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1. Introduction
1.1 Positive and negative effects of light on health
Light is the primary entraining factor (time-giver) for many organisms, as it attunes their
circadian clocks to the solar day and strengthens diurnal rhythms (Zeng et al., 1996). Circadian
rhythms coordinate many processes from gene expression to behavior optimizing life functions.
For example, light-entrained circadian clocks promote immunity and extend health span in aging
Drosophila (Krishnan et al., 2009; Shirasu-Hiza et al., 2007) and mammals (Roenneberg and
Merrow, 2016). In addition to the clock-entraining role of cyclical light exposure, short-term
light exposure has therapeutic value, as it is used to treat several skin ailments (Adamskaya et al.,
2011; DeLand et al., 2007; Sadick, 2008), along with seasonal affective disorder and other mood
disorders (Desan et al., 2007; Rosenthal et al., 1984). Acute light exposure also improves
alertness and cognitive performance in night-shift workers (Motamedzadeh et al., 2017), but only
when exposure occurs at night (Segal et al., 2016).
In addition to positive effects, several negative effects of light have been reported. For
example, blue light suppresses the secretion of the sleep-promoting hormone melatonin in a
dose-dependent fashion (Lewy et al., 1980; West et al., 2011), and this suppression can cause
circadian and sleep disorders when occurring at night (Chang et al., 2015; Green et al., 2017).
These findings raise health concerns because LED lighting and LED-based technology have
invaded modern society and are exposing humans to increasing levels light, especially at night.
Several studies have demonstrated the damaging effects of acute blue-light exposure on retinal
cells in vitro (Kuse et al., 2014) and vivo (Lougheed, 2014; Taylor et al., 1992). However, few
studies have addressed the effects of light exposure on longevity. The few studies that did

address this, however, exposed their organisms to constant light conditions, which disrupts the
circadian clock and increases sensitivity to adverse stimuli (Krishnan et al., 2009).

1.2 Light exposure causes stress response gene expression in old flies
The impetus for the initial experiments presented in this thesis came from a recent
collaborative study between Dr. Giebultowicz and Dr. Hendrix laboratories. The goal was to
compare rhythmic profiles in gene expression between young and old flies. The research team
discovered that a group of stress response genes, called late-life cyclers (LLCs), were
rhythmically expressed in old Drosophila, but not in young (Kuintzle et al., 2017). Specifically,
old flies increase LLC expression throughout daylight hours, with peak expression at the end of a
light cycle, followed by a decrease in expression levels as the night progresses. Moreover, flies
maintained in constant darkness do not rhythmically express LLCs at any age (Nash et al., 2019),
suggesting that light is involved in the upregulation of these genes. However, it is unknown
whether rhythmic LLC expression is a protective response to age-related stress in flies and
whether this response influences fly lifespan. The answer to this could provide insight into the
effects of daily light exposure on Drosophila health and longevity. If fly lifespan is extended in
flies aged in constant darkness, where no rhythmic LLC expression ever occurs, then LLC
expression must respond to stressful stimuli, such as long-term daily light exposure, in a manner
that is harmful to Drosophila health and longevity.

1.3 Hypothesis
We hypothesized that flies exposed to daily dark cycles of white fluorescent light
followed by darkness (L:D) would have reduced longevity compared to those kept in constant

darkness (D:D). The fact that flies kept in different light conditions express different levels of
LLCs in advanced-age suggests that long-term light exposure impacts aging in some way. This
led us to further hypothesize that daily light exposure reduces lifespan via an accelerated aging
mechanism. Since acute light exposure is damaging to eye photoreceptor cells (Jaadane et al.,
2015; Kuse et al., 2014), which are filled with photosensitive molecules (Liman, 2012), we
further hypothesized that light-induced longevity reduction is mediated through a harmful
interaction between light and eye photoreceptors. Lastly, we hypothesized that damage to these
photoreceptor cells would increase fly susceptibility to the damaging effects of light as they age.

1.4 Objectives
The purpose of this study was to test our hypothesis by addressing the following questions:
1.

Does exposure to light of various colors, intensities, and durations affect

Drosophila melanogaster lifespan?
2.

Does light exposure affect fly aging rates (measured as climbing ability)?

3.

What is the role of retinal photoreceptors in mediating effects of light on lifespan

and health span?
4.

If light has adverse effects on flies, does sensitivity to light change with age?

The fruit fly is an ideal model organism for this study because they have a short lifespan,
there are effective methods to measure rates of aging, and several eye mutants are available. In
addition, several biological and physiological properties are conserved between mammals and
Drosophila, and roughly 75% of human genes that cause disease have fruit fly homologs
(Pandey and Nichols, 2011).

2. Materials and Methods
2.1 Fly genotypes and maintenance
In the experiments described here, Drosophila melanogaster of the Canton-S genotype
was used as the wildtype strain based of their normal, red retinal pigmentation. Flies of both the
white (w1118; referred to as w) genotype, which lack retinal pigmentation, and the eyes absent
(eya2) genotype, which don’t develop compound eyes (Bonini et al., 1993), were also tested
under similar experimental conditions. Genotype-specific adult flies were mated and separated
by sex 1-2 days after emergence. Then, groups of ~25 flies of a given genotype and sex were
transferred to narrow (25mm) diameter plastic vials (Genesee Scientific, San Diego, CA), which
contain a diet of yeast (35 g/l), cornmeal (50 g/l), and molasses (5%) that was freshly substituted
every 2-3 days. To ensure flies received the same number of light dark cycles, flies were placed
into their respective experimental conditions during the dark phase of the environmental lightdark cycle, or between 9 pm and 9 am for those aged in constant darkness (D:D). All
experimental flies were held at 25±1°C.

2.2 Longevity testing procedure
For each longevity experiment, the median lifespan of at least 100 flies (4 groups of 25 in
narrow vials) of a given sex and genotype was measured. The number of dead flies per group
was recorded every time flies were placed into new vials containing fresh diet (every 2-3 days).
This was done until no more survivors remained. Mortality curves were statistically analyzed
using the Log-rank test in GraphPad Prism 6 and compared between flies held in different light
conditions. In experiments where groups of flies were held in three or more light conditions, the

longevity of flies kept in each light condition was statistically compared to the longevity of flies
kept in the other light conditions.

2.3 Rapid iterative negative geotaxis (RING) assay
The rapid iterative negative geotaxis (RING) assay (Rhodenizer et al., 2008) was used to
measure the average height climbed by flies to compare the relative rates of aging, also referred
to as health span, among flies held in various light conditions. In each RING assay, there were
between 50-75 flies tested for each specific genotype and light condition. Groups of 25 flies were
placed into separate narrow vials lacking diet and loaded into a transparent RING apparatus. A
video recorder was placed in front of the apparatus and a white background was placed behind
the apparatus. The apparatus was quickly tapped three times against the counter top to knock
flies to the bottom of the vials and the video recorder captured the first four seconds of the flies’
immediate climbing response. The climbing response of each group of flies was measured three
times with one-minute breaks between tests to allow the flies to settle. A still image was then
captured exactly 4 seconds after tapping had stopped for each of the three trials using Avidemux
software. ImageJ software was used to calculate the distance climbed for each fly in the image.
Then, the average height climbed in all three trials for each respective group was calculated in
Excel. Graphical and statistical analysis was performed using unpaired t-tests in GraphPad Prism
6. In addition, the number of flies that climbed any vertical distance was recorded for each trial
and expressed as a percentage of flies that retained vertical climbing ability.

2.4 Light conditions used in experiments
The spectrum and intensity of each light condition was measured at the level that flies
were kept. Spectral characteristics of each light source was measured with a P100-2-VIS-NIR
optical fiber C (Ocean Optics), while the light intensity was measured with an SQ-120: Electric
Calibration Quantum Sensor (Apogee) and expressed as photon flux density (PFD), which is a
measure of the number of photons per unit area per second with units of µmol m-2 s-2. Flies of the
three genotypes described in section 2.1 were aged in several distinct light environments. Each
illuminated environment had diurnal 12-hour cycles of light and dark, besides the experiment
described in Figure 3C.
Frequently tested light conditions included constant darkness (D:D), daily white
fluorescent light (L:D), blue LED (B:D), and white LED with blue light excluded (L-B:D). The
flies maintained in D:D were either kept in a completely dark incubator or were kept in light
proof box inside an illuminated incubator. White fluorescent tubes manufactured by Philips were
the light source of L:D. The L:D spectrum contained major peaks at 437nm and 546nm, with
minor peaks at 405nm and 577nm (Fig. 2A) and had a photon flux density of ~25 μmol∙m-2∙s-2 at
the levels where flies were placed. A blue aquarium light was used in B:D (MarsAqua Dimmable
165W LED). The blue light spectrum showed a peak at 460nm and had a photon flux density
equivalent to that of L:D. The same aquarium light source that was used as a source of blue light
was also used in L-B:D. However, a yellow filter (Rosco color filter #4590 CalColor 90) was
applied to eliminate all blue light. The L-B:D light source emitted a yellowish color.
Specifically, the spectrum was broader with a major peak at 584nm and produced a photon flux
density between ~25 μmol∙m-2∙s-2.

To examine the effects of blue light intensity on longevity, neutral density filters made of
aluminum wire screen were applied in B:D to create five different light conditions of various
blue light intensities (each having equivalent spectral compositions) in which the median lifespan
of w and CS males was measured. The light intensities below filters was measured with an SQ120: Electric Clibration Quantum Sensor (Apogee) and expressed as photon flux density (PFD).
The first group was exposed to unfiltered light (B:D, 25 μmol∙m-2∙s-2). Three other filters were
applied to progressively reduce light intensity exposure and included 17, 11, 4 μmol∙m-2∙s-2. The
remaining filter inhibited any light penetration (0 μmol∙m-2∙s-2), leaving a D:D-like environment.
In another experiment, the 12-hour light-dark cycle in B:D was modified to test whether
different daily lengths of exposure to full intensity blue light affected the longevity of w flies.
The median lifespan of w males and females was recorded after they were aged in either 8-hours
of daily blue LED followed by darkness (8B:16D) or 16-hours of daily blue LED followed by
darkness (16B:8D). Flies were also kept in D:D for controls. The median lifespan of flies kept in
each light condition was compared to the respective cohorts in D:D and to each other.

2.5 Exposure to daily blue LED cycles at various ages
To test whether the effects of B:D on longevity is age-dependent, the median lifespan of
w males was measured after they were initially kept in B:D or D:D until reaching a certain age,
at which point they were switched to the other regime. Flies were transferred to the other regime
during the dark cycle in a light proof Styrofoam container. Two separate groups of w males were
either kept in B:D or D:D for 30 days before they were permanently switched to the alternative
light environment. The remaining group of w males were aged in D:D for 44 days before they
were transferred to B:D for their remaining lifespan. For comparison, groups of w males were

also aged permanently in B:D and D:D. The median lifespan of each group was measured. In this
experiment, nearly all w male flies died before reaching 35 days of age in B:D.

2.6 Effects of light on longevity and aging in eyeless flies
To test whether photoreceptor damage caused shortened lifespan and accelerated aging
from light, flies lacking compound eyes due to a mutation in the eyes absent (eya2) gene (Bonini
et al., 1993) were tested in several light conditions mentioned above. Just as in the initial
longevity tests done on w and CS flies, the median lifespan of eya2 flies was first measured in
D:D and L:D and mortality curves were compared. After establishing that L:D reduces longevity
in the absence of photoreceptors, the effects of blue light on the lifespan of eya2 flies was
investigated. Again, the median lifespan of eya2 flies was recorded and mortality curves were
compared between those aged in B:D, L-B:D, and D:D. Since light-induced lifespan reduction in
eya2 flies were similar to those in CS, a RING assay was performed on 50-days old eya2 males in
B:D, L:D, and D:D.

2.7 Light preference test
For all three genotypes described in this study, 50 flies of each sex were held in narrow
fly vials of 25 flies each and maintained in either B:D or L-B:D. At 5, 25, and 45 days old, each
group of flies was put into an apparatus consisting of two open narrow vials held together with
clear porous tape to allow both easy observation and access to oxygen. A light impenetrable
black foil was wrapped around one of the two connected vials, leaving half of the apparatus
completely dark while the other half was illuminated by either blue light (B) or broad-spectrum
light with the exclusion of blue (L-B). Both vials had an equal amount of diet and flies were able

to freely move between their respective light environment and darkness. Pictures of the two-vial
apparatuses were taken every hour of the 12-hour light phase when flies were 5, 25, and 45 days
old. The average percentage of age- and genotype-specific flies found in either B or L-B
compartments was calculated and statistically compared using an unpaired t-test in GraphPad
Prism 6. A separate unpaired t-test was done to compare the percentage of middle- and old-aged
flies of a specific sex and genotype that were found in B.

3. Results
3.1 Daily exposure to cycles of white fluorescent light reduces lifespan and health span
Daily light exposure plays a critical role in maintaining robust circadian rhythms in many
organisms, which are associated with improved immune defenses and delayed aging in
Drosophila (Krishnan et al., 2009; Shirasu-Hiza et al., 2007). On the other hand, acute exposure
to strong light, especially blue light, is known to be harmful to cells in vitro (Godley et al.,
2005). However, the effects of daily light exposure on organismal lifespan are not well known.
To fill this knowledge gap, we investigated the effects of several different light conditions on the
lifespan of Drosophila, a short-lived model organism. A recent study has shown that old flies
with the white mutation (w) maintained in 12-hour cycles of white fluorescent light followed by
darkness (L:D) show diurnal rhythms in the expression of several stress response genes (Kuintzle
et al., 2017), while expression of these genes remain low in flies kept in constant darkness (D:D)
(Nash et al., 2019). To understand how rhythmic expression of these genes affects fly longevity,
we compared lifespan of w flies in L:D and D:D. Interestingly, we found that rearing flies in D:D
significantly extended their lifespan. More specifically, w flies kept in L:D had a 30% reduced
median lifespan compared to those in D:D (Fig. 1A) and the mortality curves were significantly
different (Log-rank test, p<0.0001). Since daily light exposure shortened fly lifespan, we next
investigated whether this was caused by accelerated aging. Drosophila exhibit negative geotaxis,
which is an innate escape response resulting in upward vertical locomotion upon stimulation.
Since vertical mobility declines with age, the average climbing height was used to compare rates
of aging – also referred to as health span – between groups of flies kept in different light
conditions. We employed the rapid iterative negative geotaxis (RING) assay to measure vertical
climbing ability in flies (Gargano et al., 2005; Rhodenizer et al., 2008). In this test, flies were

placed in vials and tapped to the bottom while a digital camera recorded their climbing response.
The RING assay was initially performed on middle-aged (30-days old) w males in L:D and D:D.
The percentage of flies that climbed any vertical distance was also recorded to assess the number
of flies that have already lost climbing ability. Middle-aged w males maintained in D:D showed
significantly higher average climbing ability than those in L:D (Unpaired t-test, p<0.01). In
addition, 34% more males retained climbing ability in D:D compared to L:D (Fig. 1B). Together,
these data suggest that daily exposure to white fluorescent light accelerates both mortality rates
and functional locomotion loss associated with aging in w flies.
The white mutation (w) prevents the formation of retinal pigment granules, and this lack
of eye pigmentation sensitizes w flies to light relative to wildtype flies (Stark et al., 1985).
Therefore, the effects of light on lifespan and health span were also investigated in wildtype
Canton-S (CS) flies, which contain normally pigmented eyes. Just like the w flies described
above, CS flies were kept in either L:D or D:D and their longevity was monitored. The median
lifespan of CS flies kept in L:D decreased by 13% compared to those in D:D (Fig. 1C) and their
longevity curves were significantly different (Log-rank test, p<0.0001). To compare the effects
of light on mortality of w and CS flies, we note that the median lifespan of CS flies was reduced
by less than half compared to w flies when kept in L:D compared to D:D, suggesting that CS
flies are less vulnerable to daily light exposure. To test whether CS flies also had reduced health
span when kept in L:D, a RING assay was performed in middle-aged (30-days old) males.
Although there was a trend toward reduced average climbing ability in 30-days old CS males
held in L:D compared to D:D, the difference was not statistically significant. However, the
percentage of 30-days old CS males that retained the ability to climb was 20% lower in L:D than
D:D (Fig. 1D). Since CS males survived longer in L:D compared to w males (Fig. 1A, C), we

also investigated negative geotaxis in older CS males. A RING assay was performed on 50-days
old CS males kept in either L:D or D:D. Older CS males displayed significant climbing
impairment when maintained in L:D compared to D:D (Unpaired t-test, p<0.05). Additionally,
24% less males retained climbing ability in L:D compared to D:D (Fig. 1E). Therefore, the
lifespan and health span of wildtype CS flies was also reduced in L:D, but to a lesser extent than
w flies.

Figure 1. White fluorescent light reduces lifespan and health span of Drosophila.
Adult white (A) and Canton-S (CS) (C) flies kept in cycles of white fluorescent light (L:D) have
significantly reduced lifespan compared to those kept in constant darkness (D:D) (Log-rank test,
p<0.0001 for each genotype and sex). Numbers inside mortality curves represent median lifespan
in days. B). Average climbing height was significantly decreased in 30-days old w males kept in
L:D compared to those in D:D (Unpaired t-test, p<0.01). D). There was no significant difference
between average climbing ability of 30-days old CS males aged in L:D or D:D. E). CS males
climbed significantly shorter distances in L:D than D:D at 50-days old (Unpaired t-test, p<0.05).
Percentages of flies that retained climbing ability are shown inside each bar. Errors bars show
Standard Error of the Mean (SEM).

3.2 Blue wavelengths cause reduced longevity of light exposed flies
The light spectrum of the fluorescent bulb used in the initial experiments is a mixture of
several wavelengths, including a prominent peak in the blue part of the spectrum and another one
in the green part (Fig. 2A). A previous study showed that Drosophila pupae are even more
sensitive to blue LED exposure than to some wavelengths of ultraviolet (UV) radiation (Hori et
al., 2014), which is already known to be harmful to Drosophila (Negishi et al., 2001; Zhou and
Steller, 2003) and human (de Gruijl, 1999) health. The same study showed that continuous blue
LED exposure adversely affected flies at all stages of development, including decreased
longevity in adults (Hori et al., 2014). Therefore, we next investigated whether daily cycles of
blue light exposure may be responsible for the reduced longevity of flies aged in L:D compared
to D:D. We measured the longevity of w and CS flies maintained in daily 12-hour light-dark
cycles of either blue LED (B:D) with an intensity of 25 µmol m-2 s-2 or white LED of the same
intensity with a yellow filter used to block out the blue wavelength (L-B:D). The blue light
source emitted a narrow wavelength spectrum with a peak at 460nm and the L-B:D spectrum
emitted a broader wavelength range with a peak at 584nm (Fig. 2B). Interestingly, we note that
the spectrum of a 5S iPhone had the largest peak at 450nm (Fig. 2C), similar to our blue light
source. The mortality curves of w and CS flies in B:D and L-B:D were compared to controls in
D:D. The median lifespan of w flies was only reduced by 4% in L-B:D, while it was reduced by
53% in B:D for both sexes (Fig. 2D). The median lifespan of CS flies was reduced by
approximately 9% in L-B:D and 30% in B:D for both sexes (Fig. 2E). Together, these data
suggest that blue light is mainly responsible for the shortened lifespan of flies maintained in L:D.
While light derived from other wavelengths significantly shortened lifespan compared to D:D
(Log-rank test, p<0.0001), the differences were much smaller than the effects of blue light.

Figure 2. Blue light are the detrimental wavelengths.
Spectra of light used in this study. A). Spectrum of white fluorescent light used for L:D. B).
Spectrum of blue LED (B:D) and white LED with eliminated blue light (L-B:D). C). Light
spectrum of a 5S iPhone is given for comparison. D). Median lifespan of w flies was reduced by
4% in L-B:D and 53% in B:D compared to D:D. Log-rank test show significant difference
(p<0.0001) in B:D or L:D, both compared to D:D. E). Median lifespan of CS flies was reduced
by 9% in L-B:D and 30% in B:D compared to D:D. Log-rank test show significant difference
(p<0.0001) in B:D or L:D, both compared to D:D.

3.3 Adverse effects of blue light are proportional to light intensity and length of daily
exposure
Drosophila longevity is inversely proportional to the intensity of continuous blue LED
exposure (measured in photons) (Hori et al., 2014). However, it is unknown whether this is true
for flies kept in diurnal cycles of blue LED. To investigate this, groups of flies were maintained
in daily B:D cycles with varying intensities of blue LED. Neutral density filters were used to
reduce the blue LED intensity, creating five distinct light intensity environments that the
longevity of w and CS males was measured in. The first group was exposed to unfiltered light
(25 µmol m-2 s-2). The next three groups of flies were exposed to varying degrees of photon flux,
namely 17, 11, and 4 µmol m-2 s-2. The remaining filter blocked virtually all light penetration,
creating a D:D like environment with an intensity of 0 µmol m-2 s-2. The lifespan of flies kept in
each light environment was compared to each other and to flies in the D:D-like environment. The
lifespan of w and CS males decreased proportionally with increased blue LED intensity (Logrank test, p<0.0001), but no significant difference in lifespan occurred between males of either
genotype aged in 4 µmol m-2 s-2 versus 0 µmol m-2 s-2 (Fig. 3A-B).
We also tested whether the daily length of exposure to full intensity blue light affected
survival. Male and female w flies were held in either daily cycles of 8-hours of blue LED
followed by darkness (8B:16D) or 16-hours of blue LED followed by darkness (16B:8D), and
their lifespan was compared to each other and to a D:D control. The median lifespan of w flies
was reduced by 54% in 8B:16D and 69% in 16B:8D compared to D:D and lifespan of 8B:16D
flies was significantly extended (Log-rank test, p<0.0001) compared to 16D:8B flies (Fig 3C).
These results suggest that both the intensity of blue LED and length of daily blue LED exposure
are inversely proportional to fly longevity.

Figure 3. Longevity in blue light is dose- and length-dependent.
Median lifespan of w (A) and CS (B) males is reduced proportionally to increased blue photon
flux density (PFD). Statistical significance of differences in survival of various groups is relative
to D:D and to each other and was calculated by Log-rank test (p<0.0001). Difference in lifespan
for either genotype kept in blue LED of 4 μmol m-2 s-2 or D:D (0 μmol m-2 s-2) was not
significant. Note that the vertical axis in A-B does not start at 0 to visualize the small but
significant differences in median lifespan. C). Median lifespan of w flies maintained in 8-hours
of daily blue LED (8B:16D) was reduced by 54% compared to D:D, while the median lifespan of
those kept in 16-hours of daily blue LED (16B:8D) was reduced by 69% compared to D:D.
Statistical significance of differences in mortality curves are relative to D:D and to each other
and was calculated by Log-rank test (p<0.0001).

3.4 Aging increases susceptibility to blue light
A previous study demonstrated that chronic blue light exposure adversely affects
Drosophila to varying degrees as they develop from egg to adult (Shibuya et al., 2018).
However, it is unknown whether sensitivity to light also varies with age in adult flies. This was
addressed in the current study by measuring the longevity of w male flies after they were
transferred from D:D to B:D or vice versa. The longevity of five separate groups of w males was
measured. The first and second group of w males were permanently maintained in B:D and D:D,
respectively. The next two groups were initially kept in B:D or D:D for 30 days and then were
switched to the other regime for the rest of their lives. The final group was kept in D:D for 44
days and then permanently transferred to B:D (Fig. 4A). Flies maintained in B:D for the first 30
days of their life begun to show accelerated mortality while they resided in B:D, as seen in the
steep mortality curve for that group of flies at day 30. However, the rate of mortality slowed after
the remaining flies were transferred to D:D, as shown by the extended survival curve after day
30 (Fig. 4C). The median lifespan for these w males that were transferred from B:D to D:D at
day 30 was 34 days, while the median lifespan for those aged permanently in B:D was 31 days,
and their overall survival curves were significantly different (Log-rank test, p<0.0001). Flies that
were initially aged in D:D for 30 and 44 days and then transferred to B:D had a median lifespan
of 51 and 64 days, respectively (Fig 4A). In other words, young w males that started their life in
B:D had a median lifespan of 31 days in B:D. On the other hand, middle-aged (30-days old) and
advanced-age (44-days old) flies only lived 21 and 19 days in B:D, respectively (Fig 4B). These
data suggest that adult w male flies become more sensitive to the detrimental effects of blue light
exposure as they age.

Figure 4. Blue light sensitivity increases with age.
A). Light environmental switch experimental set up. Male w flies were kept in either B:D (blue
bars) or D:D (black bars) and then switched to the other regime at various ages. Median lifespan
is shown by the total length of horizontal bars for males in each condition. B). Vertical bars show
the median lifespan of w males in B:D after they were sent there from D:D at various ages. Flies
kept permanently in B:D had a median lifespan of 31 days, while those sent from D:D to B:D at
day 30 and day 44 had median lifespans of 21 days and 19 days, respectively. These data suggest
that younger w males can survive more days in B:D than those of older age. C). Survival curves
of light environment switch. Mortality of w males kept in B:D for 30-days before sent to D:D
show accelerated mortality in B:D that slows once put to D:D.

3.5 Eyeless flies also show reduced lifespan and health span in blue light compared to
constant darkness
In each of the experiments described above, CS flies were less sensitive to the adverse
effects of light than w flies. This may be because flies with pigmented photoreceptor cells are
more resistant to damage from short wavelength light (Kirschfeld, 1982). Furthermore, many
studies show that blue LED exposure is harmful to photoreceptor cells in vitro (Kuse et al., 2014)
and in vivo (Chen et al., 2017; Nash et al., 2019). Since the health of fly photoreceptors and fly
longevity are both negatively affected by blue light, we next investigated whether photoreceptor
damage is associated with the adverse effects of light on lifespan. Flies carrying the eyes absent
(eya2) mutation, which don’t develop compound eyes (Bonini et al., 1993), were tested under
several light conditions described above. First, the longevity of eya2 flies kept in both L:D and
D:D was measured. The median lifespan of eya2 males and females decreased by 14% and 9% in
L:D, respectively, and their survival curves were significantly different (Log-rank, p<0.0001)
(Fig. 5A). Next, the effects of blue light on longevity were tested in eya2 flies. The lifespan of
adult eya2 males maintained in either B:D or L-B:D was statistically compared to those kept in
D:D. Eyeless flies in L-B:D showed 5% median lifespan reduction (Fig. 5 B), while those in B:D
showed 42% and 37% median lifespan reduction in males and females, and their mortality
curves were significantly different to D:D (Log-rank test, p<0.0001). A RING assay showed that
50-days old eya2 males had significantly reduced average climbing height in L:D (Unpaired ttest, p<0.005) and 11% less flies retained climbing ability compared to those in D:D. A more
dramatic reduction in average climbing height occurred in B:D compared to D:D (Unpaired ttest, p<0.001) and 54% less eya2 males were able to climb in B:D compared to D:D (Fig. 5C).

Together, these data suggest that the mechanism behind light-induced lifespan reduction and
accelerated aging is not likely caused by photoreceptor degeneration.

Figure 5. Light reduces health span and longevity of eyeless flies.
Effects of light on lifespan in flies with genetically ablated eyes. A). Lifespan of mutant eyeless
flies (eya2) was significantly reduced in L:D compared to D:D (Log-rank test, p<0.0001). B).
Median lifespan of eya2 flies was reduced by 5% in L-B:D compared to D:D, while a 42% and
37% reduction was shown in B:D compared to D:D for males and females, respectively, and
their mortality curves were significantly different (Log-rank test, p<0.0001). C). Vertical
climbing ability was reduced in eya2 males maintained in L:D compared to D:D (Unpaired t-test,
p<0.05), which was exacerbated in B:D (Unpaired t-test, p<0.001). Percentages of flies that
retained climbing ability are shown inside each bar. Error bars show SEM.

3.6 Flies show blue light avoidance behavior
Locomotor activity data suggest that flies tend to be more active in blue light than in
other light conditions (Nash et al., 2019). To test if increased activity is the result of an attempted
escape response from the adverse effects of blue light, we measured the average percent of flies
that were found in light versus in darkness when given a choice between these conditions. Male
and female flies of w, CS, and eya2 genotypes were maintained in either B:D or L-B:D. At
various ages, they were placed into an apparatus that allowed them to move between their
respective light environment (B or L-B) and darkness (D). Flies were tested when young (5-days
old), middle-aged (25-days old), and old (45-days old). There are no 45-days old w flies shown
because they do not live that long in B:D (Fig. 2D) and are thus considered old at 25-days of age.
The majority of young flies (each under 50%) in each experimental group avoided both
illuminated light conditions. In addition, significantly fewer w and eya2 flies were found in B
than in L-B illumination. Analysis of results across lifespan revealed a significant age-dependent
increase in the average percentage of flies residing in blue light in all groups except eya2 females
(Fig. 6). Together, these results suggest that flies generally tend to avoid light, especially blue
light, but do so less frequently as they age. Our data also suggests that neither the discrimination
between blue light and higher wavelength light nor blue light avoidance behavior requires the
presence of eyes.

Figure 6. Flies tend to avoid blue light more than light of longer wavelengths
The average percent of flies residing in their respective light condition was measured in young
(5-days old), middle aged (25-days old), and old (45-days old) flies of each genotype and sex
indicated above each graph. Overall, the majority of young flies chose to reside in darkness over
light, but this preference was diminished in old flies. The percentage of flies that were found in
blue light significantly increased from middle to old age in each group (Unpaired t-test,
p<0.0001) except eya2 females.

4. Discussion
4.1 Daily light exposure reduces lifespan and health span
This study investigated the long-term effects of light exposure on the longevity and
health span of Drosophila melanogaster. We hypothesized that flies would have reduced
longevity when maintained in L:D compared to D:D because old flies kept in L:D rhythmically
express stress response genes (Kuintzle et al., 2017), while flies kept in D:D do not (Nash et al.,
2019), suggesting that long-term light exposure is stressful. A series of longevity tests supported
this hypothesis after all tested genotypes showed significantly reduced lifespan when aged in
L:D versus D:D. Additional longevity testing demonstrated that the part of the light spectrum
corresponding to the blue wavelength was responsible for the deleterious effects of light in this
study. To investigate the mechanism behind light-induced lifespan reduction, vertical locomotion
tests were performed. Analysis of vertical climbing ability in all tested genotypes showed that
light exposure reduces fly longevity by accelerating aging in an unknown way. Thus, we next
examined whether light-induced aging and subsequent mortality phenotypes were associated
with degenerating eye photoreceptors. However, we demonstrated that daily light exposure
accelerated aging and mortality of flies with genetically removed eye photoreceptors, suggesting
that other tissues are also susceptible to light damage. Finally, our data indicate that flies exhibit
light avoidance behavior in blue light of equal intensity to that used in our experiments,
confirming that such light is perceived as a noxious signal.

4.2 Light-induced lifespan reduction is caused by blue part of light spectrum
The light spectrum of the fluorescent bulb used in L:D is a mixture of several
wavelengths, including a peak in the blue part of the spectrum. Since the amount of energy

carried by a photon is inversely related to the wavelength, and the blue wavelength is shorter
relative to other wavelengths in the visible spectrum, we hypothesized that the blue component
of L:D causes physiological damage and subsequent longevity reduction due to its relatively high
energy. This was supported by our data showing that fly lifespan was significantly reduced in
B:D and only minimally reduced in L-B:D compared to those maintained in D:D. Since exposure
to blue wavelengths caused dramatic lifespan reduction, while a mixture of the remaining
wavelengths in an intensity-matched white light source caused significant yet much smaller
lifespan reduction, we concluded that the blue light are the detrimental wavelengths emitted by
the white fluorescent bulbs used in L:D. In addition, we found that lifespan reduction is
proportional to the intensity of blue light and the length of daily exposure.

4.3 Previously reported studies of light-induced damage
The impact of acute light exposure has been previously reported to have damaging effects
(Godley et al., 2005; Kuse et al., 2014; Nakashima et al., 2017; Pflaum et al., 1994) but few
studies have addressed the effect of daily light exposure on health and aging. One study that
addressed this showed that C. elegans (worms) exposed to 0-hours (constant darkness), 8-hours,
16-hours, or 24-hours of daily fluorescent white light showed lifespan reduction proportional to
the length of light, with worms kept in constant darkness having the longest lifespan (De
Magalhaes Filho et al., 2018). Our data are consistent with results obtained in worms since the
longevity of Drosophila kept in blue LED is also inversely proportional to the length of the light
period they are exposed to daily. Another study suggested that Drosophila longevity is inversely
related to the number of blue photons it is exposed to (Hori et al., 2014). However, flies in this
experiment were aged under constant light exposure which can disrupt the circadian clock, and

such disruption makes flies more susceptible to stress (Krishnan et al., 2008). Our experiments
controlled for these effects by exposing flies to daily 12-hour light-dark cycles. We demonstrated
that intermittent light exposure is still harmful to flies with a functioning clock and that this
response is dose-dependent.

4.4 Light-induced lifespan reduction is associated with accelerated aging
The mortality curves of flies kept in different light conditions, especially blue light, were
“steeper” than in D:D. Therefore, we investigated whether decreased longevity was caused by an
accelerated aging process or unknown physiological dysfunction. To test the former possibility,
fly vertical locomotion was used as a biomarker of aging because climbing impairment is caused
by senescence in muscle tone and innervation (He and Jasper, 2014) and brain neurodegeneration
(Krishnan et al., 2012). Middle-aged males maintained in light cycles showed significantly
reduced climbing ability. Since aging is defined by the deterioration of physiological structure
and function that is culminated in death (Kim, 2007), and impaired locomotion in tested flies
occurred before their median lifespan, we concluded that accelerate aging contributes to lifespan
reduction from daily light exposure.

4.5 Adverse effects of light are independent of eyes
Photoreceptor cells are known to be damaged by acute blue light and blue-enriched light
exposure in mammals (Kuse et al., 2014) and flies (Chen et al., 2017; Wenzel et al., 2005).
Protective pigments, which are found in pigment cells surrounding photoreceptor cells, play an
important role in absorbing excess light, especially that of short wavelength, which increases
resilience to light exposure (Ferreiro et al., 2018; Kirschfeld, 1982; Zhou and Steller, 2003). This

may explain why w flies, which lack eye pigmentation, are more sensitive to the adverse effects
of light compared to normally pigmented CS flies. Data collected by others collaborating on this
project demonstrated that daily blue light exposure causes significant photoreceptor cell death
and brain neurodegeneration in middle-aged CS flies, which was more prominent in w flies
(Nash et al., 2019). Based on these data, we hypothesized that light-induced photoreceptor
damage may contribute to accelerated aging and early mortality in flies. If our hypothesis was
correct, the lifespan of eya2 flies would not be reduced by light conditions that shortened the
lifespan of w and CS flies. However, eya2 flies showed significant reduction in longevity and
health span when kept in L:D compared to D:D and both were further reduced in B:D.
Interestingly, middle aged eya2 males show significant brain neurodegeneration when kept in
B:D compared to D:D (Nash et al., 2019). Taken together, these data suggest that light-induced
accelerated aging and reduced longevity may occur independently of photoreceptor
degeneration.

4.6 Flies show blue light avoidance behavior
Previous studies have shown that acute blue light exposure triggers an avoidance reaction
in humans (Digre and Brennan, 2012) and C. elegans (De Magalhaes Filho et al., 2018; Edwards
et al., 2008; Ward et al., 2008). It has also been reported that Drosophila larvae have
multidendritic sensory neurons in their abdomen, which elicit defensive avoidance behavior from
intense blue light and thermal stimuli, and these neurons persist from the larval to adult fly life
stage (Shimono et al., 2009). A separate study reported that adult Drosophila express a gene
called painless, which helps them sense and avoid thermal pain sensations. Interestingly, the
expression of the painless gene is reduced in flies as they age, which increases fly pain tolerance

and subsequently decreases heat avoidance (Ghimire and Kim, 2015). However, adult flies are
generally attracted to light (Rockwell and Seiger, 1973), and blue light exposure significantly
increases fly locomotor activity levels (Nash et al., 2019). It is unknown whether increased adult
fly activity in blue light is provoked by an excited allurement or an agitated attempt to escape
exposure. One study proposed that flies prefer to reside in dim light over brighter conditions
(Rieger et al., 2007), suggesting that the increased activity in blue light is an escape response.
However, this experiment measured fly light preference in an apparatus that contained food in
one side but not the other, which could influence fly choice of position. Furthermore, the
potential for light preference to change across fly lifespan wasn’t examined. Since flies show
reduced avoidance to intense thermal stimuli as they age (Ghimire and Kim, 2015), we
investigated whether flies prefer to reside in light or dark, and whether this preference also
changes with age.
The present study tested the light preferences of young-, middle-, and old-age flies, while
controlling for food location and temperature, and showed that both young and middle-aged flies
generally favored darkness over light in each light condition, but significantly fewer young flies
chose to reside in B than in L-B. The average percentage of flies that were found in light
generally increased with age in most cases. Since nearly all tested flies preferred darkness over
blue light, these data suggest that increased fly activity in blue light is an avoidance behavior.
Since eye pigmentation protectively absorbs blue light (Kirschfeld, 1982; Zhou and Steller,
2003), and significant photoreceptor cell death occurs in middle- and old-aged flies (Nash et al.,
2019), photoreceptor cell death may cause disrupted blue light recognition or decrease perceived
blue light discomfort, and thus explain the reduced blue light avoidance behavior of w and CS
flies in old-age compared to middle-age. This is also supported by the similar percentage of blue

light avoidance in middle- and old-age eya2 females. However, increased blue light avoidance is
shown in old-age eya2 males compared to those of middle-age, suggesting that photoreceptor
degeneration may not be the only cause of decreased blue light avoidance. Another repeat of this
experiment might help clarify whether the different blue light avoidance responses between eya2
males and females observed so far will be verified.
Taken together, our experiment suggests that flies generally avoid light, especially blue
light, but this tendency decreases with age. Interestingly, it is known that elderly humans have a
significant loss of short-wavelength-receptive-cone sensitivity across the retina compared to
younger adults (Haegerstrom-Portnoy, 1988). Since we show that life-long light exposure
shortens lifespan and accelerates aging phenotypes, and a previous study showed that light
induces stress responsive genes (Kuintzle et al., 2017), we conclude that light avoidance
behavior may be beneficial for organismal survival.

4.7 Future directions
The data acquired during this study raised several questions that could be addressed with
additional experimentation. First, it would be interesting to test the longevity of flies maintained
in other specific wavelengths of visible light, for example green, to ensure the blue component of
visible light is the only detrimental wavelength range. Additional longevity testing of adult flies
kept in daily cycles of the four main wavelengths comprising the light portion of L:D would
determine whether lifespan reduction was caused by exposure to high energy photons or blue
light specifically, which could provide insight into the photo-toxic mechanism. For example, if
flies lived longer in daily cycles of blue light compared to daily cycles of violet light, that would

suggest that lifespan reduction from light exposure wasn’t only caused by high energy photons
but some other characteristic of blue light.
While the mechanism that produces adverse consequences to blue light exposure remains
unknown, our data suggests that photoreceptor cell death is not the main cause of lifespan
reduction. However, the tested eya2 flies have a transparent cuticle over the area where the eye
would normally be located, and this transparent cuticle could act as a window for light
penetration and subsequent light-induced brain neurodegeneration. Therefore, the same
experiments should be done on other fly strains, such as those containing the glass mutation,
which lack photoreceptors and proteins for phototransduction, but still have a structure
resembling a compound eye. If testing on other eye mutated strains supports our findings that
disruption to the phototransduction pathway does not reduce lifespan, more research should be
done to investigate how light-induced lifespan reduction occurs. For example, since blue light
exposure is known to cause oxidative damage in live mouse skin (Nakashima et al., 2017),
additional investigation into additional places that oxidative stress may occur from blue light
exposure may be interesting. This could be done by evaluating fly mitochondrial health,
especially in muscles where mitochondria are abundant, for those kept in B:D compared to D:D.
If blue light exposure didn’t seem to damage mitochondria or cause oxidative stress, further
investigation could be done on the ways blue light may be indirectly harming flies. For example,
light could indirectly harm fly health by impairing microorganisms that symbiotically reside in
flies, like gut bacteria. The composition of fly gut bacteria is known to change over time, which
induces aging (Clark et al., 2015). Moreover, Drosophila have a relatively low diversity of gut
bacteria (Wong et al., 2011), and blue light has bactericidal effects (Guffey and Wilborn, 2006),
suggesting that blue light exposure could indirectly reduce fly longevity by altering the

composition of the microbes they host. Further testing should be performed to determine whether
blue light can penetrate the Drosophila gut.
While we observed avoidance of relatively bright light, it is possible that flies are
attracted to light of lower intensity and specific wavelength. Further experimentation could
explore this possibility by recording the average position of flies in an apparatus that emits
monochromatic light of various intensities or a spectrum of various wavelengths of equal
intensity. In addition, the discovery that most groups of flies tended to avoid blue light suggests
blue light exposure is recognized as noxious. Therefore, the significant reduction of blue light
avoidance behavior shown in most old- versus middle-aged flies could be the result of agerelated reduction in the expression of a pain-response gene, similar to the case of the age-related
reduction of the painless gene expression and heat avoidance (Ghimire and Kim, 2015). Genetic
manipulation of this gene could determine whether it is involved in light avoidance and lifespan
of adult flies.

4.8 Significance
As mentioned in the Introduction, LED use has become commonplace due to the
numerous advantages they have compared to other types of lighting. In fact, according to the
National Electrical Manufacturers Association (NEMA), LED lamps were the most commonly
sold lamp in 2018. Additionally, the New York Times (NYT) reported that stricter light bulb
efficiency standards will be enforced in the United States in the beginning of January 2020, and
that as of now, only compact fluorescent light bulbs and LEDs meet the efficiency standard.
Thus, compact fluorescent light bulbs and LEDs will soon be the only light bulbs sold in the
American market. Besides lighting our home, blue-enriched LEDs also illuminate our mobile

devices, which have become ubiquitous. In fact, a 2014 study on cell phone addiction showed
that college students spend nearly nine hours per day on their cell phones (Roberts et al., 2014).
Interestingly, the spectral composition of the iPhone released in 2013 (iPhone 5S) is very similar
to that of our experimental blue light condition and Drosophila showed dramatic lifespan
reduction when exposed to 8-hours of daily blue LED. As cell phone technology and
functionality increases, addiction and blue-enriched LED exposure will likely follow. The
increasing levels of human light exposure from LED proliferation and technological advances,
combined with the present discovery that daily light exposure accelerates aging and mortality in
Drosophila – a model organism – may spark additional research to investigate how increased
light exposure is affecting humans.

NEMA: https://www.nema.org/Intelligence/Indices/Pages/LED-A-line-and-Halogen-LampShipments-Increase-in-Third-Quarter-2018.aspx
NYT: https://www.nytimes.com/interactive/2019/03/08/climate/light-bulb-efficiency.html
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