with age. We
observed significant genetic variation for phototaxis at each age and
significant genetic variation in senescence of phototaxis that is only
partly correlated with phototaxis. Genome-wide association analyses
in the DGRP and a DGRP-derived outbred, advanced intercross pop-
ulation identified candidate genes and genetic networks associated
with eye and nervous system development and function, including
seven genes with human orthologs previously associated with eye
diseases. Ninety percent of candidate genes were functionally vali-
dated with targeted RNAi-mediated suppression of gene expression.
Absence of candidate genes previously implicated with longevity
indicates physiological systems may undergo senescence indepen-
dent of organismal life span. Furthermore, we show that genes that
shape early developmental processes also contribute to senescence,
demonstrating that senescence is part of a genetic continuum that
acts throughout the life span.

aging | behavioral genetics | DGRP GWA analysis | phototaxis |
XQTL mapping

Senescence—the decline in organismal functions with age—is
a major determinant of health span in an aging population. In
humans, visual decline (presbyopia) is a common phenomenon
that heralds the onset of senescence after the age of 40. Age-related
eye diseases, including macular degeneration (1), cataracts (2),
diabetic retinopathy (3), and glaucoma (4), are the leading causes
of vision impairment and blindness in the United States and are
prevalent among Americans 40 y and older (5). Several disease
mechanisms have been proposed, including the unfolded protein
response (6, 7), the Wnt signaling pathway (8, 9), oxidative stress
pathways (10, 11), and apoptosis (12, 13). In addition, an associa-
tion between sleep disorders and eye disorders has been recognized
(14). However, the genetic basis of interindividual variation in se-
nescence within the normal range of visual decline remains largely
unknown. Disentangling the genetic and environmental factors
affecting human complex traits and disease is challenging due to
large sample sizes needed to identify DNA variants with small
phenotypic effects and uncontrolled variation due to different
histories of environmental exposures and lifestyles. Furthermore,
insidious onset of diseases with a diversity of phenotypic manifes-
tations renders consistent phenotypic quantification challenging.
Model organisms allow precise control of the genetic background
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and environmental rearing conditions and can provide generally
applicable insights into the genetic underpinnings of complex traits
and human diseases based on the principle of evolutionary con-
servation of fundamental cellular pathways.

Drosophila melanogaster has emerged as a powerful genetic model
system for the study of complex human disorders (15) including
Alzheimer’s disease (16), Parkinson’s disease (17), Huntington’s
disease (18), ocular hypertension (6), retinal degeneration (7), lon-
gevity (19), sleep patterns (20), aggressive behaviors (21-24), and
sensitivity to alcohol (25-30). Natural populations of Drosophila
harbor substantial genetic variation for quantitative traits (31—
34). The D. melanogaster genome has been sequenced (35) and
extensively annotated (36), and many mutant lines and RNAi
knockdown constructs are publicly available (37-39). Further-
more, flies exhibit an innate phototaxis response—the locomotor
response toward a light stimulus—that can be quantified for large
numbers of age-synchronized individuals of the same sex and ge-
notype under controlled environmental conditions (40). Large-scale
genetic screens for phototaxis have provided insights into the cel-
lular mechanisms of phototransduction (41) and identified over 100
mutations that affect the development of the visual system, photo-
receptor cell integrity, and phototransduction (42). Similar to hu-
man age-related visual senescence, phototaxis in Drosophila exhibits
age-related progressive decline (43-45).

Here we sought to answer three questions about the genetic
basis of natural variation in phototaxis as well as age-dependent
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decline in phototaxis as a proxy for visual senescence, using the
Drosophila model. First, do the same genes that affect phototaxis
also affect senescence for phototaxis? Second, do the same genes
that affect eye and nervous system development affect natural
variation in phototaxis and senescence for phototaxis? Third, are
the genetic underpinnings of Drosophila phototaxis and photo-
taxis senescence specific to flies or evolutionarily conserved?

We performed genome-wide association (GWA) analyses us-
ing the sequenced, inbred lines of the D. melanogaster Genetic
Reference Panel (DGRP) (46) as well as a large outbred ad-
vanced intercross population (AIP) derived from a subset of
DGREP lines, which provides increased statistical power and the
ability to detect variants that segregate with low minor allele
frequencies in the DGRP. We find, perhaps surprisingly, that the
genetic basis of phototaxis senescence is partly independent from
that for phototaxis. We show that genes associated with early eye
and nervous system development contribute to standing varia-
tion in phototaxis and also to variation in phototaxis senescence
later in life. Finally, many of the genes and cellular pathways
associated with variation in age-dependent decline in phototaxis
in Drosophila are evolutionarily conserved, and their orthologs
may contribute to age-related visual decline in vertebrates,
including humans.

Results

Natural Variation in Phototaxis and Senescence in Phototaxis. To
assess the magnitude of naturally occurring variation in photo-
taxis per se as well as genetic variation in phototactic senescence,
we measured phototaxis of adult males and females from 191
DGREP lines at 1, 2, and 4 wk posteclosion, with a total sample
size of n = 141,032 flies (Dataset S1). Averaged over all lines,
phototaxis significantly declined between 1- and 4-wk-old flies
(Fig. 1 and Dataset S2) and thus exhibited senescence. We also
found significant genetic variation in phototaxis at each age, with
broad sense heritabilities for the sexes pooled data of 0.27, 0.33,
and 0.28 at 1, 2, and 4 wk, respectively (Fig. 1 and Dataset S2).

There is genetic variation in the magnitude and pattern of the
decline in phototaxis behavior among the DGRP lines (that is,
there is genetic variation in phototaxis senescence) because the
line X age interaction term is significant in the ANOVA analyses
(Dataset S2). Phenotypic (genetic) correlations (r) between
phototaxis scores of 1- and 2-wk-old flies are 0.53 (0.64) and 0.61
(0.71) for females and males, respectively, but these correlations
decline to 0.32 (0.39) and 0.35 (0.43) for females and males,
respectively, when 1-wk-old and 4-wk-old flies are compared
(Fig. 2 and Dataset S2). The departures of genetic correlations at
different ages from unity (and equivalently, the significant line x
age interaction terms for pairs of ages) indicate that the genetic
architecture of phototaxis varies with age. Therefore, genetic
variation in phototaxis senescence is partly (but not entirely)
independent from that of genetic variation in phototaxis per se.
Genetic variation in senescence could occur due to changes in
variance in phototaxis and/or changes in rank order of phototaxis
among the lines with age. We evaluated the relative magnitude
of these two factors (47) and found that 97% of the genetic
variance in senescence was due to changes of rank order among
lines with age (Dataset S3). Therefore, the magnitude of se-
nescence in phototaxis is not determined by the phototaxis re-
sponse at a young age.

We observed significant sexual dimorphism in phototaxis.
Averaged over all lines and ages, males have significantly higher
phototaxis scores than females (Fig. 1 and Datasets S1 and S2).
In addition, there is variation among the lines in the magnitude
of this sexual dimorphism because the line X sex interaction term
is significant in the analysis across three ages and for the analyses
at weeks 2 and 4 (Dataset S2).

Phototaxis has both a visual and a locomotion component. To
assess the extent to which we are assessing differences in vision

Carbone et al.

v
G 6 ’ l
a
vy
.;5 |||H || L. !
© ]
B4
3
£ 3
&
® 2
2

1

0

DGRP line

B s

7
g
Ss
v
25 I‘ |||
3 m i
E im |
24
<]
S
&
g2
=

.

0

DGRP line

C 8

7
o
o
G
wv
4 5
E ‘
o 4
"6 .I||I|I
£ 3 ‘ (1]
o
&
s 2
=

DGRP line

Fig. 1. Variation in phototaxis among the DGRP lines. Line means for
phototaxis at (A) 1 wk, (B) 2 wk, and (C) 4 wk of age for females (red) and
males (black). The plots are sorted by decreasing female score in each age
group. The rank order differs between the ages. The horizontal red and
black lines denote the average phototaxis score at each age for females and
males, respectively: 1 wk: ur = 4.30, up = 4.57; 2 wk: pr = 4.20, up = 4.74;
4 wk: pp = 2.81, up = 3.41.

among the lines as opposed to locomotion, we performed our
phototaxis assay without a light source for 35 randomly selected
DGREP lines at 1 wk of age (50 flies per sex). Under this con-
dition, the flies showed little tendency to move out of the start
tube, with average scores for both males and females <3.0 (Fig.
S1 and Dataset S4). These scores are significantly lower than
those obtained under similar conditions with a light stimulus
(P < 0.0001, ANOVA) (Fig. S1 and Dataset S4), and the among-
line and environmental variance are, respectively, 10-fold and
eightfold smaller in the absence of a light cue (Dataset S4). Thus,
directional responses measured in the countercurrent apparatus
cannot be explained by differences in locomotion alone and
therefore largely reflect vision-dependent behavior. Consistent
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Fig. 2. Phenotypic correlation of phototaxis scores among the DGRP lines at
different ages. Female and male scores are depicted in red and black, re-
spectively. (A) Correlations between 1 and 2 wk are rp = 0.53 (females) and rp =
0.61 (males). (B) Correlations between 1 and 4 wk are rp = 0.32 (females) and
rp = 0.35 (males). (C) Correlations between 2 and 4 wk are rp = 0.52 (females)
and rp = 0.61 (males).

with these results, we observed a low yet significant phenotypic cor-
relation between startle response, one measure of locomotor behav-
ior (48), and phototaxis in the DGRP at 1 wk of age for females (r =
0.27, P < 0.0001) and males (r = 0.35, P < 0.0001). Therefore, only
7.4% of variation in phototaxis in females and 12.5% in males can
be attributed to variation in locomotion in the DGRP.

GWA Mapping Analyses. We performed GWA analyses in the
DGRP and in an AIP derived from 40 DGRP lines to identify
candidate genes associated with variation for phototaxis and vi-
sual senescence. Because of the significant genetic variation in
sexual dimorphism, we performed all GWA analyses for males
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and females separately. We performed separate GWA analyses for
phototaxis at 1, 2, and 4 wk and for phototaxis values averaged over
all three ages and averaged over weeks 1 and 2, 2 and 4, and 1 and
4. Genetic variation in age-dependent decline in phototaxis is in-
dicated by the line X age interaction, which is equivalent to varia-
tion among lines in the mean difference in phototaxis between two
ages. Therefore, we performed GWA analyses for visual senescence
using the difference in phototaxis scores between weeks 1 and 2, 2
and 4, and 1 and 4. The DGRP GWA analyses evaluated single
marker associations of line means with 1,876,781 common (minor
allele frequency >0.05) variants after accounting for effects of
Wolbachia infection, common polymorphic inversions, and poly-
genic relatedness (31). The GWA analyses in the AIP were based
on an extreme quantitative trait locus (QTL) mapping design in
which we evaluated differences in allele frequencies for 672,749—
983,020 segregating variants (the numbers vary due to variation in
sequence coverage and allele frequencies in the pools), from se-
quenced pools of flies with high and low phototaxis scores at 1, 2,
and 4 wk of age (Fig. 3).

Using a strict Bonferroni correction for multiple tests (P = 2.66 x
107 for the DGRP GWA and P = 6.25 x 10~ for the AIP GWA), we
identified two closely linked intronic single nucleotide polymorphisms
(SNPs) in CG13004 associated with phototaxis in DGRP males. Using
the same criterion, we identified eight SNPs associated with phototaxis
in AIP females: two closely linked SNPs in a putative downstream
regulatory region of CG7294; single intronic SNPs in CG30158,
CG42784, elk, and Msr-110; a nonsynonymous coding polymorphism in
CG18622; and one intergenic SNP (3R_11546727_SNP) (Dataset S5).
We found 12 SNPs associated with phototaxis at a strict genome-wide
significance level in AIP males: six intergenic SNPs (2R_20956774,
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Fig. 3. Variation in phototaxis in the AIP. Frequency distributions of pho-
totaxis scores are for a total of scores for 5,675 flies: ~950 individuals per age
and sex. Red bars indicate 1-wk-old flies, gray bars indicate 2-wk-old flies,
and black bars indicate 4-wk-old flies. (A) Females. (B) Males.
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2R 8692474 SNP, 2R_8722202 SNP, 2R 9722208, 2R_8923692_SNP,
and 3R_26087589_SNP); two closely linked intronic SNPs in Drl-2; and
one intronic SNP in each of cic, CG13830, CG14516, and Osi24
(Dataset S5). Only four SNPs were associated with phototaxis
senescence at the Bonferroni-corrected significance level: the
intergenic variant 2R_8722202_SNP and an intronic SNP in Nos
for males and presumed regulatory SNPs in Eno and CG13982 in
females (Dataset S5). Thus, the majority of the most significant
sequence variants appear to be associated with intergenic regions
or in or near genes without functional annotations.

Notably, we observed minimal overlap in SNPs affecting phototaxis
between ages. Only three SNPs were associated with variation in
phototaxis at both 1 and 4 wk of age (Dataset S5): 2R_2797265_SNP,
2R _2797266_SNP, and 3R_8613417_SNP (intergenic). SNPs
2R 2797265 and 2R_2797266 are tightly linked and are located
within an intron of CG30158. This gene is predicted to be involved
in small GTPase mediated signal transduction (36). This lack of
congruent SNPs among the ages indicates that different aspects of
the genetic architecture contribute to variation in phototaxis with
increasing age.
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The advantage of the Drosophila system is that we can treat
the GWA analyses as primary screens for candidate genes that
can subsequently be validated by secondary analyses (29, 49).
Using a more lenient reporting threshold of P < 5 x 107>, we
identified 3,319 unique variants, of which 2,553 map in or near
1,387 genes (the remaining variants are farther than 1 kb from
the nearest gene) (Dataset S5). Gene ontology (GO) enrichment
analysis of these candidate genes showed enrichment for tran-
scription factors and for genes involved in learning and memory
as well as development, especially development and function of
the visual system and the nervous system in general (Dataset S6).

Genetic Interaction Networks. To prioritize candidate genes for
subsequent functional analyses, we first asked whether they partici-
pated in known gene-gene interaction networks. Briefly, we mapped
candidate genes onto known Drosophila genetic interaction networks
and extracted subnetworks containing the candidate genes. We
tested whether the size of the maximum subnetwork was significantly
greater than expected by chance using a permutation procedure to
obtain a P value for enrichment of the subnetwork for candidate

@ o

Fig. 4. Genetic interaction network of genes associated with phototaxis in the DGRP and AIP. Nodes depict genes, and edges are significant interactions.
Black nodes depict genes identified in the AIP, blue nodes depict genes identified in the DGRP, and yellow nodes depict genes identified in both the DGRP and
AIP mapping populations. The enrichment P value for the phototaxis network is 0.001. Nodes outlined in red were functionally validated using RNAi. Nodes
outlined in light blue were tested using RNAi but did not have a significant effect on phototaxis.
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genes. We performed three such analyses: one for candidate genes
associated with variation in phototaxis, one for candidate genes as-
sociated with variation in senescent decline in phototaxis, and one
for genes that appeared in two or more GWA analyses for either
trait. Remarkably, all three analyses revealed gene interaction net-
works significantly enriched for GWA signals. The largest clusters of
these gene interaction networks include 118 of the phototaxis can-
didate genes (Fig. 4; P = 0.001), 31 of the visual senescence candi-
date genes (Fig. 5; P = 0.004), and 56 candidate genes that appeared
in two or more GWA analyses (Fig. S2; P = 0.003). Both the pho-
totaxis and visual senescence networks were enriched for genes as-
sociated with early development, including eye and nervous system
development (Fig. S3). Thus, genes associated with early develop-
ment contribute to variation in both phototaxis and senescence for
phototaxis behavior later in life.

Functional Validation Analyses. To assess whether mutations in
genes that harbor SNPs associated with variation in phototaxis or
age-dependent visual decline would affect these phenotypes, we
selected 54 candidate genes as target genes for RNAi knockdown
using an eye-specific driver and assessed to what extent suppression
of gene expression affected phototaxis and/or phototaxis senes-
cence. We chose these candidate genes based on their membership
in one of the three enriched genetic interaction networks and/or
gene ontology enrichment categories, P value in the GWA analy-
ses, and availability of RNAi knockdown constructs. We measured
phototaxis at 1, 2, and 4 wk of age for males and females and used
factorial ANOVAS to assess whether they affected phototaxis (the
line term) and/or phototaxis senescence (the line X age interaction
term) relative to the control genotype. Remarkably, 49 of these
candidate genes (90.7%) were nominally significant for phototaxis
and/or phototaxis senescence in at least one of the three analyses
(females, males, and pooled across sexes); and for 37 of these
genes, the P values remained significant following a Bonferroni
correction for multiple tests (P < 9.26 x 10~*) (Fig. 6 and Datasets
S7 and S8). Most of the candidate genes showed reduced photo-
taxis at all ages relative to the control, indicating that normal ex-
pression of these genes is required for normal phototaxis. However,
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six candidate genes with significant effects on phototaxis senes-
cence [CG42671, king tubby (ktub), Patj, rau, vein (vn), and wntless
(wls)] had higher phototaxis scores than the control at 4 wk of age,
suggesting that expression of these genes may promote visual de-
cline. Human orthologs are known for 40 of the 49 significant
candidate genes (Dataset S7). Seven of these genes are associated
with eye diseases (Dataset S8).

Discussion

To characterize the genetic basis of naturally occurring variation
for phototaxis and senescence for phototaxis behavior (as proxies
for vision and visual decline, respectively), we performed quanti-
tative genetic analyses in the inbred, sequenced DGRP lines as well
as genome-wide association analyses in the DGRP and an AIP
derived from the DGRP for these traits. We observe that as in
humans, visual performance declines with age and thus exhibits
senescence. There is significant naturally occurring genetic varia-
tion in phototaxis among the DGRP lines, as well as genetic var-
iation among the DGREP lines in the extent to which they exhibit
senescence for phototaxis. However, phototaxis senescence is only
partially correlated with phototaxis averaged across all ages, such
that phototaxis behavior early in life does not perfectly predict the
magnitude of visual decline later in life. Genetic variation for mean
life span among the DGRP lines has been reported previously (50),
enabling us to evaluate the extent to which life span is associated
with health span (in terms of variation for phototaxis senescence).
The phenotypic correlation of life span with senescence in photo-
taxis between weeks 1 and 4 is low: 0.05 for females and 0.02 for
males (Fig. S4). Thus, different physiological systems may undergo
specific and independent senescence not correlated with organis-
mal life span, and health span is not necessarily increased in long-
lived genotypes.

We performed complementary GWA analyses in the DGRP and
the outbred AIP, using complete sequence data. Only common
variants with minor allele frequencies greater than 5% can be reliably
interrogated in the DGRP, but the small size of the DGRP re-
sults in limited power to detect associations unless effects are
very large. Sample size is not limiting in the AIP, and variants at
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Fig. 5. Genetic interaction network of genes associated with phototaxis senescence in the DGRP and AIP. Nodes depict genes, and edges are significant
interactions. Black nodes depict genes identified in the AIP, blue nodes depict genes identified in the DGRP, and yellow nodes depict genes identified in both
the DGRP and AIP mapping populations. Gray nodes indicate missing genes and gray dashed lines depict their edges. The enrichment P value for the
phototaxis senescence network is 0.004. Nodes outlined in red were functionally validated using RNAi. Nodes outlined in light blue were tested by using RNAi

but did not have a significant effect on phototaxis senescence.
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Fig. 6. Functional evaluation of candidate genes using RNAi suppression of gene expression. Histograms of sex-average phototaxis scores of F1 progeny from
gmr-Gal4 x UAS-RNAI for each of the genes indicated on the x axis. All phototaxis scores are expressed as deviations from the control. Red bars indicate 1 wk
old, gray bars indicate 2 wk old, and black bars indicate 4 wk old. P values for phototaxis (Ppr) and phototaxis senescence (Pps) are given for the analyses
pooled across sexes (3?), females (2), and males (3). Ppr and Pps correspond to the line and line x age P values, respectively, in Dataset S6. White indicates P >
0.05, light pink indicates P < 0.05, medium pink indicates P < 0.01, and dark pink indicates P < 0.001.

low frequency in the DGRP that are represented in at least one
of the parental lines used to generate the AIP will have a minor
allele frequency of at least 0.025 and hence can be evaluated if
their frequencies in either the high or low pool are greater than
0.05. Although there are many reasons not to expect concor-
dance between the two GWA analyses (24, 51), we do expect the
top associations from both analyses will impinge on common
genes and genetic networks. Indeed, 70 genes were in common
between the two GWA analyses, suggesting a highly polygenic
genetic architecture for phototaxis and phototaxis senescence.

A major advantage of the Drosophila model is that many genetic
interactions have been documented experimentally (52). We
therefore asked whether, and to what extent, the candidate genes
identified by the GWA analyses were enriched for known genetic
interactions. We performed these analyses for the candidate
genes affecting phototaxis, senescence in phototaxis, and genes
in common between the two GWA analyses for either trait. In
each case we recovered enriched gene-gene interaction net-
works. These genetic interaction networks provide biological
context for the many candidate genes identified by GWA anal-
ysis. Consistent with our observation from the quantitative ge-
netic analysis indicating that phototaxis and senescence for
phototaxis are only partly correlated, only 6 of the 31 genes in
the phototaxis senescence network also appear in the pho-
totaxis network.

Carbone et al.

Genes involved in insulin signaling and oxidative stress have
been implicated as evolutionarily conserved mechanisms affect-
ing life span in Mus musculus (53, 54), Drosophila (55-57),
Caenorhabditis elegans (58, 59), and yeast (60, 61). Consistent
with the lack of phenotypic correlation between phototaxis se-
nescence and life span, we did not find genes associated with
these mechanisms in our association analyses. Rather, candidate
genes implicated by all GWA analyses as well as the subset of
candidate genes in enriched genetic interaction networks were
enriched for development and function of the visual and nervous
systems. It should be noted that genes that contribute to devel-
opment may have pleiotropic functions that play a role in adult
life. Evidence from our study indicates that the same genes that
affect early eye and nervous system development are associated
with natural variation in visual decline at later age, highlighting
the notion that senescence may be part of a lifelong develop-
mental process.

We used RNAi-mediated knockdown of gene expression un-
der the eye-specific gmr-Gal4 driver to determine to what extent
genes in the enriched genetic interaction networks that harbor
polymorphisms associated with variation in phototaxis and visual
senescence themselves affect these phenotypes. Disruption of
expression of 49 of 54 tested target genes significantly affected
phototaxis and/or phototaxis senescence. We are aware that
RNAI is an imperfect proxy for testing effects of SNPs and that
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the publicly available RNAIi constructs cannot assess the effects
of putative intronic and intergenic regulatory variants associated
with phototaxis and phototaxis senescence, many of which had
low P values in our association analyses. Although we do not
expect the effects of RNAi to mimic the more subtle SNP effects
in direction or magnitude, significance of these gene-level
functional analyses can help to prioritize genes for future allelic
replacement analyses using CRISPR/Cas9 gene editing (62, 63)
to determine causal SNPs.

The majority of the significant genes caused decreases in
phototaxis at all ages relative to the control genotype, as expected if
they are required for phototaxis. Several of these genes affect
Drosophila eye development, although a role in adult phototaxis
has not been reported previously. For example, the highly inter-
connected hub gene, pnr, which participates in 23 interactions in
the phototaxis network (Fig. 4), encodes a GATA-1 transcription
factor that regulates dorsal-ventral axis determination during
Drosophila eye development and plays a role in defining the dorsal
eye margin by downregulating the core retinal determination genes
eya, so, and dac (64). frizzled (fz), hth, and pros function in the
differentiation of cellular components of the compound eye such
as ommatidia, photoreceptor, and rhabdomere cells, respectively,
whereas cacophony (cac), ktub, Mob2, and rdgA play major roles in
phototransduction (65-67). In addition, cac has previously been
linked to life span in the DGRP (68) and to age-related decline in
immune system function (69).

Several genes with significant effects on phototaxis senescence
(CG42671, ktub, Patj, rau, vn, and wis) are particularly interesting
because suppression of gene expression causes an increase in
phototaxis at late ages, suggesting these genes normally function to
exacerbate visual decline. CG42671 is a computationally predicted
gene about which nothing is known, so this study assigns a function.
vn is a member of the epidermal growth factor receptor signaling
pathway and functions in brain and PNS system development (70—
72); it has not previously been implicated in phototaxis behavior.
The other four genes have been associated with eye development
and function. kfub mutations affect Rhodopsin 1 endocytosis and
retinal degradation (73), Patj functions in photoreceptor cell
morphogenesis and maintenance (74) and prevents late-onset
photoreceptor degeneration, rau affects R7 photoreceptor cell
development (75), and wis functions in Wnt protein binding and
compound eye morphogenesis (76, 77).

The Drosophila compound eye is anatomically distinct from
vertebrate eyes. To what extent do the genes in the genetic in-
teraction networks identified in this study have human orthologs
and are able to affect eye diseases in humans? A total of 41 of
the validated candidate genes have human orthologs, 7 of which
have previously been associated with vision disorders. cac, which
encodes a calcium channel, has seven human orthologs that also
encode calcium channel subunits, of which CACNAIF has been
associated with congenital night blindness (CSNB2A) (78),
Aland Island eye disease (A/ED) (79, 80), and X-linked cone—
rod dystrophy (CORDX3) (81). fz encodes a seven-trans-
membrane helix containing protein necessary for binding Wnt
ligands in the noncanonical Wnt signaling pathway (82) and has
10 human orthologs encoding frizzled class receptors, of which
FZD4 is associated with exudative vitreoretinopathy (83). hbn
encodes a transcription factor and has four human orthologs, of
which PHOX2A has been associated with congenital fibrosis of
extraocular muscles, a disorder that affects the muscles that
control eye movement and position of the eyes (84, 85). ktub has
three human orthologs, of which TUB is associated with retinal
dystrophy and TULP] is associated with retinitis pigmentosa (86,
87) and Leber congenital amaurosis (early-onset retinal dystro-
phy) (88, 89). NetB encodes a protein with unknown molecular
function and has nine human orthologs, of which LAMC3 is
associated with occipital cortical malformations, an autosomal
recessive disorder with seizures associated with loss of vision due
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to the abnormal development of the occipital cortex (90). unc-45
encodes a protein of unknown molecular function, but one of its
human orthologs, UNC45B, has been associated with cataracts
(91). Vsxl is a transcription factor with two human orthologs:
VSX1 is associated with keratoconus, anterior segment dysgen-
esis syndrome (which affect multiple eye tissues) (92, 93), and
posterior polymorphous corneal dystrophy (94), whereas VSX2 is
associated with microphthalmia (95, 96). Thus, naturally occur-
ring genetic variation affecting Drosophila phototaxis and se-
nescence for phototaxis encompasses evolutionarily conserved
genes that contribute to visual senescence in humans.

Materials and Methods

Drosophila Stocks and Culture. We used 191 sequenced inbred DGRP lines (31,
46) and an AIP derived from 40 randomly selected DGRP lines. The 40
parental AIP lines were DGRP_21, DGRP_208, DGRP_301, DGRP_303, DGRP_304,
DGRP_306, DGRP_307, DGRP_313, DGRP_315, DGRP_324, DGRP_335, DGRP_357,
DGRP_358, DGRP_360, DGRP_362, DGRP_365, DGRP_375, DGRP_379, DGRP_380,
DGRP_391, DGRP_399, DGRP_427, DGRP_437, DGRP_486, DGRP_517, DGRP_555,
DGRP_639, DGRP_705, DGRP_707, DGRP_712, DGRP_714, DGRP_730, DGRP_732,
DGRP_765, DGRP_774, DGRP_786, DGRP_799, DGRP_820, DGRP_852, and
DGRP_859. At generation (G) 1, we crossed the AIP parent lines in a round robin
design in numerical order; that is, we crossed DGRP_21 females to DGRP_208
males, DGRP_208 females to DGRP_301 males, and so on, finally crossing
DGRP_859 females to DGRP_21 males. At G2, we performed another round
robin cross using the heterozygous progeny from the first generation to create
40 four-DGRP parent genotypes; that is, we crossed G1 DGRP_21 x DGRP_208
females with G1 DGRP_301 x DGRP_303 males and so on until G1 DGRP_852 x
DGRP_859 females were mated with G1 DGRP_21 x DGRP_208 males. At G3, we
placed one male and one female of each genotype from the 40 four-DGRP
parent genotypes into each of 10 bottles, removing the parents after 2 d. For
each subsequent generation, we collected 4 males and 4 females from each of
the 10 bottles from the previous generation and transferred them to 10 new
bottles (40 males and 40 females total per new bottle). Therefore, the census size
of the AIP population was n = 800 per generation. Experiments described here
began at G120.

For functional assessment of candidate genes, we obtained UAS-RNAI lines
from the KK or GD library stocks targeting candidate genes along with the
progenitor coisogenic control line containing the empty vector (VIE-260B)
from the Vienna Drosophila RNAi Center (VDRC) (37). We drove expression of
RNAI in the fly eye using the gmr-Gal4 driver line (genotype: w'"'®, P{GMR-
GAL4.w-}2/Cy0O) obtained from the Bloomington Drosophila Stock Center.

All flies were reared on cornmeal-agar-molasses medium at 25 °C, 60—
75% relative humidity, and a 12-h light-dark cycle.

Phototaxis Measurements. \We assessed phototaxis in the countercurrent
apparatus designed by Benzer (40) at 1, 2, and 4 wk of age (representing
young, middle-aged, and senior flies, respectively). For each of the geno-
types (DGRP, AIP, or RNAI), we collected 50 age-matched flies of the same
sex per replicate and performed three replicate assays. Flies were allowed to
recover overnight from CO, anesthesia and dark-adapted for 30 min before
performing the assay. To begin the assay, flies were tapped to the bottom of
the first start tube, and the apparatus was laid horizontally with the distal
tubes 5 cm from a 15-W fluorescent light. The flies were given 15 s to reach
the distal tube. This procedure was repeated seven times, such that flies
could choose to go toward the light a maximum of eight times. At the end
of the trial, all eight start tubes containing flies were removed and frozen at
—80 °C before manually counting the flies in each tube. Each individual fly is
assigned a score from 1 (did not move toward the light) to 8 (moved toward
the light seven times). Individual scores were used to conduct the quanti-
tative genetic analyses described below. The mean phototaxis score for each
replicate was calculated as > (i x Ni)/Y_Ni, where Ni is the number of flies
in the ith tube. To test locomotion in the dark, identical conditions were
used but without a light source.

Quantitative Genetic Analyses. We partitioned the phenotypic variance of
phototaxis in the DGRP into components attributable to genetic and environ-
mental variance as well as genotype X sex, genotype x age, and the three-way
genotype x age X line interactions using individual phototaxis data. The full
mixed model analysis of variance (ANOVA) was Y=+ L+S+A+LxS+L XA+
SXA+LxSxXA+Rep(l xS xA)+ & where Y is the phenotype; 1 is the overall
mean; S and A are the fixed effects of sex and age, respectively; L is DGRP line
(random); L X S, L x A, S X A, and L x S X A are the interaction terms; Rep is
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replicate (random); and ¢ is the error variance. We estimated the broad-sense
heritability (H?) of phototaxis from the full model as H?=(o} + o7+
foA + 6%><S><A>/0f + foS + Gfo +0fx$><A + 65' where ”f' szS' G%XA’ G%XSXA’ and 05
are the among-line, line x sex, line x age, line x sex x age, and within-line
variance components, respectively.

We also ran reduced ANOVA models for sexes pooled across ages and for
ages pooled across sexes. We estimated cross-age genetic correlations sep-
arately for males and females as ra=07/(c? +07,,) and cross-sex genetic
correlations separately for each age as rs =07 /(o7 +07,5). We estimated the
extent to which the L x A variance components are due to changes in var-
iance in phototaxis among lines and changes in rank order as
02n =>_[201i01j(1 —ryj) + (o1 —o'L,-)Z]/t(t— 1), where t = 3 ages, o,; and o, are
the square roots of the among-line variance components for ages i and j,
and rj; is the cross-age correlation among lines for ages j and j (47). The first
term reflects the change in rank order among lines with age, whereas the
second reflects differences in among-line variance with age.

GWA Analyses in the DGRP. We performed GWA analyses for phototaxis using
(i) line means (average of replicate scores) at 1, 2, and 4 wk of age; (ii) the
overall mean for all three ages; and (iii) means of 1 and 2 wk, 2 and 4 wk,
and 1 and 4 wk. We also performed GWA analyses for senescence (S) in
phototaxis using the mean differences in phototaxis scores between two
different age groups: S = (Xj, — Xip)/(X, + Xp)/2, where X is the mean pho-
totaxis score of line i at the younger age (a) or corresponding older age (b)
and X is the overall phototaxis mean among all DGRP lines at age a or b.
GWA analyses for all traits were performed using a total of 1,876,781 vari-
ants, of which 1,716,060 were single-nucleotide and multinucleotide poly-
morphisms (SNPs/MNPs) and 160,721 were insertion—-deletions (indels) for
which the minor allele frequency is >0.05. Single-marker analyses were
performed separately for males and females while accounting for any ef-
fects of Wolbachia infection, common polymorphic inversions, and poly-
genic relatedness, as described previously (31).

GWA Analyses in the AIP. Beginning at generation 120, we scored between
929 and 962 AIP flies per sex at 1, 2, and 4 wk of age and assayed these flies for
phototaxis (5,675 flies in total). We pooled the top 100 (~10%) scoring flies
(H) into one pool (sexes and ages separately) and the bottom 100 (~10%)
scoring flies (L) into a second pool (sexes and ages separately). We se-
quenced DNA from each of the 12 pools to at least 50x coverage and
assessed allele frequency differences between pools of individuals at the
extremes of the distributions.

Genomic DNA was extracted from 100 pooled AIP flies per H and L sample,
and high-molecular weight double-stranded genomic DNA samples were
used to construct Illumina paired-end libraries. Briefly, 250 ng of DNA in a
total volume of 8 puL was fragmented with NEBNext dsDNA Fragmentase
(New England Biolabs) to an average size of 300-600 bp. Fragments were
purified with 1.8x Agencourt AMPure XP beads (Beckman-Coulter) and then
subjected to end-repair (Enzymatics), adenylation of 3’-ends (Enzymatics),
and ligation of indexed paired-end adapters (Enzymatics and Bioo Scien-
tific). Each step was followed by purification using 1.8x Agencourt AMPure
XP beads (Beckman-Coulter). After ligation, size selection was carried out
with 0.5x PEG/NaCl and purification with 0.1x Agencourt AMPure XP beads.
PCR enrichment of the purified barcoded DNA was carried out with KAPA
HiFi Hot Start Mix (Kapa Biosystems) and NEXTflex Primer Mix (Bioo Scien-
tific). The libraries were quantified by quantitative PCR using the KAPA SYBR
FAST Master Mix Universal 2x qPCR Master Mix (Kapa Biosystems). The sizes
of the PCR-enriched libraries were quantified with an Agilent 2100 Bio-
analyzer using the high-sensitivity DNA chip (Agilent). We multiplexed and
sequenced four libraries per lane on the HiSeq2000 (lllumina) with v3
chemistry. Briefly, clonal clusters were generated on an Illlumina C-Bot with
Illumina’s paired-end flow cell; 2 x 100 cycles of sequencing with 7 cycles
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index sequencing were carried out according to the manufacturer’s standard
protocol (lllumina). Imaging analysis and base calling were carried out with
real time analysis (RTA) software on the HiSeq2000. Consensus assessment of
sequence and variation (CASAVA) version 1.7 was used to demultiplex the
sequences into fastq files that were used in the mapping analysis.

Sequence reads were mapped to the D. melanogaster reference genome
(FlyBase version 5.57 of the Berkley Drosophila Genome Project assembly 5)
using Burrows—-\Wheeler Alignment — maximal exact match (97) and subsequently
indel-realigned, duplicate masked, and quality recalibrated using GATK (98).
Alleles at segregating sites in the 40 parental lines were counted in the top (H)
and bottom (L) pools, and their frequencies were compared (fy — f,) using a
Z test (50). To obtain comparable tests to the GWA analyses in the DGRP
that mapped variants for average phototaxis across ages or senescence,
the average fy — f, or differences in fy, — f, across ages were also tested using
a Z test.

Mapping Genes to Networks. We downloaded the complete genetic in-
teraction networks from FlyBase (Release 5.49) which were curated based on
the literature. The genes in the networks are represented as nodes, whereas
edges between the nodes represent interactions. We performed three sep-
arate analyses mapping candidate genes implicated by the GWA analyses for
(i) phototaxis, (ii) phototaxis senescence, and (iii) all candidate genes that
were implicated at least twice in the GWA analyses to the graphical rep-
resentation of genetic networks using the igraph package in R (99). By
allowing 0 missing nodes, subnetworks involving the candidate genes were
extracted. We tested whether the maximum subnetwork was significantly
greater than expected by chance using a permutation procedure (100).
Briefly, we randomly selected n genes that can be mapped to the global
networks, where n is the number of significant genes mapped to the global
network. The size of the largest subnetwork was computed. This procedure
was repeated 1,000 times, and the P value was calculated as (A + 1)/1,001,
where A was the number of permutations where the size of the largest
subnetwork was equal or greater than the size of the largest subnetwork
with the observed gene list.

To identify biological processes associated with phototaxis and visual
senescence, we performed enrichment analyses for gene ontologies using
candidate gene lists from both the GWAS and extreme QTL mapping for both
traits, using the Database for Annotation, Visualization and Integrated
Discovery (101, 102). We also performed enrichment analyses on genes in
the interaction networks.

Candidate Gene Validation. We selected candidate genes for phenotypic
validation based on three criteria: (i) the candidate gene was identified in
two or more DGRP and/or AIP GWA analyses (P < 5 x 107°), (ii) candidate
genes belonged to a significant genetic interaction network, and (iii) viable
RNAIi knockdown lines were available from the VDRC (37). Males from each
of the transgenic UAS-RNAI lines were crossed to virgin females from the
gmr-Gal4 driver line to suppress the expression of the target gene in hybrid
offspring. We assessed phototaxis in gmr-Gal4/UAS-RNAi and gmr-Gal4/VIE-
260B control genotypes at 1, 2, and 4 wk of age. We assessed statistically
significant differences in phototaxis between the RNAi knockdown and
control genotypes using the mixed model ANOVA: Y =4+ G+S+A+GxS+
GXA+SXA+GXSXA+Rep(G xS xA)+ ¢ where Y is the phenotype; u is
the overall mean; S and A are the fixed effects of sex and age, respectively; G is
RNAi knockdown or control genotype (fixed); G xS, Gx A, Sx A, and GX Sx A
are the interaction terms (fixed); Rep is replicate (random); and ¢ is the
error variance.
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