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protists. This type of metabolism combines the
acquisition of C or mineral nutrients through more
than one trophic mode (Selosse et al. 2017). Mixotrophs are capable not only of photosynthesis but
also of bacterial predation through phagotrophy.
This dual ability is shared by most phylogenetic
branches, clades, such as chrysophytes and haptophytes (Chan et al. 2018). All of these protists are
widespread in natural communities (Unrein et al.
2007, Zubkov and Tarran 2008), especially in oligotrophic waters (Modenutti 2014), presumably due
to their trophic advantage of acquiring limiting
nutrients through bacterial predation (Raven et al.
2009, Tsai et al. 2016). From this perspective, the
former paradigm of two protist groups (i.e., photoautotrophs and phagoheterotrophs) now includes
mixotrophs as a new functional classification (Mitra
et al. 2016).
Different numerical and experimental studies
have demonstrated that mixotrophs exert a strong
impact on aquatic ecosystems, boosting primary production and bacterial production, transferring C
biomass to higher trophic levels, and stimulating
the C-flux sink (e.g., Mitra et al. 2014, Ward and
Follows 2016). With the inclusion of mixotrophs
into trophic-web models, the prediction of how
mixo-phytoplankton communities will respond to
multiple environmental changes is currently a major
scientific challenge (Reusch and Boyd 2013, Cabrerizo et al. 2018). This requires quantifying how mixotrophic species with different positions in the
gradient between photoautotrophy and heterotrophy respond to multiple stressors (Flynn et al.
2013).
A complex stressor, the climate change-associated
temperature rise (IPCC 2013), accentuates the stratification and shallowing of upper mixing layer in
aquatic ecosystems. This stratification traps the
organisms in surface waters, exposing them to
intense radiation with high ultraviolet levels (UVR,
280–400 nm; Villafa~
ne et al. 2003, Carrillo et al.
2015). Also, the temperature increase reportedly
affects phytoplankton, from raising the maximum
quantum yield of photosystem II (PSII; Takahashi
et al. 2013) to stunting growth (Halac et al. 2013,
Cabrerizo et al. 2014). In addition, temperature can
alter protist morphology (M€
uhling et al. 2003,

Mixotrophic protists combine phagotrophy and
phototrophy within a single cell. Greater
phagotrophic activity could reinforce the bypass of
carbon (C) flux through the bacteria-mixotroph link
and thus lead to a more efficient transfer of C and
other nutrients to the top of the trophic web.
Determining how foreseeable changes in temperature
and UVR affect mixotrophic trade-offs in favor of
one or the other nutritional strategy, along the
mixotrophic gradient, is key to understanding the fate
of carbon and mineral nutrients in the aquatic
ecosystem. Our two main hypotheses were: (i) that
increased warming and UVR will divert metabolism
toward phagotrophy, and (ii) that the magnitude of
this shift will vary according to the organism’s position
along the mixotrophic gradient. To test these
hypotheses, we used two protists (Isochrysis galbana
and Chromulina sp.) located in different positions on
the mixotrophic gradient, subjecting them to the
action of temperature and of UVR and their
interaction. Our results showed that the joint action of
these two factors increased the primary production:
bacterivory ratio and stoichiometric values (N:P ratio)
close to Redfield’s ratio. Therefore, temperature and
UVR shifted the metabolism of both organisms
toward greater phototrophy regardless of the original
position of the organism on the mixotrophic gradient.
Weaker phagotrophic activity could cause a less
efficient transfer of C to the top of trophic webs.
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Mixotrophy, a metabolic trait long considered an
exception, today is known to include most aquatic
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Takabayashi et al. 2006), chlorophyll content (Verity
1981) and the C:N:P composition (Yvon-Durocher
et al. 2015). These latter authors have demonstrated
that a higher sea-surface temperature is significantly
and directly related to N:P and C:P ratios of marine
algal assemblages, mainly because of the decline in
P-rich ribosomes. Moreover, warming over an entire
range from 13°C to 33°C (Wilken et al. 2012) and
an increase of 5°C (Cabrerizo et al. 2018) exerts a
stronger positive effect on phagotrophy than on
phototrophy, although a temperature rise of 4°C
can also aid both processes (Princiotta et al. 2016).
The shallowing of the upper mixing layer implies
more intense UVR exposure for phytoplankton,
which damages different cell components (i.e.,
DNA) and/or depresses photosynthesis and growth
(Buma et al. 2003, Villafa~
ne et al. 2003). However,
in high-mountain lakes, mixotrophs have been
shown to outcompete strict autotrophs under high
UVR intensities (Carrillo et al. 2017), presumably
because mixotrophs can tolerate the inhibition of C
fixation or PSII, by taking up C through bacterivory
(BV; Medina-Sanchez et al. 2004). Furthermore, it
has been shown that UVR directly influences the
elemental composition of phytoplankton by decreasing the sestonic C:P and N:P ratios (Rojo et al.
2012, Carrillo et al. 2015).
Today, it is increasingly evident that synergistic
and antagonistic interactions among drivers must be
taken into account in order to provide more realistic
predictions of future ecosystem changes (Jackson
et al. 2016, Villar-Argaiz et al. 2018). Several shortterm experiments have indicated that a rise in temperature promotes photochemical activity, improving
the response to PAR and/or UVR (Sobrino and
Neale 2007, Halac et al. 2010, Villafa~
ne et al. 2013).
Likewise, temperature and UVR may alter metabolic
activity of strict photoautotrophic protists, including
shifts in their elemental composition, and altering
the transfer of C and other limiting nutrients to
higher trophic levels (Joint and Jordan 2008, Montagnes et al. 2008). In addition, in a long-term experiment, the simultaneous action of warming and UVR
has been found to reinforce the phagotrophic metabolism of Isochrysis galbana (Cabrerizo et al. 2018).
However, in the current global warming scenario
(see above), temperature could be understood as a
press disturbance (i.e., chronic stress), whereas the
UV radiation exposure would rather reflect a pulse
disturbance (i.e., a combination of great intensity
and short duration; see Harris et al. 2018). Therefore, it is key to evaluate the mixotrophic response to
factors acting sequentially (Press vs. Pulse) on species
and to quantify whether the magnitude of such a
response depends on the organism’s position in the
mixotrophic gradient. Moreover, the stoichiometry
modulating these responses might have a stronger
explanatory role than previously thought.
We hypothesized: (i) that warming, UVR, and/or
their interaction will shift the metabolism of
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mixotrophic protists toward greater phagotrophy;
and (ii) that the magnitude of this shift will vary
according to the organism’s position along the mixotrophic gradient. Our hypotheses were tested with
monospecific cultures of two characteristic species
from marine and freshwater, and an a priori different position in the mixotrophic gradient. That is,
Isochrysis galbana
(Prymnesiophyceae)
usually
behaves proportionally more as a phototroph than a
phagotroph (Anderson et al. 2018, Cabrerizo et al.
2018), whereas Chromulina sp. (Chrysophyceae)
shows great versatility in its nutritional mode (Rottberger et al. 2013), although it usually acts as a
phagotroph (Jones and Ilmavirta 1988).
MATERIAL AND METHODS

Species and culture mediums. Isochrysis galbana
(Playa Uni
on, Argentina) was grown in F/2 medium
(Guillard and Ryther 1962), and Chromulina sp.
(CCAC, Culture collection of Algae at the University
of Cologne, Germany) was grown in SFM medium
(Synthetic Freshwater Medium; CCAC, Germany) at
19°C.
Experimental set-up. The experiment was a splitplot design to study the effect on mixotrophic
trade-off of a press (temperature) and a pulse factor
(UVR), both being global-change drivers (see Introduction). The design included two temperature
treatments (19°C and 22°C) applied at the plot level
and four temperature 9 light treatments (19UVR,
19+UVR, 22UVR, 22+UVR) at the subplot level stemming from the combination of (i) two temperature
levels, low and high temperature (19°C and 22°C,
respectively) and (ii) two light levels, +UVR
(>280 nm) versus -UVR (only photosynthetically
active radiation, PAR; >400 nm; Fig. 1). The
increase of 3°C of temperature is within the variation expected in global predictions for the late 21st
century (IPCC 2013, Scenario RCP8.5).
In the first part of the experiment (main plot,
Fig. 1), both cultures were maintained in exponential growth for at least 11 generations (30 d) prior
to any measurement. The cultures grew under a
12:12 h light:dark photoperiod, at the respective
experimental temperature (19°C and 22°C) in 3 L
flasks (one flask per species and temperature level).
Both species were grown under mixotrophic conditions (nonaxenic culture) at 21.7 W  m2
(~100 lmol photons  m2  s1) of PAR (400–
700 nm). Bacteria growing in each culture were
those naturally associated with protist species culture (bacteria were not identified).
In the second part of the experiment (subplot,
Fig. 1), aliquots from the cultures were transferred
to 12 quartz flasks (250 mL, n = 3 per treatment)
for each species. The flasks were placed in an aquarium system with adjustable temperature by refrigeration (Tecoâ S. R. L. tank TK 2000, EU) and
radiation through light-emitting diode lamps (nano
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FIG. 1. Graphic scheme of the experimental split-plot design for each species (Isochrysis galbana and Chromulina sp.).The design
included two temperature (T) treatments (19°C and 22°C) applied at the main plot level and four T 9 light treatments at the subplot
level (19UVR, 19+UVR, 22UVR, 22+UVR). [Color figure can be viewed at wileyonlinelibrary.com]

LED light v.2.0, BLAU aquaristic) for PAR, and QPanel tubes for UVR (Fig. 1). For 12 h, the cultures
were subjected to a photoperiod of 6:6 h light:dark,
with irradiance of 21.7 W  m2 (100 lmol photons  m2  s1) of PAR and an additional
2.42 W  m2 of UVR in the +UVR treatments.
From flasks, aliquots were taken to measure photosynthetic quantum yield (ΦPSII), cell-specific Chl
a, elemental C, N, and P (see below). Furthermore,
40-mL Teflon FEP narrow-mouth bottles (Nalgene)
were filled in triplicate to measure respiration (R),
PP, and BV.
Response variables. The response variables measured were the most relevant ones for stoichiometry
as well as phototropic and phagotrophic metabolism
of mixotrophs (see Introduction).
Stoichiometric variables: Elemental composition (C,
N, and P) of each algal species was determined from
15 mL of each experimental unit by low-pressure filtration (<100 mmHg) through precombusted (1 h at
550°C) glass-fiber filters of 1 lm pore size (Whatman
GF/B; Whatmanâ, Sanford, ME, USA). Filters (one
for C and N determination and another for P) were
immediately frozen at 20°C. The C and N analyses
were performed using a Perkin-Elmer 2400 elemental
analyzer. Elemental P was determined after the filters
were digested with a mixture of potassium persulfate
and boric acid at 120°C for 30 min and analyzed as
soluble reactive P by applying the acid molybdate
technique (APHA 1992).

Chlorophyll a concentration: For the Chl a determination, 15 mL from each experimental unit was filtered through a Whatman GF/F filter (0.7 lm pore
size), and the photosynthetic pigments were
extracted during 24 h in darkness in 5 mL of acetone at 4°C to remove all the chlorophyll from the
filters. The samples were measured at an excitation
wavelength of 460 nm and emission at 670 nm, with
a fluorometer LS 55 Luminescence Spectrometer
(Perkin-Elmer, Boston, MA, USA). Previously, a calibration curve was made with pure spinach chlorophyll extract to transform fluorescence values into
chlorophyll concentration.
Photosynthetic activity: Chlorophyll fluorescence --- An
amount of 3 mL from each experimental unit was
taken every 2 h throughout the experiment to measure in vivo the Chl a fluorescence using a portable
pulse-amplitude-modulated fluorometer (Water-ED
PAM, Walz, Germany). Because the time between
sampling and fluorescence measurements was a few
seconds, the intrinsic photochemical efficiency of
PSII (ΦPSII) in the light was determined (Maxwell
and Johnson 2000) as equation 1:
UPSII ¼ DF =ðFm0 Þ ¼ ðFm0  Ft0 Þ=ðFm0 Þ
Fm0

ð1Þ

where
is the instantaneous maximum fluorescence induced by a saturating light pulse (ca.
5,300 lmol photons  m2  s1 in 0.8 s), and F’t is
the current steady-state fluorescence induced by an
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actinic light ~100 lmol photons  m2  s1 in lightadapted cells. Each subsample was measured six
times immediately after sampling, with each measurement lasting 10 s.
Nonphotochemical
quenching: Nonphotochemical
quenching (NPQ) was used as a proxy of the dissipation of the excess energy as heat and was determined directly from the PAM fluorometer as
equation 2:
NPQ ¼ ðFm  Fm0 Þ=ðFm0 Þ

ð2Þ

where Fm is the maximal fluorescence of darkadapted sample and F’m is the instantaneous maximum fluorescence induced by a saturating light
pulse (c. 5,300 lmol photons  m2  s1 in 0.8 s).
This is the most important short-term photoprotective mechanism activated by saturating radiation
intensities. The software stored the Fm value that
was then used with each sample to calculate the
NPQ.
The ΦPSII and NPQ areas were calculated for ΦPSII
and NPQ diel cycles (in triplicate for each treatment), following Gonzalez-Olalla et al. (2017), as in
equation 3:
Z a
f ðxÞdx
ð3Þ
A¼
b

where a and b are the initial and final measurement
times, respectively, and f(x) is the curve describing
the yield or NPQ over time for each treatment. The
area under the curve was calculated using the software MATLABâ r2015a (Mathworks, Natick, MA,
USA).
Primary production: Following the 14C method proposed by Nielsen (1952) and modified by Carrillo
et al. (2002), 40-mL Teflon flasks were filled from
each experimental unit (three clear plus one dark
as control) and added with 9.25 MBq of NaH14CO3
(specific activity: 310.8 MBq  mmol1; DHI Water
and Environment, Germany). The flasks were incubated for 2 h during the central hours of light
exposure, and then fixed with neutralized formaldehyde 0.5% w/v final concentration and stored at
4°C until processed. Then, 40-mL aliquots were filtered through Nuclepore filters of 1-lm pore size to
determine the particulate PP. The filtrations were
gently carried out at low pressure (<100 mmHg) to
minimize cell breakage. The excreted organic carbon (EOC) was measured from 4-mL aliquots of the
filtrate (<1 lm). The filters and filtrate were put
into 5- and 20-mL scintillation vials, respectively,
and acidified with 100 lL of 1 N HCl to remove
DI14C. Vials were then kept open for 24 h in an aeration hood following the recommendations of Lignell (1992). Then, the vials were filled with
scintillation cocktail (Ecoscint A) and counted using
a scintillation counter (Beckman LS 6000TA)
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equipped with autocalibration. Total Organic Carbon (TOC) was calculated as sum of PP and EOC,
and the %EOC was calculated following the equation 4:
EOC
 100
ð4Þ
%EOC ¼
TOC
Bacterivory rate: The method of Medina-Sanchez
et al. (2004) was used to measure the amount of
growing bacteria traced with [methyl-3H]-thymidine
captured by mixotrophic protists. For determining
BV, aliquots of 15 mL from each experimental unit
were transferred to 40-mL Teflon flasks, added with
[Methyl 3H]-thymidine to a final concentration of
25 nM, and incubated during 1 h at each corresponding temperature 9 light treatment (three
replicates and one blank per treatment). After incubation, the BV was stopped by adding neutralized
formaldehyde (0.75% w/v final concentration). Likewise, blanks were formaldehyde-killed before the
incubation. The samples were preserved at 4°C until
processed in the laboratory. A volume of 1.5 mL was
taken from each replicate for determining the total
activity (i.e., total traced bacteria) in the sample. The
remaining sample volume (13.5 mL) was filtered
through a cellulose nitrate filter of 1.2 lm pore size
(Sartorius). A volume of 1.5 mL was taken from the
filtrate to determine the residual activity (i.e., traced
bacteria not captured by protists), while the activity
registered on the filter (i.e., traced bacteria captured
by protists) served to measure the BV. The filters
were dissolved using 100% acetone and centrifuged
at 16,000g for 10 min at 4°C. Supernatant acetone
was eliminated without removing the pellet, which
was finally fixed and re-suspended with 1.5 mL of
TCA (5% final concentration). After TCA extraction
(>20 min at <1°C), the precipitate was collected by
centrifugation at 16,000 g for 10 min at 4°C, rinsed
and centrifuged twice with 5% TCA, and measured in
a scintillation counter equipped with autocalibration
(Beckman LS 6000 TA). The conversion factor
1.5 9 1018 cells  mol1 was used to convert the
incorporated 3H-thymidine into the number of
depredated bacteria (Bell et al. 1983). The factor
20 fg C  cell1 was applied to convert depredated
bacteria into C units (Lee and Fuhrman 1987).
Respiration rate: From each experimental unit, 40mL Teflon flasks equipped with sensor spots (SP-PSt3NAU-D5-YOP), were filled without bubbles, sealed to
avoid gas exchanges, and incubated at each experimental temperature for 6 h in dark after the corresponding light-exposure period (three replicates per
treatment). Measurements were made continuously
using an oxygen transmitter (OXY-4 mini, Presens
GmbH, Germany) equipped with Oxyview 6.02 software to register the data. This system was previously
calibrated using two-point calibration (0% and 100%
oxygen saturation) controlling temperature and
atmospheric-pressure measurements. Respiration
rates (in lg C  mg C1  h1) were calculated as the
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slope of the regression fit of oxygen concentrations
per C unit versus time. Oxygen values were converted
to C units assuming a respiratory quotient of 1 (Del
Giorgio and Cole 1998).
Effect size and statistical analysis. The statistical significance of temperature as the main plot effect,
and temperature 9 UVR interaction as the subplot
effect, on each response variable (see above) was
assessed by two-way split plot of repeated-measures
analysis of variance (RM-ANOVA) after verifying the
assumptions of homoscedasticity for each data
group (using Levene’s tests) and normality of residuals (by Shapiro–Wilk’s test).
The effect size of temperature, UVR, and
temperature 9 UVR interaction, as a measurement
of the magnitude and direction of factor effect on
the response variables (cell-specific Chl a, C-, N-, P
cell quota, C:N and C:P ratio, specific-PP, ΦPSII area,
specific-BV, R, %EOC, and NPQ area) for each species was calculated as follows in equations 5–7:
Effect size of temperatureð%Þ
X19UVR  X22UVR
¼
 100
X19UVR
Effect size of UVRð%Þ ¼

ð5Þ

X19UVR  X19þUVR
 100
X19UVR
ð6Þ

Effect size of temperature  UVRð%Þ
X19UVR  X22þUVR
¼
 100
X19UVR

ð7Þ

where X is the response variable measured in the
samples. Negative values indicate a stimulatory effect
and positive values indicate an inhibitory effect of
stress factors. Error propagation was used to calculate the variance of the effect size (as a percentage).
The differences between species for each
response variable, (i) under identical experimental
conditions and (ii) for the effect size of temperature, UVR, and temperature 9 UVR, were assessed
by a t-test for independent samples after verifying
the assumption of homoscedasticity (using Levene’s
test). All analyses were performed with the STATISTICA v7.0 software (Statsoft Inc. 2005).
RESULTS

Chl a and stoichiometric responses. Overall, the cellspecific Chl a, C-, N-, and P cell quota values were
lower in Isochrysis galbana than in Chromulina sp. (ttest P < 0.05; Table S1 in the Supporting Information, Fig. 2, a–d). The C:N was higher and N:P
lower than respective Redfield’s ratios in I. galbana,
whereas an opposite pattern was found in Chromulina sp. (except for the 19+UVR treatment; Fig. 2,
e and f). temperature 9 UVR interaction was significant for all these variables, except for the C cell

quota and N:P ratio in I. galbana (Subplot effect;
Table S2 in the Supporting Information).
The effect size of temperature, UVR, and
temperature 9 UVR on cell-specific Chl a was
weak (<15%), being that of temperature and
temperature 9 UVR stimulatory in Isochrysis galbana
but inhibitory in Chromulina sp. However, the effect
size of UVR had an opposite pattern on both species (P < 0.05; Table S3 in the Supporting Information; Fig. 3a). Regarding elemental stoichiometric
variables, the effect size of all factors was stimulatory
in I. galbana (except those of temperature 9 UVR
on C cell quota [no effect] and temperature on the
N cell quota [inhibitory]), but inhibitory in Chromulina sp. (except that of temperature on the N cell
quota [no effect]; P < 0.05, Table S3; Fig. 3, b–d).
The effect size of UVR and temperature 9 UVR on
the N cell quota was found to be greater in both
species (exceeding 50%, Fig. 3c). For C:P and N:P
ratios, only the effect size of temperature in I. galbana and, notably, the effect size of UVR in Chromulina sp., proved stimulatory on C:N ratio, whereas
the effect size of UVR and temperature 9 UVR was
stimulatory on N:P ratio only in I. galbana (Fig. 3, e
and f).
Mixotrophic metabolism response to temperature and
UVR. Isochrysis galbana and Chromulina sp. showed
contrasting responses in the values of metabolic
rates and in the magnitude and direction of the
effect
size
of
temperature,
UVR,
and
temperature 9 UVR on most of these variables.
Thus, the ФPSII area was higher in I. galbana than in
Chromulina sp. (t-test P < 0.05; Table S1; Fig. 4a),
whereas NPQ was lower in I. galbana than in Chromulina sp. (t-test P < 0.05; Table S1; Fig. S1a in the
Supporting Information). The specific-PP values in
I. galbana were ca. 1/5 of those in Chromulina sp.
(P < 0.05; Table S1; Fig. 4b). Accordingly, the %
EOC values range 53.8%–72.2%, were higher in
I. galbana than in Chromulina sp. (P < 0.05;
Table S1; Fig. S1b). temperature 9 UVR interaction
was significant for all these variables, but opposite
effects between species were found (subplot effect;
Table S4 in the Supporting Information). The effect
size of temperature and temperature 9 UVR on
ФPSII area was inhibitory in I. galbana but stimulatory in Chromulina sp. (P < 0.05; Table S3; Fig. 5a),
while the effect size of UVR was inhibitory in both
species, with higher magnitude in I. galbana than in
Chromulina sp. (P < 0.05; Table S3; Fig. 5a). Accordingly, the effect size of temperature, UVR, and
temperature 9 UVR on NPQ was stimulatory (even
exceeding 100%), in I. galbana but inhibitory in
Chromulina sp. (P < 0.05; Table S3; Fig. 5c). In contrast to ФPSII area, the effect size of temperature,
UVR, and temperature 9 UVR was stimulatory on
specific-PP in I. galbana, but inhibitory in Chromulina
sp. (except for UVR; Fig. 5b). Notably, the effect
size of temperature, UVR, and temperature 9 UVR
on %EOC was inhibitory in both I. galbana and
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FIG. 2. Chlorophyll a content and elemental composition of Isochrysis galbana and Chromulina sp. under temperature (T) (low T [19°C]
and high T [22°C]) and light (full sunlight [+UVR] and photosynthetically active radiation [UVR]) treatments. Cell-specific Chl a (a), C cell
quota (b), N cell quota (c) and P cell quota (d), C:N ratio (e) and N:P ratio (f). Red line represents Redfield ratio. Cross symbols represent
the experimental conditions that did not exhibit significant differences between species. Data are expressed as mean values  SD (n = 3).
[Color figure can be viewed at wileyonlinelibrary.com]

Chromulina sp., although their magnitudes were
lower in I. galbana (P < 0.05 for UVR and
temperature 9 UVR; Table S3; Fig. 5d).
Regarding heterotrophic metabolism, the specificBV was significantly higher in Isochrysis galbana than
in Chromulina sp. (t-test P < 0.05; Table S1; Fig. 4c).
The %BV in I. galbana and Chromulina sp. ranged
from 1% to 35%, suggesting that mixotrophic protist activity was not limited by prey. Likewise, R rate
was higher in I. galbana than in Chromulina sp.
(P < 0.05; Table S1; Fig. S1c). There were significant temperature 9 UVR effects on both specific-BV
and R rate in both species (subplot effect;
Table S4). For specific-BV, the effect size of temperature was stimulatory, although the magnitude
was lower in Isochrysis galbana (140%) than in

Chromulina sp. (>700%). The effect size of UVR was
opposite in the two species, being moderately
(50%) inhibitory in I. galbana but strongly (>200%)
stimulatory in Chromulina sp. (P < 0.05; Table S3;
Fig. 5e).
Finally,
the
effect
size
of
temperature 9 UVR was (50%) inhibitory in both
species, without significant differences between
them (P > 0.05; Table S3; Fig. 5e). For R rate, the
effect size of temperature and temperature 9 UVR
was stimulatory for both species (Fig. 5f), the magnitude being greater in Chromulina sp. than in I. galbana, whereas the effect size of UVR was inhibitory
in I. galbana but stimulatory in Chromulina sp.
(P < 0.05; Table S3; Fig. 5f).
The PP:BV ratio was about two orders of magnitude higher in Chromulina sp. than in
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FIG. 3. Effect size of temperature (T), UVR, and temperature (T) 9 UVR on cell-specific Chl a (a), C cell quota (b), N cell quota (c) and P
cell quota (d), C:N ratio (e) and N:P ratio (f) of Isochrysis galbana and Chromulina sp. Data are expressed as mean values  SD (n = 3). Asterisks
show the significance value: ***P < 0.001; **P < 0.01; *P < 0.05; ns: not significant. [Color figure can be viewed at wileyonlinelibrary.com]

Isochrysis galbana (P < 0.05; Table S1; Fig. 4d). The
effect size of temperature was inhibitory in both species, although of magnitude proved lower in I. galbana than in Chromulina sp. (P < 0.05; Table S3;
Fig. 5g). The effect size of UVR was inhibitory in
Chromulina sp. but strongly (>200%) stimulatory in
I. galbana (P < 0.05; Table S3; Fig. 5g). Finally, the
effect size of temperature 9 UVR was stimulatory in
both species, particularly in I. galbana (P < 0.05;
Table S3; Fig. 5g).
For each species and experimental condition, the
difference between specific-BV and specific-PP (i.e.,
BV minus PP) from the results of the effect size
(Fig. 5, b and e) is summarized in Figure 6. Our
findings reveal that, while temperature exerted a
common effect of stimulating the phagotrophic
machinery with respect to photosynthesis in both
species, UVR stimulated phagotrophy more in Chromulina sp. and the phototrophy more in
Isochrysis galbana. Notably, the joint effect of temperature and UVR favored phototrophy machinery
over phagotrophy in both cells.
DISCUSSION

This study answered the key question concerning
how the metabolic response to multiple stressors

can differ in protists located in different positions
along the mixotrophic gradient. We found two
remarkable results: the first refered to the nutritional strategy of both species, while the second
refered to the magnitude and direction of the effect
of global-change factors on cell metabolism and the
underlying mechanisms.
First, our results indicated that Isochrysis galbana
has a proportionally greater dependence on photosynthesis than on phagotrophy, in agreement with
Cabrerizo et al. (2017), and Anderson et al. (2018).
However, Chromulina sp. acted more autotrophically
than reported by Rottberger et al. (2013) and Jones
and Ilmavirta (1988). Therefore, our study revealed
that I. galbana and Chromulina sp. were closer to
autotrophy than to heterotrophy on the continuum
of nutritional strategies established for mixotrophy
by Mitra et al. (2016).
Despite that Isochrysis galbana exhibited a mostly
autotrophic metabolism (high PP:BV values), this
species displayed notable bacterivorous activity that
corresponded to a higher respiratory rate and lower
levels of NPQ than those shown by Chromulina sp.
The daily ФPSII differed between the two species,
with Chromulina sp. showing the typical “U-shaped”
curve during light-dark period, whereas Isochrysis galbana registered the strongest inhibition at the
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FIG. 4. Metabolic variables of Isochrysis galbana and Chromulina sp. under temperature (T) (low T [19°C] and high T [22°C]) and Light
(full sunlight [+UVR] photosynthetically active radiation [UVR]) treatments. Area under the curve for effective quantum yield (ΦPSII
area) (a), Specific primary production (specific-PP), (b), specific-bacterivory (specific-BV), (c) and PP:BV ratio (d). Data are expressed as
mean values  SD (n = 3). [Color figure can be viewed at wileyonlinelibrary.com]

beginning of dark period (Fig. S2 in the Supporting
Information). Presumably, the low NPQ levels and
excess light (exceeding the photosynthetic capacity
of I. galbana and thus causing cumulative photodamage) gave rise to this atypical pattern of ФPSII
(Aro et al. 1993, Ort 2001). Surprisingly, Chromulina
sp. showed greater predominance of autotrophic
metabolism—that is, the highest PP:BV values, concomitant with high values of Chl a and N cell quota
related to the great development of the photosynthetic apparatus (Kolber et al. 1988) and with
higher NPQ values. The latter values could indicate
a stronger photoprotective mechanism due to high
photosynthetic activity (Halac et al. 2014, Cabrerizo
et al. 2018). Stoichiometrically, both species suffered mineral limitation by N (Isochrysis galbana)
and P (Chromulina sp.), related to their marine and
freshwater origin.
Thus, according to these capacities, Isochrysis galbana and Chromulina sp. are type II constitutive mixotrophs (Mitra et al. 2016) or “phytoplankton” that
feed on bacteria (Stoecker et al. 2017), although
with low ingestion rates (0.06  cell1  h1 for
I. galbana and 0.002  cell1  h1 for Chromulina
sp.).

Second, our complex experimental approach considered the temporal extent and action scales of
press (over 1 month of warming 3°C) and pulse
(6 h of UVR disturbance) as a realistic way to determine the metabolic trade-off of mixotrophs against
these two global-change drivers. Thus, this study
revealed that, regardless of their main nutritional
strategy, the two species showed a similar metabolic
trade-off in response to warming (Fig. 6). Warming
favored the phagotrophic over the photosynthetic
machinery in both species (Fig. 6) according to our
hypothesis and the studies of Wilken et al. (2012)
and Chan et al. (2018). For Isochrysis galbana, warming also stimulated specific-PP, apparently mediated
by increasing metabolic pathways (i.e., RuBisCO;
Helbling et al. 2011). The results also showed a
notable mismatch between ФPSII and PP, as
reported by Behrenfeld et al. (1998) and Gilbert
et al. (2000). That ФPSII was inhibited (as also
reported by Cabrerizo et al. 2018) and specific-PP
stimulated by temperature was due probably to a
change in coupling between electron transfer and C
fixation (Moore et al. 2003, Wagner et al. 2006, Carrillo et al. 2015). The stimulation of both types of
metabolism in I. galbana appears to be related to
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FIG. 5. Effect size of temperature (T), UVR, and temperature (T) 9 UVR effect for the variables area under the curve for effective
quantum yield (ΦPSII area), (a) Specific primary production (specific-PP), (b) area under the curve for nonphotochemical quenching
(NPQ area), (c) percentage of excreted organic carbon (%EOC), (d) specific-bacterivory (specific-BV), (e) respiration (R), (f) and PP:BV
ratio (g) for Isochrysis galbana and Chromulina sp. Data are expressed as mean values  SD (n = 3). Asterisks show the significance value:
***P < 0.001; *P < 0.05; ns: not significant. [Color figure can be viewed at wileyonlinelibrary.com]

greater values for NPQ (Halac et al. 2014) and R
(Smith et al. 2015). However, temperature as a single factor exerted a negative effect on specific-PP of
Chromulina sp., in agreement with the results
reported by Princiotta et al. (2016) for the chrysophyte Dinobryon sociale and by Sutton (1972) for
Chromulina chionophila. It is plausible that high temperature and the inhibition of NPQ to quench the
excess of energy might provoke an accumulation of
photodamage in Chromulina sp. Regarding cell stoichiometry, the absence of a significant effect of

warming agrees with lack of response of C:N ratio
of phytoplankton community to temperature
increase (Yvon-Durocher et al. 2017), although
Yvon-Durocher et al. (2015) reported a higher N:P
and C:P ratio under warming conditions for natural
communities due to the decline of P-rich assembly
machinery (ribosomes) relative to N-rich photosynthetic machinery.
The two species differed in their metabolic tradeoff in response to UVR and it was similar for
temperature 9 UVR (Fig. 6). Contrary to our
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phagotrophy is light-dependent, indicating that this
species may need to synthesize some factor(s) during
photosynthesis (Caron et al. 1993, Zhang and Watanabe 2001). On this basis, Chromulina sp. could be considered an obligate phototroph.
In addition, cell stoichiometry was affected by
UVR and temperature 9 UVR, both species exhibiting more balanced C:N ratios (close to 7.0) and N:P
ratios (close to 16.0). Specifically, in Isochrysis galbana the C:N ratio rose and the N:P ratio fell,
whereas in Chromulina sp. the nutrient ratio
response was the opposite. These results contrast
with others that have reported a fall in the C:N ratio
in epilithic algae under UVR exposure (Tank et al.
2003) or no effect on marine phytoplankton (Carrillo et al. 2015). It bears noting that the stoichiometry after the action of the factors assayed became
balanced, precluding its role as a first-order explanatory mechanism of the metabolic responses.
CONCLUSIONS

FIG. 6. Comparative of machinery stimulation of specific primary
production (specific-PP) or specific-bacterivory (specific-BV) in
Isochrysis galbana and Chromulina sp. calculated as the difference
between specific-BV and specific-PP from the results of the effect size
of each factor (temperature [T], UVR and temperature
[T] 9 UVR). [Color figure can be viewed at wileyonlinelibrary.com]

hypothesis, UVR and temperature 9 UVR moved the
cell metabolism of Isochrysis galbana toward autotrophy because of a stimulation of specific-PP and inhibition of specific-BV. The stimulation of specific-PP
(also reported by Gao et al. 2007) was related to
higher values of NPQ, consistent with their photoprotective function under UVR (Halac et al. 2014). The
negative effect of UVR on specific-BV could be
related to damage to the flagellar apparatus, leading
to changes in cell morphology and motility (Sommaruga et al. 1996, Sommaruga and Buma 2000). A
positive effect of temperature 9 UVR on BV and a
negative one on the electron-transport rate of
Isochrysis galbana has been reported by Cabrerizo
et al. (2018). By contrast, single UVR stimulated
mainly phagotrophy in Chromulina sp., whereas
temperature 9 UVR displaced the metabolism
toward phototrophy. The phagotrophic ability of
chrysophytes such as Ochromonas sp. and Chromulina
nevadensis has been proposed as an adaptive strategy
at high UVR levels in aquatic ecosystems (Carrillo
et al. 2017, Gonzalez-Olalla et al. 2018). This strategy
could be based on the ability to circumvent the photoinhibition of PSII using only the PSI (Wilken et al.
2014) and deriving C from bacterial consumption.
However, guided by specific-PP inhibition by temperature, the interaction temperature 9 UVR
exerted a negative effect on the Chromulina sp., also
inhibiting the specific-BV. In some species,

Warming and UVR induced shifts in the cell
metabolism of both species from initial conditions,
revealing a high metabolic trade-off (Fig. 6). This
shift was consistently toward greater phagotrophy
under a temperature increase, supporting our
hypothesis. However, our study proved that temperature increase and UVR simultaneously affected
the phototrophic and phagotrophic machinery in
both mixotrophic protists, moving their metabolism
toward greater autotrophy. The decrease in mixotrophy, driven by low phagotrophic activity, under
temperature 9 UVR conditions could negatively
affect the bypass of C flux through the bacteria-mixotroph link (Medina-Sanchez et al. 2004, Ptacnik
et al. 2016), resulting in less efficient C flux and
transfer inorganic nutrients in the aquatic food
webs.
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Figure S1. Metabolic and physiologic variables
of Isochrysis galbana and Chromulina sp. under
Temperature (T) (low T [19°C] and high T
[22°C]) and Light (full sunlight [+UVR] photosynthetically active radiation [UVR]) treatments.
Respiration (R), (a), percentage of excreted
organic carbon (%EOC), (b) and area under the
curve for nonphotochemical quenching (NPQ
area), (c) for Isochrysis galbana and Chromulina sp.
Data are expressed as mean values  SD (n = 3).
Figure S2. Photobiological variables of Isochrysis
galbana and Chromulina sp. under Temperature
(T) (low T [19°C] and high T [22°C]) and Light
(full sunlight [+UVR] photosynthetically active
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radiation [UVR]) treatments. Effective quantum
yield (ФPSII) (a, b) and nonphotochemical quantum yield (NPQ), (c,d) values for I. galbana (left
panel) and Chromulina sp. (right panel). Horizontal white and shaded areas on “X axis, time” represent the light and dark exposure period,
respectively, throughout the experiment.
Table S1. Results of the t-tests for independent
samples to analyze the differences between species for each response variable (cell-specific Chl a,
C cell quota, N cell quota and P cell quota, C:N
and N:P ratios, area under the curve for photochemical quantum yield area [ФPSII area], specific
primary production [sPP], specific-bacterivory
[sBV], PP:BV ratio, area under the curve for nonphotochemical quenching area [NPQ area], percentage of excreted organic carbon [%EOC], and
respiration [R]), under identical experimental
conditions.
Table S2. Results of the two-way split-plot analysis of variance of Temperature (T) and UVR
effects on cell-specific Chl a, C cell quota, N cell
quota and P cell quota, C:N and N:P ratios. Numbers in bold indicate significant effect.

Table S3. Results of the t-test for independent
samples to analyze the differences between species on the variables (cell-specific Chl a, C cell
quota, N cell quota and P cell quota, C:N and N:
P ratios, area under the curve for photochemical
quantum yield area [ФPSII area], specific primary
production [sPP], specific-bacterivory [sBV],
PP:BV ratio, area under the curve for nonphotochemical quenching area [NPQ area], percentage
of excreted organic carbon [%EOC], and respiration [R]), for the effect size of T, UVR, and
T 9 UVR.
Table S4. Results of the two-way split-plot analysis of variance of Temperature (T) and UVR
effects on area under the curve for photochemical quantum yield area (ФPSII area), specific primary production (sPP), specific-bacterivory (sBV),
PP:BV ratio, area under the curve for nonphotochemical quenching area (NPQ area), percentage
of excreted organic carbon (%EOC), and respiration (R). Numbers in bold indicate significant
effect.

