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Cryptochromes are evolutionary ancient blue-light photoreceptors that are part of the
circadian clock in the nervous system of many organisms. Cryptochromes transfer
information of the predominant light regime to the clock which results in the fast
adjustment to photoperiod. Therefore, the clock is sensitive to light changes and
can be affected by anthropogenic Artificial Light At Night (ALAN). This in turn has
consequences for clock associated behavioral processes, e.g., diel vertical migration
(DVM) of zooplankton. In freshwater ecosystems, the zooplankton genus Daphnia
performs DVM in order to escape optically hunting predators and to avoid UV light.
Concomitantly, Daphnia experience circadian changes in food-supply during DVM.
Daphnia play the keystone role in the carbon-transfer to the next trophic level. Therefore,
the whole ecosystem is affected during the occurrence of cyanobacteria blooms as
cyanobacteria reduce food quality due to their production of digestive inhibitors (e.g.,
protease inhibitors). In other organisms, digestion is linked to the circadian clock. If
this is also the case for Daphnia, the expression of protease genes should show a
rhythmic expression following circadian expression of clock genes (e.g., cryptochrome
2). We tested this hypothesis and demonstrated that gene expression of the clock
and of proteases was affected by ALAN. Contrary to our expectations, the activity
of one type of proteases (chymotrypsins) was increased by ALAN. This indicates
that higher protease activity might improve the diet utilization. Therefore, we treated
D. magna with a chymotrypsin-inhibitor producing cyanobacterium and found that
ALAN actually led to an increase in Daphnia’s growth rate in comparison to growth on
the same cyanobacterium in control light conditions. We conclude that this increased
tolerance to protease inhibitors putatively enables Daphnia populations to better control
cyanobacterial blooms that produce chymotrypsin inhibitors in the Anthropocene,
which is defined by light pollution and by an increase of cyanobacterial blooms due
to eutrophication.

Keywords: circadian clock, light pollution, cyanobacterial protease inhibitors, cryptochrome, protease
activity, melatonin
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INTRODUCTION

Cryptochromes were detected in a range of organisms from
plants to arthropods to mammals (Sancar, 2004; Yoshii et al.,
2008; Tilden et al., 2011). In animals, those cryptochromes can
be found in the retina and the brain of mammals (Sancar,
2004) and in pacemaker neurons and in photoreceptor cells of
the compound eyes in Drosophila (Yoshii et al., 2008). These
blue-light sensitive molecules are associated and probably co-
evolved with the circadian clock (Gehring and Rosbash, 2003).
In Drosophila, cryptochromes act both as photoreceptors and as
part of the core clockwork (Yoshii et al., 2008). Drosophila only
possesses type 1 cryptochromes, whereas in Daphnia, a keystone
crustacean genus in freshwater ecosystems, cryptochromes were
detected that belong either to type 2 (which putatively are
part of the core clock) or type 1 that code for photoreceptors
molecules that participate in the input of the clock (Tilden et al.,
2011). Daphnia possess four different cryptochrome genes of
both types that showed different subcellular localization when
expressed in the Drosophila clock neuron (Nitta et al., 2019).
The cryptochromes of different Daphnia species show a rhythmic
gene expression pattern (D. pulex: homologs of type 1 and 2;
Bernatowicz et al., 2016, D. pulex and D. magna: homolog of
type 2; Schwarzenberger and Wacker, 2015; Schwarzenberger
et al., 2021a). Also rhodopsins might play a role in the
synchronization of the clock to the predominant photoperiod
since a rhodopsin was detected to play a role in the induction of
resting stage induction in a QTL study (Roulin et al., 2016).

Beside cryptochrome 2 (Tomioka and Matsumoto, 2010), the
main genes that constitute the clock’s major feedback loop (the
core clock) in most organisms and also in Daphnia are period,
timeless, cycle and clock (Tilden et al., 2011). Those genes are
expressed in a circadian manner in Daphnia (Schwarzenberger
and Wacker, 2015; Bernatowicz et al., 2016; Coldsnow et al.,
2017) and are involved in different physiological and behavioral
rhythms (Sainath et al., 2013).

The clock plays a role in termination of diapause in
Daphnia (Schwarzenberger et al., 2020a) and the molt cycle
(Lipcius and Herrnkind, 1982), reproduction, development and
metabolism of different crustaceans (Strauss and Dircksen, 2010).
The information on photoperiod—in order to regulate those
processes—is mediated by the hormone melatonin (Sainath et al.,
2013), which is an output of the clock. Melatonin is cyclically
expressed in Daphnia following the circadian gene expression
of clock and melatonin-synthesis genes (Schwarzenberger and
Wacker, 2015). In vertebrates, this indeloamine hormone is
produced in the brain’s pineal gland (Foulkes et al., 1997).
Similarly, the highest concentration of melatonin in Daphnia
has been detected in the head region (Markowska et al., 2009).
In crustaceans, many rhythmically expressed genes have been
detected that are probably controlled by the clock, e.g., immune
genes in Daphnia (Rund et al., 2016).

Behavior can also be governed by the crustacean clock. Many
Daphnia clones are migrating to deeper water layers during the
day in order to escape UV light and fish predation (Loose and
Dawidowicz, 1994; Rhode et al., 2001; Ekvall et al., 2015); thus,
they are confronted with diurnal changes in food quality and

quantity. In Daphnia, the involvement of the clock in diel vertical
migration (DVM) is likely (Cellier-Michel et al., 2003), especially
because DVM is inhibited by the application of exogenous
melatonin (Bentkowski et al., 2010). Since food quantity often
is high at the surface of freshwater bodies (where Daphnia are
situated during night) and low in deeper water levels (to which
Daphnia sink to during day) a circadian expression and activity of
digestive enzymes is expected. Actually, clock-mediated rhythmic
expression and activity of different metabolic enzymes are known
for krill (Teschke et al., 2011), whereas this was not the case for
a clone of D. pulex (Rund et al., 2016). However, it is not known
whether the clone from a study of Rund et al. (2016) shows DVM
or whether it is a non-migrating clone. We propose that digestive
enzymes are rhythmically expressed in other Daphnia clones and
species, e.g., D. magna, and that gene expression and activity
peaks at night (when food quantity is high during DVM).

The circadian clock is not triggered but adjusted by different
photoperiods and therefore responds to light changes by
elongation or shortening of its cycle and by increasing or
decreasing the clock’s gene expression (e.g., Yasuo et al., 2003;
Muguruma et al., 2010; Schwarzenberger et al., 2021a). Following
expectations, the clock has been shown to be sensitive to human
light pollution (Dominoni, 2015; Walker et al., 2020). Artificial
Light At Night (ALAN) has a different spectral composition than
moonlight or starlight with LEDs showing a spectrum that is
similar to daylight or shifted to blue-light which activates blue-
light receptors like cryptochromes. Therefore, we hypothesize
that Daphnia’s gene expression of clock and especially of
cryptochrome genes are disrupted due to ALAN with a high
proportion of blue light.

ALAN has been shown to cause diapause inhibition in
a terrestrial arthropod (i.e., moths of the species Mamestra
brassicae, van Geffen et al., 2014). Furthermore, also movement,
behavior and development of many different insects are affected
by ALAN which impacts their ecology, population dynamics
and species-interactions (reviewed in Desouhant et al., 2019).
Similarly, birds have been shown to sing earlier in light polluted
cities (Miller, 2006; da Silva et al., 2015). Since half of all humans,
responsible for the light pollution, live within 3 km of surface
water bodies, ALAN should also affect freshwater organisms.
However, only few studies have investigated the effect of ALAN
in freshwater: Frogs are attracted by light sources at night and
show a higher activity when ALAN is switched on (Baker and
Richardson, 2006). The crustacean genus Gammarus shows a
reduced activity in the presence of ALAN (Perkin et al., 2014).
Also the biomass and the composition of periphyton changes
when illuminated (Hölker et al., 2015). ALAN has also been
shown to differentially affect the behavior of Daphnia and their
fish predators (Talanda et al., 2018). This might result in a
mismatch of Daphnia-fish interaction. Furthermore, Daphnia
migrate to deeper water levels due to ALAN (Moore et al., 2000).

In fish, ALAN leads to higher costs due to increased
nest-hatching behavior (Foster et al., 2016), desynchronized
hatching of eggs and lower production of the sleeping hormone
melatonin (Brüning et al., 2015). ALAN and a reduction of
melatonin concentrations might exacerbate the response to
other stressors. In Daphnia, melatonin leads to attenuation of
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stress responses (Schwarzenberger et al., 2014). If melatonin
production is disrupted by ALAN, a stressor might have a
stronger effect on Daphnia than in dark nights. We hypothesize
that when Daphnia are stressed by low food-quality, e.g., by
the ingestion of cyanobacteria that produce digestive inhibitors,
ALAN should lead to even lower growth rates and to a changed
expression of digestive enzymes (cf. Schwarzenberger et al., 2010;
Schwarzenberger and Fink, 2018).

ALAN is often not present as a constant light source at night.
Street lamps illuminating small water bodies in the evening might
be switched off at night in order to save energy. Illuminated
ships, ferries and boats cross lakes more often in summer than in
winter and illuminate water bodies only for a short time interval,
Cars pass by water bodies mostly at dusk and dawn illuminating
the water in short light pulses. We were especially interested
in theses short light pulses, and hypothesized that exposure to
ALAN affects Daphnia’s clock.

In our experiments we grew clones of D. magna in a 16:8 h
day-night cycle as a control light treatment and switched on
ALAN for 5 min every hour of the night. We measured gene
expression of clock genes (e.g., cryptochrome 2) and digestive
enzymes, and activity of gut proteases over a whole 24 h day-night
cycle under control and ALAN conditions. Furthermore, we grew
two clones of D. magna on a diet consisting of either 100% high-
quality green alga or on a mixture containing 20% cyanobacteria
that produce protease inhibitors in order to investigate the effect
of ALAN on digestion of low-quality food.

MATERIALS AND METHODS

Cultures
The Daphnia magna clones “CH-H-5” (Switzerland) and “FR-LR
6-1” (France) were kept in a day-night cycle of 16:8 h at 20◦C
for several generations. Fifteen animals per liter were kept in
filtrated (< 0.2 µm) and aerated Lake Constance water and fed
with the green alga Acutodesmus obliquus ad libitum. The clones
were transferred to new medium every other day. Only neonates
from the second or third clutch were used for the experiments.

The green alga A. obliquus was used as a high-quality food
source and was cultivated semi-continuously in cyanophycean
medium (Von Elert and Jüttner, 1997) at 20◦C in constant light.
Two cyanobacterial strains, i.e., Microcystis sp. BM25 (originating
from Lake Bysjön in Sweden), which produces chymotrypsin
inhibitors (Schwarzenberger et al., 2013), and a microcystin
knock-out mutant of Microcystis aeruginosa PCC7806 (referred
to as PCC7806 Mut) producing trypsin inhibitors (Dittmann
et al., 2001), were cultivated in cyanophycean medium. Both
cyanobacterial strains do not produce microcystins; furthermore,
BM25 does not produce trypsin inhibitors (Schwarzenberger
et al., 2013). PCC7806 Mut also inhibits chymotrypsins but to a
much lower extent than trypsins (Agrawal et al., 2005). We did
not detect any other toxins (i.e., anatoxin-α or carboxypeptidase
inhibitors) in our cultures.

Several days before the start of the experiments, aliquots
of A. obliquus and of the cyanobacteria were transferred to
the climate chamber of the D. magna clones in control light

conditions (16:8 h day-night cycle) in order to adjust the
phytoplankton’s clock systems to the control day-night cycle of
the experiments.

Experimental Setups
Twenty Four Hours Experiment With and Without
Artificial Light at Night
The 24 h experiment with clone “CH-H-5” was similar to
a previously published setup with another D. magna clone
[“Binnensee” (Germany); Schwarzenberger et al., 2021a]. The
animals that were used in the experiments were placed in two
separate Styrofoam compartments in a climate chamber (at 20◦C)
and were isolated from each other and from outer light. At
the top of the compartments we placed aquarium lamps (sera
LED X-Change Tube cool daylight 965 that contain a high
proportion of blue light) that were programmed with a day–night
cycle of 16:8 h (corresponding to a middle-European summer
photoperiod) and a light intensity of 3,000–4,000 lux during day
and 0 lux in the night. The compartment that was used for the
ALAN experiment was programmed with the same dark-light
cycle but with additional light pulses (∼3,000 lux ≈ 4.4 W m−2)
for 5 min every hour of the night.

Fifteen to twenty 3rd clutch neonates of “CH-H-5” were
transferred to 12 open 1 L glasses (two glasses per each of three
replicates) with 1 L filtrated and aerated Lake Constance water
and 2 mg C L−1 A. obliquus. The animals were transferred
to new medium every other day. Starting at the first day of
the experiment, half of the glasses were kept in the control
compartment, the other half in the ALAN compartment during
the following consecutive days. On the sixth day of the
experiment the animals were sampled (always one or two animals
per replicate) and frozen at −80◦C previous to RNA extraction
(collected at ZT1, 4, 5.5, 8.5, 11, 13, 15, 16, 17, 18, 19.5, 21, and
23) and protease activity measurements (collected at ZT 15, 16,
17, and 20). The night samples were collected in dim red light.

Growth of Daphnia magna on Protease
Inhibitor-Producing Cyanobacteria With and Without
Artificial Light at Night
Before the start of the experiment, 15 8 day old mothers of clone
“CH-H-5” and 15 8 day old mothers of clone “FR-LR 6-1” were
kept in 1 L aerated and filtrated Lake Constance water in a 16:8 h
day-night cycle and were fed with A. obliquus ad libitum. Thus,
we made sure that the experimental animals were born in the
same start conditions. At the start of the experiment, per replicate
five 3rd clutch neonates of those mothers were transferred to
200 ml beakers with filtrated and aerated Lake Constance water
and 2 mg C L−1 of one of three food mixtures. The animals
were fed with either 100% A. obliquus, 80% A. obliquus and 20%
of BM25 or 80% A. obliquus and 20% PCC 7806 Mut. Three
replicates of each of the food treatment groups were kept in a
16:8 day-night cycle (control) or in the same light cycle with
5 min ALAN each hour of the night for 6 days. The medium was
exchanged every other day. As our results indicated an ALAN-
induced higher tolerance of Daphnia against cyanobacterial
chymotrypsin inhibitors but not trypsin inhibitors, for a further
clone (“FR-LR 6-1”) we tested the chymotrypsin containing diets
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only. At the start and at day 6 of the experiment animals were
collected for determination of dry weight. The juvenile somatic
growth rate (g) was calculated as according to Marzetz et al.
(2017) by using the following formula (with mend = individual
dry weight at the end of the experiment; mstart = individual dry
weight at the start of the experiment; 1t = total duration of the
experiment):

g = In(mend)− In(mstart)/1t

Gene Expression Analyses
RNA was extracted with the NucleoSpin R© RNA Kit (Macherey-
Nagel) as according to the manufacturer’s instructions. The
extracted RNA of the samples was stored at −80◦C. The RNA
concentration of each sample was measured either with a Thermo
Fisher ScientificTM NanoDropTM 2000 Spectrometer (Thermo
Fisher Scientific) or the QubitTM 4 Fluorometer (Thermo Fisher
Scientific) with the respective dye from the Qubit RNA HS Assay
Kit from Thermo Fischer Scientific following the manufacturer’s
instructions. The High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems)TM was used for the transcription of
the RNA in cDNA. For qPCR measurements each reaction
in a 96 well plate contained 10 µL PowerSYBR Green PCR
Master Mix (Applied Biosystems) 5 ng cDNA, 0, 5 µL of a
forward primer (10 µM) and 0, 5 µL of a reverse primer (10
µM). RNase free H2O was added to the reaction mix to gain
a final volume of 20 µL; ubc served as endogenous control
(Heckmann et al., 2006). The target genes were an enzyme of
the melatonin synthesis pathway (aanat5), the clock genes period,
cycle, cry2, clock and timeless (Schwarzenberger et al., 2021a)
and the protease genes CT448 (Schwarzenberger et al., 2010)
and trypsin (Schwarzenberger and Fink, 2018). Gene expression
was measured with the QuantStudio 5 qPCR-System (Applied
Biosystems). The qPCR reaction was run in three steps: A
hold stage at 95◦C for 5 min, a PCR stage and a melt curve
stage to ensure that only cDNA had been amplified and the
sample was free of primer dimers and genomic DNA. The PCR
stage consisted of 40 cycles with 30 s at 95◦C for melting and
amplification and 1 min at 60◦C for primer binding. The melt
curve stage ran as follows: 15 s at 95◦C, 1 min at 60◦C and again
15 s at 95◦C. The temperature for the melting curve increased by
0.1◦C/s (cf. Schwarzenberger et al., 2021a).

Protease Activity Measurements
One animal of “CH-H-5” per replicate of each point in time
at day 6 of the 24 h experiment was transferred to 50 µL
of 0.1 M potassium-phosphate buffer (pH7.5), homogenized
with a pestle, and centrifuged for 3 min at 14,000 × g. The
protein concentration of the supernatant of the homogenates
was analyzed using a Qubit fluorometer and the appropriate
Quant-iTTMProtein Assay Kit (Invitrogen) as according
to the manufacturer’s instructions. Enzyme activities were
measured photometrically using the artificial substrates N-
Benzoyl-Arginine-para-Nitroanilide (BApNA, trypsin substrate;
Sigma-Aldrich) or N-Succinyl-alanine-alanine-proline-
phenylalanine-para-Nitroanilide (SucpNA, chymotrypsin
substrate; Sigma Aldrich), as described in Schwarzenberger et al.

(2010). Briefly, 1 µL Daphnia homogenate was mixed with 99 µL
0.1 M potassium phosphate buffer (pH 7.5). The buffer contained
1.88 mM of BApNA or 125 µM of SucpNA and 3% DMSO. The
change in absorption was measured continuously over 6 min at
390 nm at 30◦C.

Statistics
After verifying homogenous variances (Levene’s test) the juvenile
somatic growth rates were analyzed via two-way ANOVA and
Tukey’s HSD post hoc tests and the protease activities across
different points in time were analyzed via two-way ANOVA.
ANOVAs were calculated with the program STATISTICA
(StatSoft, Inc. 2011, version 10.0, Tulsa, OK, United States). The
level of significance was p < 0.05.

RESULTS

Twenty Four Hours Experiment With and
Without Artificial Light at Night
“CH-H-5” presented three cryptochrome 2 expression peaks over
24 h in the control light treatment (Figure 1; see also five other
clock or melatonin synthesis genes in Supplementary Figure 1).
One at the switch from day to night (ZT 16), one in the middle
of the night (ZT 19.5) and the highest one in the first third of the
day (ZT 4). In the ALAN treatment, the first of the three gene
expression peaks was missing (Figure 1).

Both trypsin and the chymotrypsin gene CT448 showed
a cyclical gene expression pattern with two peaks of gene
expression in the control light treatment (Figure 2); the highest
peak in the middle of the night (trypsin: ZT 18; CT448: ZT 17),
the second peak during day (trypsin: ZT 5.5–8.5; CT448: ZT 1).
In the ALAN treatment, trypsin gene expression was strongly
decreased and was on low levels throughout the whole night,
whereas CT448 still showed a cyclical expression pattern with
the night peak shifted to ZT 19.5. At each point in time, gene
expression was mostly lower or slightly higher (ZT 18, 19.5, 23)
in the ALAN treatment.

Trypsin activity did not differ between points in time and
among light treatments (Figure 3; two-way ANOVA, Table 1;
cf. clone “Binnensee” Supplementary Figure 2). Similarly,
chymotrypsin activity did not differ between most of the points
in time but the ALAN treatment showed a slightly higher activity
than the control light treatment (Figure 3, two-way ANOVA,
Table 1). As there was no significant interaction between the
factors “light treatment” and “point in time” in the two-way
ANOVA (p = 0.766, Table 1), this light effect did not change
along the time axis, clearly indicating the effect of ALAN could
be detected throughout.

Growth of Daphnia magna on Protease
Inhibitor-Producing Cyanobacteria With
and Without Artificial Light at Night
Juvenile somatic growth rates of clone “CH-H-5” did not differ
between food and light treatments except for the food treatment
with the chymotrypsin inhibitor-producing cyanobacterium
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FIGURE 1 | Gene expression of cryptochrome 2 over 24 h in a day-night cycle of 16:8 h (control) and in ALAN (A5 min: 5 min light every hour of the night; N = 3,
mean + SD). Shaded area: night, white area: day. Arrows indicate the highest peaks of gene expression in the control treatment.

FIGURE 2 | Gene expression of trypsin and a chymotrypsin gene (CT448) over 24 h in a day-night cycle of 16:8 h (control) and in ALAN (A5 min: 5 min light every
hour of the night; N = 3, mean + SD). Shaded area: night, white area: day.

BM25 in control light conditions (Figure 4 upper panel; Tukey’
HSD after two-way ANOVA, Table 2). In this treatment, the
rate of juvenile somatic growth was lower in the control light
treatment than in all other treatments including the one on the
same food in the ALAN treatment. Also in clone “FR-LR-6-
1” growth on BM25 was higher in ALAN than in the control
light treatment (Figure 4 lower panel; Tukey’ HSD after two-way
ANOVA, Table 2), but did not differ in comparison to growth on
A. obliquus in both light treatments.

DISCUSSION

Both in a D. pulex and a D. magna clone we had demonstrated
earlier that clock genes show the highest peak of gene expression
1 h after the beginning of the night (Schwarzenberger and
Wacker, 2015; Schwarzenberger et al., 2021a). In D. pulex most
genes expressed an additional smaller peak during day (and
period and timeless a third peak in the middle of the night),
whereas in the D. magna clone (“Binnensee”) only one peak had
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FIGURE 3 | Specific trypsin and chymotrypsin activity at four points in time over 24 h in a day-night cycle of 16:8 h (control) and in ALAN (A5 min: 5 min light every
hour of the night; N = 3, mean + SD). Shaded area: night, white area: day. Control and A5 min treatment were significantly different (see Table 1).

TABLE 1 | Results of the two-way ANOVA for trypsin and chymotrypsin activities
between different points in time in control or ALAN light conditions
(df = degrees of freedom).

Trypsin

-
df F p-value

Point in time 3 1.41 0.278

Light 1 3.85 0.067

Point in time × light 3 0.12 0.946

Chymotrypsin

df F p-value

Point in time 3 1.55 0.241

Light 1 24.58 <0.001

Point in time × light 3 0.38 0.766

been observed. In the present study we used a different D. magna
clone (“CH-H-5”) and found that this clone differed in its gene
expression pattern in a 16:8 h day-night cycle in comparison to
“Binnensee,” and possessed more similarities with the D. pulex
clone: (i) The genes either expressed two or three peaks over 24 h
(except for timeless with only one peak). (ii) All genes had a peak
in the first third of the day at ZT 4. (iii) The highest peak of
gene expression appeared at the switch from day to night (clock,
cycle, timeless), or 1 h before the onset of night (period), except
for cryptochrome 2 with the highest peak at ZT 4. Therefore,

gene expression of the clock is not only dependent on the height
and the latitudinal origin of clones (cf. Schwarzenberger et al.,
2021a) but also differs in its 24 h expression pattern in clones of
the same species.

The circadian clock is adjusted by the predominant light
regime and might therefore be affected by light pollution. In
order to investigate the effect of light pollution on Daphnia’s
clock, we measured gene expression in control light conditions
and in ALAN. The gene expression pattern of the clock genes
(and the melatonin synthesis gene aanat5; c.f. Supplementary
Figure 1) was clearly influenced by the applied 5 min of ALAN-
pulses. The peaks around the switch from day to night and
in the middle of the night were shifted to a later point in
time. Except for period, the highest peak of gene expression
was clearly higher in the ALAN treatment than in the control.
In cryptochrome 2 the peak during day vanished (although it
had been the highest peak of gene expression in the control).
It seems that this blue-light receptor was more significantly
influenced by ALAN than the other genes. It might be that
cryptochrome 2 was phase-shifted due to the repetitive perception
of the light pulses at night. The phase-shift of cryptochrome 2
gene expression might have been translated to the other core
clock genes and might have led to the clock’s misinterpretation
of the light pulses at night as a different photoperiod, i.e.,
a shift to longer days and shorter nights. This can explain
why the gene expression peaks of both the clock and aanat
5 were higher in ALAN: In shorter nights Daphnia need to
increase clock gene expression in order to produce the same
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FIGURE 4 | Upper panel: Juvenile somatic growth rates of clone “CH-H-5”
fed with 100% A. obliquus, or 80% A. obliquus with 20% of either
M. aeruginosa PCC7806 Mut (producing trypsin inhibitors) or Microcystis sp.
BM25 (producing chymotrypsin inhibitors). Lower panel: Juvenile somatic
growth rates of clone “FR-LR 6-1” fed with 100% A. obliquus, or 80%
A. obliquus with 20% of Microcystis sp. BM25 (producing chymotrypsin
inhibitors) over 6 days in a day-night cycle of 16:8 h (black columns) and in
ALAN (gray columns; A5 min: 5 min light every hour of the night; N = 3,
mean + SD). Different letters indicate statistically significant differences
between light and food treatments (Tukey’s HSD after two-way ANOVA).
Shaded area: night, white area: day.

amount of signal molecules, i.e., melatonin, in shorter time than
in long nights.

A clonal or species difference could also be found for the
rhythmic expression of diverse genes that are under clock control.
Rund et al. (2016) did not find any rhythms in the expression of
metabolic processes genes in D. pulex, whereas we measured a
bimodal gene expression of both types of digestive proteases, i.e.,
trypsin and chymotrypsin, in D. magna. A bimodal expression of
trypsin is also known in Atlantic krill (Teschke et al., 2011). In
our Daphnia experiment, the highest peak was expressed during
night (trypsin at ZT 18, chymotrypsin at ZT 17), which followed
our expectations. This is also in accordance with findings from
Pfenning-Butterworth et al. (2021) who described that also in

TABLE 2 | Results of the two-way ANOVA for the somatic growth rates of clones
“CH-H-5” and “FR-LR-6-1” on different food treatments and in control or ALAN
light conditions (df = degrees of freedom).

CH-H-5

df F p-value

Food 2 21.729 < 0.001

Light 1 8.618 0.012

Food × light 2 4.862 0.028

FR-LR-6-1

df F p-value

Food 1 30.871 0.001

Light 1 17.982 0.003

Food × light 1 3.287 0.107

the absence of fish or kairomones D. dentifera feeding rates—
and thus digestion—shows a rhythmic pattern following the
day-night cycle with a peak at night. This is because migrating
Daphnia should have a high supply of food particles during
night (when they are in the euphotic zone of lakes) and should
then be able to produce a high concentration of digestive
protease molecules. During day, Daphnia sink to deeper water
layers in order to escape optically hunting predators like fish
and to avoid deleterious UV light. In this deeper water layers
temperature and phytoplankton growth is low. Therefore, less
digestive enzymes are needed.

Surprisingly, we did not find any differences in protease
activity between points in time (neither in “CH-H-5” nor
in “Binnensee”) although in krill the peak in trypsin gene
expression translated into a peak of trypsin activity some
hours later (Teschke et al., 2011). One explanation might
be that we missed the peaks of activity because of few
data points; however, this is not likely since we measured
activity both several hours before the point in time of the
highest gene expression (ZT 15–17, at which we would
expect low activity) and 2 h after the peak (ZT 20, at
which a time-shifted increase of activity would most probably
already be observed). Another explanation might be that
the D. magna clone did not actually migrate but was kept
in 1 l glasses and at high light intensity where no escape
to darker water layers was possible. From literature it is
hypothesized that D. magna that are threatened by fish
(by application of kairomones) and that would normally
migrate, switch from one predator avoidance strategy (DVM)
to another (changes in life-history; Effertz and Von Elert,
2014). Therefore, if Daphnia cannot migrate to areas with
low food supply, it is also not necessary to produce digestive
enzymes in a rhythmic manner following the circadian
clock. Still, the gene expression is probably under clock
control and cannot change its rhythmic pattern. Probably,
the translation of protease mRNA to protease enzymes [or
the activation of enzymatic activity by turning (chymo)
trysinogen into (chymo) trypsin] is dependent on actual food
supply (which in our experiments was constant over 24 h).
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Furthermore, also feeding rates showed a rhythmic pattern
in Daphnia although no kairomones or fish were present
(Pfenning-Butterworth et al., 2021).

ALAN also influenced protease gene expression and
chymotrypsin activity. Although trypsin gene expression
is strongly reduced in ALAN, no change in activity was
observed. Eventually, trypsin is stored in the midgut
gland in high amounts and the rhythmic expression
of trypsin genes is only necessary to fill up the daily
amount; after only 6 d of ALAN, the storage might
still be full, so that activity was similar to the control.
However, it might be that the activity will decrease
in comparison to the control after more than 6 d of
ALAN (actually trypsin activity showed a tendency to
be lower in the ALAN treatment). Another explanation
might be that in ALAN a different trypsin gene that
produces a different isozyme was switched-on and led to
the observed stable trypsin activity over time and among
light treatments.

Chymotrypsin gene expression showed a shift of the peak
at night similar to the clock genes. In most cases, CT448
expression was lower than in the control except at ZT 18,
19.5, and 23. Still activity was significantly increased in the
ALAN treatment. It might be that also the activation of the
inactive precursor of chymotrypsins (i.e., chymotrypsinogen) is
influenced by ALAN which results into increased chymotrypsin
activity. To our knowledge no positive effect of ALAN had
been observed before. Therefore, we tested whether the observed
increase of chymotrypsin activity (but not of trypsin) was
only an insignificant artifact or whether it actually increased
Daphnia’s tolerance.

Cyanobacteria are known to produce a diverse array of
toxic secondary metabolites (Carmichael, 1994; Gademann
and Portmann, 2008; Schwarzenberger et al., 2020c).
One of those toxins is the group of protease inhibitors
(ahp-cyclodepsipeptides; Köcher et al., 2019). It has been
shown that Daphnia are negatively affected by protease
inhibitors which can be measured as decreased growth
(Schwarzenberger et al., 2021b). Daphnia are able to respond
to protease inhibitors by increasing gene expression and
protease activity and by switching on protease isoforms
(Von Elert et al., 2012). Furthermore, tolerant Daphnia
populations had been selected by protease inhibitors
(Schwarzenberger et al., 2020b); this positive selection had
led to more resistant proteases and decreased copy numbers
(Schwarzenberger et al., 2017).

Here, we grew “CH-H-5” on diets with cyanobacteria
that produced either trypsin or chymotrypsin inhibitors
(and probably no other toxin types). It has often been
shown that the presence of protease inhibitors decreases
Daphnia growth rates (Von Elert et al., 2012; Schwarzenberger
et al., 2021b), which we could also observe in our results
when Daphnia were grown on BM25 in comparison to
control food without ALAN. Actually, we found that the
combination of ALAN conditions with cyanobacterial
food containing chymotrypsin inhibitors led to increased
Daphnia growth. This was not the case for growth on

the trypsin-inhibitor producing cyanobacterium. We were
unsure whether this effect on Daphnia growth-rate was
an artifact of our study with a single clone grown in a
day-night cycle with frequent and high intensity light
pulses. Therefore, we investigated, whether this response
could also be found in another clone (“FR-LR-6-1”)
for which we only tested the chymotrypsin-producing
cyanobacterium. This clone does not only originate from
an ecosystem that is several hundred kilometers apart from
the Swiss lake but also shows physiological differences
in comparison to “CH-H-5,” e.g., a different growth rate
in control conditions (cf. Figure 4). Again, we found
increased growth in ALAN. This suggests an increased
chymotrypsin activity as a general response of Daphnia to
ALAN which leads to higher tolerance to cyanobacterial
chymotrypsin inhibitors.

The amount of light pollution will further increase in the
proceeding Anthropocene. Currently, the use of artificial light
increases by about 6% and spreads into new areas by 2.2%
per year world-wide (reviewed by Grubisic, 2018). The total
irradiance increases by 2% per year globally and already 88%
of Europe is light polluted. Here, we found that Daphnia’s
circadian clock and melatonin-synthesis genes are influenced
by ALAN, which is also the case for genes that are under
clock-control (i.e., the proteases trypsin and chymotrypsin).
Furthermore, we demonstrated that chymotrypsin activity
was increased in ALAN, which led to higher tolerance
to cyanobacterial chymotrypsin-inhibitors. Therefore, light-
polluted Daphnia populations might be able to better control
a cyanobacterial bloom if chymotrypsin-inhibitor producing
cyanobacteria established in a lake.

However, although we found that ALAN is advantageous
for Daphnia‘s digestion when grown on cyanobacterial
protease inhibitors, we cannot rule out that the
increase in protease activity is associated with a yet
unknown fitness cost. In future studies, we are going
to investigate trade-offs caused by ALAN. Furthermore,
we are going to elucidate the mechanism underlying
increased protease activity due to ALAN. Such a
mechanism could be a changed microbiome in the
transparent Daphnia gut (which plays a role in tolerance
to the cyanobacterial toxin microcystin; Macke et al.,
2017), or a general accumulation of proteases in the
midgut gland in light.
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