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Abstract

Diel vertical migration (DVM) is a common behavior in zooplankton to avoid visual predation as well as
potentially hazardous light wavelengths. In deep transparent lakes of Patagonia, the dark pigmented mixotro-
phic ciliate Stentor araucanus inhabits the upper layers of the epilimnion and is resistant to ultraviolet radiation
(UVR). Here, we investigated if the ciliate pigment called stentorin increases oxidative stress in its predators.
We studied the DVM behavior of Mesocyclops araucanus and the presence of stentorin in field-collected
copepods and evaluated in the laboratory the rate at which the copepod releases stentorin. S. araucanus has a
C: Pratio ~ 170 (atomic), which is one half of that of the bulk seston of the lake resulting in a very good food
source in a system with very low food quality. Compared to an alternative prey without stentorin, when feeding
on Stentor, the copepod suffered high oxidative stress (increased glutathione S-transferase activity) and the
reduced glutathion levels increased from dark to visible and ultraviolet radiation. However, we also determined
that exposure to only visible light was sufficient to cause oxidative stress. In the field, we observed that
M. araucanus displays a larger amplitude DVM than other crustaceans, while the ciliate Stentor remained in the
upper levels of the epilimnion. The DVM protects the copepods from stentorin-induced oxidative stress
during daytime. Our findings are the first to show that a compound of a zooplankton prey item can influence
the vertical behavior of predators in order to minimize the negative effect.

Diel vertical migration (DVM) is a common strategy in
pelagic zooplankton to get access to food (Kessler and Lampert
2004; Winder and Schindler 2004), to avoid predators (Oda and
Hanazato 2008; Leech et al. 2009), and to avoid harmful solar
wavelengths (i.e., ultraviolet radiation, UVR) that can penetrate
the upper layers of the water column (Boeing et al. 2004; Wil-
liamson et al. 2011). During the night, zooplankton generally
migrate to the epilimnion and at dawn move to deeper water
layers, staying there during day time. Zooplankton migrations
range from less than a meter to several tens of meters in lakes
and the intensity of migration is often related to light intensity
and predation risk (Kessler et al. 2008; Ekvall et al. 2015). The
Transparency Regulator Hypothesis (TRH), developed by Wil-
liamson et al. (2011), combines biotic (food resources and visual
predation) and abiotic (temperature and ultraviolet radiation)
factors regulating DVM of zooplankton. In the TRH, water
transparency determines the relative importance of visual pre-
dation vs. UVR in driving zooplankton to deeper waters during
the day (Williamson et al. 2011). Variation in water transpar-
ency also influences both structural drivers of DVM, such as
temperature and food, as well as dynamic ones, such as light
(UVR and PAR) and visual predation risk (Fischer et al. 2015).

*Correspondence: bmodenutti@comahue-conicet.gob.ar

In addition to DVM, plankton have developed other strate-
gies to deal with UVR, such as the accumulation of UV-
protective compounds (Hairston 1979; Sommaruga and Garcia-
Pichel 1999) as well as cell repair systems and enzymes that mit-
igate oxidative stress (Borgeraas and Hessen 2000, 2002; Mac-
fadyen et al. 2004; Balseiro et al. 2008). For example,
photoprotective compounds, such as mycosporine-like aminoa-
cids, are obtained by consumers from their food (algae and
other protists) and then used as light shields (Sommaruga and
Garcia-Pichel 1999). In contrast, certain compounds present in
ciliates, such as dark pigments, could act in the opposite way
having a detrimental effect by increasing visibility to predators
(Terazima and Harumoto 2004) by photosensitizing cells to
damage (Moller 1962; Briggs and Spudich 20035). In particular,
heterotrich ciliates from the genera Stentor and Maristentor have
pigmented cortical granules with dark pigments named sten-
torin and maristentorin that are chemically very similar to
hypericin (Moller 1962; Lobban et al. 2007). These pigmented
ciliates are present in many aquatic environments and can
achieve dense populations in transparent lakes from South
America, Australia, Africa, and Europe (Foissner and Woelfl
1994). It has been suggested that stentorin and hypericin have
a similar in vivo photodynamic action in the visible light
spectrum (Durdan and Song 1986) and that the blue-green

ID: jwweb3b2server Time: 20:15 | Path: //chenas03/Cenpro/ApplicationFiles/Journals/Wiley/LNO#/VVol00000/170167/Comp/APPFile/JW-LNO#170167


http://orcid.org/0000-0002-8683-5679

J_ID: LNO Customer A_ID: LNO10681 Cadmus Art: LNO10681 Ed. Ref. No.: LO-17-0062.R1 Date: 8-September-17

Modenutti et al.

pigmented stentorin molecule can also act as a light-signaling
compound (Song and Tapley 1979; Walker et al. 1979; Song
et al. 1980, 1981). Recently, it has been shown that stentorin
(from Stentor coeruleus) bioaccumulates in the blue catfish (Italu-
rus furcatus), producing discolored tissues (Gale et al. 2015).
Blue catfish is an apex predator and there is no direct evidence
that it directly ingests ciliates. Thus, the potential deleterious
effects of stentorin bioaccumulation by direct or indirect ciliate
ingestion remain to be determined (Gale et al. 2015). Larval
medaka (Orizias latipes) readily consume S. coeruleus in the labo-
ratory, while Patagonian native and introduced fish species
may also ingest it but in a very low proportion (Kamjunke et al.
2012). Direct predation on Stentor spp. was observed mainly for
cyclopoid copepods (Lair 1990; Kamjunke et al. 2012), although
there are no reports on deleterious effects after ingesting these
dark-colored ciliates. Hypericin photosensitization is a reaction
that causes Reactive Oxygen Species (ROS) that interact with
organic molecules in the cellular membranes (Spikes 1989).
Because of the similarity of stentorin with hypericin we postu-
late that stentorin-bearing prey could increase oxidative stress
in their predators. If stentorin is bioaccumulated in the predator
body, any potential negative effect (i.e., increase in oxidative
stress) would last for a long period after being ingestion.

Large mixotrophic protists (i.e., ciliates) that combine
phagotrophy and phototrophy in the same organism seem to
possess important ecological advantages as this combined
nutritional approach provides greater flexibility in the plank-
tonic environment (Stoecker et al. 2009). Also, the combina-
tion of these nutritional modes implies that they likely have a
more balanced stoichiometric composition (Flynn and Mitra
2009). Indeed, the influence of mixotrophy may modulate
stoichiometric food quality for zooplankton. Purely phototro-
phic organisms of the epilimnion tend to increase in C con-
tent and C : nutrient ratio as light increases (Sterner et al.
1997); however, mixotrophs compensate for increased C fixa-
tion by phagotrophy to obtain N and P (Jones 2000; Mode-
nutti and Balseiro 2002). Moreover, black ciliates such as
Stentor may be able to regulate internal light intensity (Mode-
nutti et al. 2005) and, consequently, their stoichiometric bal-
ance may not be the pure result of light-nutrient ratio of the
lake. Thus, the overall seston C : P ratio in lake with strong
influence of such mixotrophs would be lower than that of
purely phototrophic organisms. Given that macrozooplank-
ton predators are constrained by the elemental content
of their prey (Laspoumaderes et al. 2015), the stoichiometric
balance of mixotrophs may be a key factor affecting the
stoichiometry of predator—prey relationships.

Deep large lakes in the northern Patagonia Andes are ultra-
oligotrophic and highly transparent, with very low nutrient
and dissolved organic matter concentrations (Morris et al. 1995;
Markert et al. 1997; Modenutti et al. 2000). Because of these fea-
tures the lack of aerial pollutants (Mladenov et al. 2011) and
their proximity to the ozone layer depletion regions (Villafane
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et al. 2001), these lakes experience high UVR irradiance deep in
the water column. Crustacean zooplankton have a strategy to
avoid the upper, high-UV layers (Alonso et al. 2004) and are
constrained in their vertical distribution by low food quality
and high visual predation (Balseiro et al. 2007). In contrast, the
mixotrophic ciliate Stentor araucanus appears to be well-adapted
to high light levels, achieving high population abundances in
epilimnetic depths with sufficient light energy (Im ~ 600 ymol
photons m ™2 s~ ') to allow photosynthetic primary production
(i.e., C fixation) of their endosymbiotic algae (Modenutti et al.
2005). In Andean lakes, S. araucanus coexists, although in the
same lakes at different depths, with another mixotrophic ciliate
(Ophrydium naumanni) that prefers metalimnetic layers and low
light irradiances (Modenutti et al. 2004, 2008). Recently, it was
observed that the predator cyclopoid Mesocyclops araucanus
preys upon S. araucanus (Kamjunke et al. 2012). Ciliates are
important prey for cyclopoid copepods (Wiackowski et al.
1994), which detect them with the help of mechanoreceptors
(Rabette et al. 1998). However, since Stentor has the stentorin
pigment, we hypothesized that stentorin consumption has neg-
ative effects on Mesocyclops by exposing them to a higher detri-
mental effects of light due to an increase in oxidative stress. As a
consequence, during the day, Mesocyclops would need to
migrate to lower depths to avoid the effects of ingesting the pig-
ment. This hypothesis suggests that the light threshold for
DVM is modified by food, providing strong support for the TRH
of Williamson et al. (2011) and adding a new aspect to it. That
is, we suggest that food may interact with light in which the
ingestion of a particular food item (i.e., stentorin-bearing prey)
modifies the predator’s visible light threshold, becoming a new
and primary dynamic driver for DVM.

To test this hypothesis, we assessed the relationship of UV
transparency, visible (PAR) transparency and the two mixo-
trophic ciliates species as prey, to the vertical distribution of
crustacean zooplankton. In order to analyze if stentorin-
bearing prey are effectively eaten by Mesocyclops, we esti-
mated its feeding rates upon two ciliate species (S. araucanus
and O. naumanni with and without stentorin, respectively).
We also determined the C : P ratio of S. araucanus and of
bulk seston in order to assess if the mixotrophic prey are a
better food for Mesocyclops. In laboratory experiments, we
determined the effect of visible light and UV radiation on
Mesocyclops fed with the two prey types, measuring the anti-
oxidant status (activity of the enzyme glutathione
S-transferase, GST) and levels of oxidative stress (as indexed
by glutathione concentration, GSH) of the copepods. Finally,
in the laboratory we assessed the accumulation of stentorin
in the copepod body and the rate at which stentorin is
metabolized in order to establish how long this pigment
remains in the copepod’s body. In addition, we measured
stentorin concentrations in copepods collected in the field
to determine not only that the copepods feed on Stentor but
also that, during the day, copepods still retain the pigment
in their bodies.
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Materials and methods

Field study - vertical distribution of ciliates and
zooplankton DVM

Lake Guillelmo (41°23' S and 71°27" W) is an ultra-
oligotrophic, highly transparent Andean North-Patagonian
lake with a surface area of 5.4 km? and a maximum depth of
100 m. This lake was sampled between February and March of
2016, December 2016 and January 2017 (austral summer). Dur-
ing this period, we sampled the lake for ciliates (S. araucanus
and O. naumanni) and cyclopoids (M. araucanus) for the various
laboratory experiments and determinations. Live ciliates were
collected by vertical tows from 20 m to O m with a plankton net
of 50-um mesh size. Live copepods were collected from 60 m to
30 m with a closing net of 100-ym mesh size. On 06 March
2016, 19 December 2016, and 25 January 2017 we carried out a
complete sampling schedule analyzing light vertical distribu-
tion, ciliates, and zooplankton DVM. Temperature and light
vertical profiles (photosynthetically active radiation, PAR, 400-
700 nm and UVR, 320 nm and 340 nm) were measured from
0 m to 50 m with a PUV 500B submersible radiometer (Bio-
spherical Instruments). Water samples for ciliate quantification
were collected from 0 m to 50 m at five depths (10 m, 20 m,
30 m, 40 m, and 50 m) at noon and midnight with a Schindler-
Patalas trap. Samples (in triplicates) were treated with acid
Lugol’s solution and ciliates were identified and counted with
an inverted microscope using 50-mL Utermohl chambers. Zoo-
plankton diel vertical migration was studied by sampling car-
ried out in four periods of 1 d: after sunrise, noon, after sunset,
and midnight. Sampling at noon was carried out at 13:00 h, cor-
responding with solar noon in this region with midnight sam-
pling at 0:00 h. However, as sunrise and sunset vary with
season, sampling times for these periods were adjusted accord-
ingly. On all occasions, vertical tows from 0 m to 10 m, 10 m
to 20 m, 20 m to 30 m, 30 m to 40 m, and 40 m to 50 m
depth were performed with two closing conical plankton nets
(100-um mesh size). These samples were used for crustacean
identification (copepods, both calanoids and cyclopoids, and
cladocerans) and quantification under a stereomicroscope in
5-mL Bogorov chambers. We confirmed that, as in many
Andean lakes (Balseiro and Modenutti 1998), the community
was dominated by the calanoid Boeckella gracilipes, followed
by cladocerans (Bosmina longirostris, Ceriodaphnia dubia, and
Daphnia commutata), and the cyclopoid M. araucanus.

Carbon : phosphorus (C : P) ratio in the seston and
in §. araucanus

Seston elemental composition was analyzed by filtering a
volume of 500 mL to 1000 mL of lake water from 10-m depth
through HCl-washed and pre-combusted GF/F Whatman filters
(450°C for 1.5 h). S. araucanus cells were sampled directly from
0 m to 10 m depth, separated in the laboratory under a stereo-
microscope, carefully rinsed twice with 0.2-um filtered lake
water, and transferred on to HCl-washed and pre-combusted
GE/F filters. There were 10 filters (five replicates for C and five
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for P) with 430 =23 Stentor per filter. Total sestonic carbon
(TSC) and the C content of Stenfor were analyzed using a
Thermo Finnigan EA1112 (Thermo Finnigan) elemental ana-
lyzer. Total phosphorus (TP) and total particulate phosphorus
(TPP) of both types of samples were analyzed by persulfate
digestion followed by molybdate reaction (APHA 2005).

Feeding rate and stentorin content

We carried out a feeding experiment in order to determine
if Mesocyclops effectively consumes both ciliate species (S.
araucanus and O. naumanni). We collected both ciliates
and Mesocyclops from Lake Guillelmo and transported them to
the laboratory. Ciliate samples were incubated separately
in Guillelmo lake water filtered through GF/C filters with
(Treatments) and without (Controls) the presence of adults
Mesocyclops. The water used in all the experiments was freshly
collected from 10-m depth on the same day of experimenta-
tion. The experiments lasted for 18 h and were conducted in
five replicates in a growth chamber at 14°C in darkness. 200
S. araucanus and 3000 O. naumanni were exposed separately to
three Mesocyclops specimens in 50-mL Erlenmeyer flasks. These
abundances were chosen because Stentor biovolume is 13 times
higher than O. naumanni (Balseiro et al. 2001). After 18 h of
exposure, copepods were removed and the remaining ciliates
were quantified with an inverted microscope using 50 mL
Utermohl chambers to determine the number of prey eaten.
Controls were used to confirm that the change in abundance
was due only to predation by Mesocyclops. Results are given in
prey predator ' h™'.

To determine if stentorin is bioaccumulated in the Meso-
cyclops body, we collected S. araucanus and Mesocyclops from
Lake Guillelmo and immediately transported them to the
laboratory. We then separated 50 Stentor cells and three Mes-
ocyclops in Eppendorf tubes (at least 10 replicates) in order to
determine stentorin concentration in both organisms. Cope-
pods from the field presented a black-colored gut, indicating
that Stentor was ingested. Stentorin content was extracted in
acetone, hexane, and methanol following Gale et al. (2015)
and the extract emission was determined fluorometrically
with a Perkin-Elmer LS45 with an excitation wavelength of
342 nm (Gale et al. 2015). According to Walker et al. (1979)
and Gale et al. (2015), fluorometric emission of stentorin is
between 590 nm and 610 nm; our peak emission was at
602 nm.

Each M. araucanus used for stentorin determination was
carefully rinsed with Milli-Q water and measured by taking
images which were then processed via Image-Pro Plus (Media
Cybernetics) software. In all cases, average copepod size was
1=0.1 mm total length excluding furcal setae.

We carried out another laboratory experiment to determine
how long stentorin remained bioaccumulated in the M. arauca-
nus body. Prior to the experiment, we fed M. araucanus (adults)
with O. naumanni for 20 d in order to be sure that there were no
traces of stentorin in their bodies. After this time, we confirmed,
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in a subsample of copepods, the absence of stentorin (no
fluorescent peak at 602 nm). The remaining copepods were
transferred to 500-mL experimental flasks (four replicates) with
freshly collected GF/F filtered lake water and S. araucanus
(~10ind. mL™}, to feed ad libitum) as the only food source and
held for 24 h in darkness. Afterwards, we again transferred the
animals to another set of flaks with fresh filtered lake water
with stentorin-free food (O. naumanni). At this moment, and
every 2 d, we sampled four animals of each replicate in order to
fluorometrically determine stentorin as described above. The
experiment lasted for 10 d and was carried out in a growth
chamber at 14°C with a 12: 12 L : D photoperiod (only PAR). In
addition, every 2 d the remaining copepods were transferred to
fresh medium (lake water filtered through GF/F filters) and O.
naumanni as food. Finally, the stentorin decay rate was esti-
mated based on the surface area below the curve (peak at
602 nm) vs. time, applying an exponential decay model.

Light exposure experiment

To assess if Mesocyclops experiences increased oxidative
stress when fed on Stentor, we performed another laboratory
experiment. M. araucanus used for this experiment were fed
with O. naumanni for 3 weeks prior to experimentation in
order to eliminate any stentorin traces. The absence of sten-
torin was checked by spectrofluorometry (see above). Subse-
quently, M. araucanus were separated into two treatments,
each one fed on one of the two ciliate prey species (O.
naumanni or S. araucanus), in the same concentrations and
conditions of the feeding experiments (see above) for 12 h.
Afterwards, the copepods of each treatment were exposed to
three different light levels in 50-mL quartz flasks for 4 h:
Dark, PAR, and PAR+UVR (see “Light features” section
below) with five replicates. After the 4-h exposure, we sepa-
rated the copepods and kept them in a —80°C ultra-freezer
until later determination of Glutathione S-Transferase (GST)
activity and reduced Glutathione (GSH) concentration (see
“Enzymatic determinations” section below).

Light features

In the laboratory UVR exposure experiments, light was pro-
vided by two UVA340 fluorescent lamps (Q-Panel Lab Products),
two daylight fluorescent lamps (Philips TLT 40 W), and two
black-light fluorescent lamps (maximum emission at 380 nm).
The UV spectrum of the UVA 340 light closely resembles the
solar spectrum between 280 nm and 350 nm (Shick et al. 1999).
The black light was included to fill the gap between maximum
emission of UVA (340 nm) and the daylight fluorescent lamps
(400 nm). During incubation, animals received 35 uW cm 2
nm ! of 340 nm wave band, an irradiance level equivalent to
surface sunlight in Andean lakes during summer (in Lake Guil-
lermo, the irradiance of 340 nm at 1.5 m depth was 37 W cm ™2
nm™ Y. The total 340-nm wave band dose was of 5040 ] m?
and PAR intensity was 40 ymol photons m 2 s™'. In the PAR
treatment and in the bioaccumulation experiment, only the two
daylight fluorescent lamps (Philips TLT 40 W) were used.
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Enzymatic determinations

Enzymes were determined in the M. araucanus exposed to
the different light treatments with five replicates (each con-
sisting of three copepods pooled). For estimation of the GST
activity, each sample was homogenized with an Ultrasonic
Homogenizer (Sartorius, LABSONIC M, with one Cycle, 40%
of amplitude, and 2 mm @ point) in 50 uL of buffer solution
(Tris-saccharose pH = 7.4) and then incubated on ice for 10
min with an addition of 50 pL lysis buffer. Afterwards, sam-
ples were centrifuged at 13,000 X g for 5 min at 4°C to
obtain the supernatant (enzyme source). The GST activity
was determined fluorometrically (Perkin-Elmer LS45) with
excitation 390 nm (10 nm band width) and emission
478 nm (10 nm band width) and for each sample, 50 uL of
buffer assay, 4 uL of GSH, and 1 uL of Staurosporine as sub-
strate were added (fluorometric glutathione assay Kkit,
(CS1020) Sigma-Aldrich, St. Louis, Missouri, following man-
ufacturer instructions). The GST was expressed as umol of
product per minute per individual.

Extraction of GSH was performed with the same proce-
dures as for GST. Each sample was incubated for 1 h at 37°C
with 50 uL of buffer assay, 5 uL of GST, and 1 uL of stauro-
sporine as substrate. The GSH concentration was measured
fluorometrically with excitation 360 nm (10 nm band width)
and emission 460 nm (10 nm band width) and expressed in
nMol of molecule per individual. The decrease of GSH in the
experiment was used as a measure of the oxidative stress of
the animals (Parmentier et al. 1999; Souza et al. 2010).

Statistical analysis

Differences in GST activity and GSH concentration from
M. araucanus exposed to Dark, PAR, and UVR + PAR Light
with two offered prey species (O. naumanni or Stentor) were
tested with a two-way ANOVA (factor A: offered food, factor
B: light). When significant, after the ANOVA, we ran an a
posteriori multiple comparison Tukey’s HSD test procedure
(< 0.05). All statistical analyses were performed in Sigma
Plot 12.5 (Systat Software, San Jose, California).

Results

Diel vertical migration

During summer, Lake Guillelmo was very transparent to
the different wavelengths. The average 1% PAR depth (i.e.,
the euphotic zone) over all of the sampling dates was
31.79 m (standard deviation, SD = 1 m), while the 1% depths
for 320 nm and 340 nm UVR were 7 m (SD=0.25 m) and
9 m (SD =0.19 m), respectively (Fig. 1a). The two ciliate spe-
cies were differentially distributed along the water column.
O. naumanni was present between 0 m and 50 m depths with
a maximum abundance at 30 m at which PAR was close to
the 1% level and far from UVR levels likely to have any
effects (Fig. 1b). In contrast, most S. araucanus individuals
remained between 0 m and 10 m depths (> 60% in the
upper 10 m), where the incidence of potentially hazardous
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Fig. 1. (a) Vertical profiles of light and temperature of lake Guillelmo. Horizontal dashed line indicates the 1% surface PAR. (b) Vertical profiles of the
abundances of the two ciliate species at midnight and noon. Left facing bars: O. naumanni and right facing bars S. araucanus. Note the different
scales for each species. Error bars indicate 1 standard error (three sampling dates).

wavelengths (320 nm and 340 nm) is high (Fig. 1b). The two
species did not show changes in their distribution between
noon and midnight (Fig. 1b).

Distributions of the crustacean zooplankters differed
sharply between day and night, showing a DVM behavior. In
particular, during sunrise and noon, the M. araucanus popula-
tion showed a marked surface avoidance, remaining between
40 m and 50 m (65-90% of total M. araucanus abundance) (Fig.
2). Between sunset and midnight, the population migrated to
upper layers, resulting in an abundance peak between 0 m and
10 m. Interestingly, the depth of 1% surface PAR (~ 30 m) also
represents Mesocyclops’ lower and upper depth distribution
during night and daytime (Fig. 2, see horizontal dashed line).
Considering the whole zooplankton relative distribution, we
observed that M. araucanus exhibited larger amplitude DVM
than the other taxa. At noon, 98% of the cyclopoid population
was between 30 m and 50 m (and > 60% below 40 m) and the
remaining 2% between 20 m and 30 m, while more than the
70% of the cladocerans and of the calanoid B. gracilipes popula-
tion were distributed between 20 m and 40 m. After sunset,
90% of M. araucanus individuals were between 0 m and 10 m,

while for B. gracilipes, only 50% of the population was present
in that layer. For cladocerans, more than 70% of the popula-
tion could be observed between 10 m and 20 m (Fig. 2).

The sestonic C : P ratio (atomic) of Lake Guillelmo was of
340 + 14, while the C : P ratio of field-collected S. araucanus
was significantly lower (170 =27), representing a twofold
increase in P content relative to the bulk seston.

Feeding on both mixotrophic ciliates and stentorin
content

In our feeding experiment, M. araucanus effectively ate
both prey, consuming 1.1 (+ 0.2) Stentor predator ' h™! and
9.3 (+ 0.9) O. naumanni predator " h™".

In the laboratory, we were able to identify, by spectroflu-
ometry, the presence of stentorin in both the ciliate (S. arau-
canus) and the copepod (M. araucanus), with a clear emission
peak at 602 nm (Fig. 3a,b) that was the same as that regis-
tered by Gale et al. (2015). M. araucanus from the field
showed variable emission intensity at 602 nm; however, the
maximum emission observed per copepod was very similar
to that of 50 Stentor (Fig. 3).
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Fig. 2. Vertical relative distributions of crustacean zooplankton in lake Guillelmo after sunrise, noon, after sunset, and at midnight. Left facing bars:
M. araucanus and right facing bars: B. gracilipes (Calanoid copepod) and D. commutata (Cladocera). Error bars indicate 1 standard error (three sam-

pling dates). Horizontal dashed line indicates the 1% surface PAR.

In the bioaccumulation experiment, we observed a
continuous, exponential decline in stentorin concentration
(Fig. 4a,b) during the 9 d (decay rate =0.129 d™ ).

Light exposure experiment

In the light exposure experiment, we obtained different
results according to prey treatment. GST activity in M. arau-
caunus exhibited a significant light X prey (Stentor vs. Ophry-
dium) interaction within the PAR treatment (a posteriori
Tukey’s test p=0.006), with GST significantly higher for
Stentor as prey (Fig. 5a,b). Dark and UVR + PAR exposure did
not result in differences within prey treatments. In contrast,
light treatments with O. naumanni showed significantly
higher GST activity in the UVR treatment than in the PAR
and Dark treatments (a posteriori Tukey’s test with Dark
p=0.014 and with PAR p=0.038), while light exposure with
Stentor as prey showed significantly higher GST activity in
both PAR and UVR + PAR treatments than under Dark expo-
sure (a posteriori Tukey’s test with PAR p=0.005 and with
UVR p=0.002).

As expected, GSH concentration showed results opposite
to those for GST in O. naumanni (Fig. 5d) while, in S. arauca-
nus, we observed decrease GSH from Dark to UVR+ PAR
treatments (Fig. 5¢). The prey X light treatment interaction

was significant (two-way ANOVA F, ,3=12.0, p<0.001; Fig.
5¢,d) and post-hoc tests showed prey-type differences only
for the PAR treatment (a posteriori Tukey test p <0.001). In
the PAR treatment, higher GSH concentration occurred in
copepods fed O. naumanni rather than Stentor, indicating
higher oxidative damage with Stentor as food resource. Addi-
tionally, in the Stentor treatment, GSH concentration showed
significant differences among the three light treatments (a
posteriori Tukey test p <0.001), with highest concentration
in the Dark and lowest in UVR + PAR. These results suggest
that PAR exposure for Stentor-fed copepods became stressful
due to the interaction of stentorin with PAR light. However,
UVR + PAR was still more hazardous than PAR only, as
shown by the reduction of GSH concentration (Fig. 5¢).

Discussion

We found that the copepod M. araucanus suffered from
oxidative stress when it fed on S. araucanus (with stentorin).
In our experiments in the PAR treatment, when Mesocyclops
fed on Stentor, it exhibited an enhanced antioxidant defense
response as indicated by increased activity of GST. GST activ-
ity was the same under PAR and UVR + PAR light, indicating
that the presence of PAR itself was enough to cause oxidative
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Fig. 3. a. Fluorescence spectra of stentorin extracted from 50 field col-
lected S. araucanus (mean of five samples) and b. from one adult field
collected M. araucanus (different sampling dates), at an excitation wave-
length of 342 nm. The shadow area shows the specific peak of stentorin,
and the vertical dashed line the 602 nm emission.

stress. As expected, GSH concentration showed an opposite
trend relative to GST (Fig. 5), further supporting our infer-
ence of increased oxidative stress in the PAR and PAR + UVR
treatments. GSH in animals fed on Stentor was lower under
PAR than in the Dark, suggesting a stronger detrimental oxi-
dative effect of the PAR alone than when feeding on non-
bearing stentorin prey such as O. naumanni. Nevertheless,
copepods fed on Stentor showed even lower GSH when
exposed to UVR+ PAR, indicating that the antioxidant
response of GST (the same activity in both treatments) was
insufficient. This may imply that the GST activity had
reached its maximum and was not higher in the UVR + PAR
treatment not because it was not necessary but because it
was not possible. The consequence is a further decrease in
GSH.

We also were able to show that stentorin bioaccumulates
in copepods and remains measurable for at least a week (one
third of the stentorin was still present after 9 d), suggesting
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that stentorin-induced oxidative stress might last for days.
Stentorin has been described as a molecule similar to hyperi-
cin, a molecule known to have long-lasting photo-sensitizing
effects in animals. For example, when cattle feed on Hyperi-
cum perforatum (a source of hypericin), they show a light sen-
sitivity which remains for a week or more, suggesting that
the pigment forms tightly bound complexes with cellular
components (Durdan and Song 1986). Hypericin photosensi-
tization is a reaction mediated by a molecule that absorbs
visible light and transfers the electromagnetic radiation to
adjacent molecules, generating direct damage or Reactive
Oxygen Species (ROS) that interact with organic molecules
in the cellular membranes (Spikes 1989). However, under
dark conditions, the same molecule will not react (Song
1983); this is similar to what we observed in our Dark treat-
ment with copepods fed on stentorin-containing food.

M. araucanus fed on both large ciliate species (O. naumanni
and S. araucanus), regardless of whether stentorin was present
or absent. In the field, we indirectly estimated (via stentorin
accumulation in the copepod body) that Mesocyclops accumu-
late an amount of stentorin equivalent to ~ 50 Stentor individ-
uals per copepod. If stentorin remains for several days with a
decay rate of 0.129 d~!, as was shown in our experiment, the
stentorin equivalent to 50 Stentor individuals would be
reached after 5 d of feeding during the night. Thus, the
amount of stentorin we observed in some copepods is within
an expected range. However, most of our stentorin determina-
tions were lower, indicating that copepods are metabolizing
this compound; nevertheless, it is still present and can affect
them if they are exposed to light.

Among heterotrophic protists, ciliates show rather strict stoi-
chiometric homeostasis, with C : P ratios less than 200 (Golz
et al. 2015). For S. araucanus, we observed a C : P ratio ~ 170,
which is one half of that for the bulk seston of Lake Guillelmo.
This means that, from a stoichiometric perspective, Stentor
would be a good food source in a system with low food quality.
In contrast, some mixotrophs have toxic compounds to dis-
courage predators e.g., red-tide bloom species (Burkholder et al.
2008; Flynn 2008), and therefore, reduced consumption of Sten-
tor might be expected. However, our laboratory experiments
showed that S. araucanus was eaten without any evidence of
avoidance of feeding upon this stentorin-rich prey. In contrast,
fishes and invertebrates avoid eating the sessile pigmented cili-
ate Maristentor that bears a chemically similar pigment (Lobban
et al. 2014). The fact that Mesocyclops can move along the water
column may help explain its feeding on S. araucanus, since the
long range DVM displayed by Mesocyclops likely protects the
copepods from stentorin’s light effect. During the day, M. arau-
canus and S. araucanus are distributed far away from each other
in the lake water column; one is at a depth of 50 m and the
other between 5 m and 10 m. However, during the night, Meso-
cyclops migrates to surface layers to feed intensively on Stentor
(as indicated by accumulation of stentorin in the copepod’s
body). Because cyclopoid copepods are predators that select on
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the basis of size, hardness, behavior (Kerfoot 1978), and the
abundance of alternate prey (Wickham 1995), Mesocyclops prob-
ably detects Stentor more easily than O. naumanni because its
larger size and its increased abundance in the upper 10 m. On
the contrary, O. naumanni has increased abundance at a depth
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of 30 m during day and night, so that Mesocyclops would not
need to migrate to surface layers to feed on them. Our data sug-
gest that copepods are searching for a prey such as Stentor or,
alternatively, for the higher epilimnetic temperatures that can
enhance growth and reproduction (Williamson et al. 2011). In
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any case, the encounter of predator and prey is achieved in epi-
limnetic layers. However, since the pigment stentorin of this
prey would have a hazardous effect in the presence of visible
light, copepods should migrate down far away from the eupho-
tic zone, deeper than other migrating plankton. Notably, the
PAR intensity during the experiments (40 ymol photons m™?
s, see Fig. 1a) was equivalent to the light intensity at a depth
of 23 m on a summer day. On the one hand, there is no UVR at
this depth (see Fig. 1a), so our experimental treatment very
closely resembled natural conditions with low PAR and no
UVR. Mesocyclops still showed oxidative stress (high GST with
lowered GSH) (Fig. 5). This means that Mesocyclops needs to
migrate even deeper to avoid this low PAR intensity and cannot
remain at the same depth of other crustaceans during the day
(see Fig. 2).

Fish predation pressure is a key factor driving the DVM of
planktonic organisms (Williamson et al. 2011). In Lake Guil-
lelmo, fish predation cannot be neglected, since native (Galax-
ias maculatus) and exotic salmonid fishes are present and prey
upon planktonic crustaceans (Balseiro et al. 2007). However,
as fish predation is size dependent, larger zooplankton should
migrate deeper to avoid fishes. M. araucanus is ~ 1 mm in
length, smaller than the mean adult size of D. commutata
(2.5 mm length). The latter migrates to ~ 25-35 m depth
(around 1% surface PAR) while Mesocyclops migrates to ~ 45 m
(around 0.1% surface PAR). This substantial difference in
migration depth cannot be explained by visual predation pres-
sure, since it should be just the inverse, with the larger species
migrating to deeper layers. Interestingly, our results showed
that M. araucanus populations remain in a deeper position dur-
ing the day than the other zooplankton species of Lake Guil-
lelmo. These taxa (which include cladocerans such as Daphnia
and the calanoid copepod B. gracilipes) are not able to feed on
Stentor, mainly due to prey large size (Balseiro et al. 2001). We
can assume that these species are not at risk of consuming
stentorin and therefore do not suffer from oxidative stress
under low light as we observed for Mesocyclops. Indeed, we
could not detect stentorin in the body of Boeckella nor
Daphnia. Thus, the detrimental effect (i.e., increase in oxida-
tive stress) of eating Stentor may explain the larger amplitude
range of DVM in M. araucanus.

Our findings are the first to show that a compound in a prey
item can change vertical behavior of predators in order to mini-
mize negative biochemical effects, providing novel insight into
of zooplankton DVM and highlighting the role of phototoxic
compounds in some ciliates. Previously, the theory of zooplank-
ton DVM was focused largely on food availability and predation
(Bollens and Frost a,b). However, recent evidence has indicated
that abiotic factors, such as hazardous UVR and temperature,
also play important roles (Kessler et al. 2008). This adds further
support to the TRH (Williamson et al. 2011), which pointed out
the important role of water transparency in regulating DVM. In
previous work in transparent mountain systems of the North-
ern Hemisphere, DVM of copepods was found to be mainly
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related to UVR supporting the TRH and suggesting UVR as the
major driver of DVM (Fischer et al. 2015). However, our study
demonstrates that the interaction of photosensitizing food and
visible light can also be a primary driver of DVM. Our hypothe-
sis that visible light is the main driving factor of DVM in our
study systems is supported by the observations that oxidative
stress is increased when Mesocyclops feeds on Stentor and that
the DVM of Mesocyclops is of larger amplitude than that of crus-
taceans of larger size. In transparent systems such as north Pata-
gonian Andean lakes, both sestonic food quality and visual
predator abundance are often low but damaging UVR is usually
high in the surface layers (Balseiro et al. 2007). In this scenario,
a potentially highly nutritious prey (C : P = 170) such as S. arau-
canus developed resistance to the high UVR levels in surface
waters (Modenutti et al. 2005). This high quality prey was there-
fore effectively consumed by cyclopoids, which consequently
must exhibit strong DVM to prevent photodamage caused by
the UV-protective pigment carried by the ciliate. This finding
may represent a new pathway of ecological interactions that
could help explain behavior, energy transfer, and differential
species distributions in the pelagic community of inland waters
and oceans.
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