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Stressful environmental conditions can induce
many different acclimation mechanisms in marine
phytoplankton, resulting in a range of changes in
their photophysiology. Here we characterize the
common photophysiological stress response of the
model diatom Thalassiosira pseudonana to ten
environmental stressors and identify diagnostic
responses to particular stressors. We quantify the
magnitude and temporal trajectory of physiological
parameters including the functional absorption
cross-section of PSII (6psm), quantum efficiency of
PSII, non-photochemical quenching (NPQ), cell
volume, Chl a, and carotenoid (Car) content in
response to nutrient starvation (nitrogen (N),
phosphorus (P), silicon (Si), and iron (Fe)), changes
in temperature, irradiance, pH, and reactive oxygen
species (ROS) over 5 time points (0, 2, 6, 24, 72 h).
We find changes in conditions: temperature,
irradiance, and ROS, often result in the most rapid
changes in photophysiological parameters (<2 h),
and in some cases are followed by recovery. In
contrast, nutrient starvation (N, P, Si, Fe) often has
slower (6-72 h) but ultimately larger magnitude
effects on many photophysiological parameters.
Diagnostic changes include large increases in cell
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volume under Si-starvation, very large increases in
NPQ under P-starvation, and large decreases in the
opsn under high light. The ultimate goal of this
analysis is to facilitate and enhance the
interpretation of fluorescence data and our
understanding of phytoplankton photophysiology
from laboratory and field studies.

Key index words: diatom; environmental stress; fluo-
rescence; stress response; Thalassiosira pseudonana

Abbreviations: Car, carotenoids; F,/F,, the maxi-
mum quantum yield of PSII photochemistry; NPQ,
non-photochemical quenching; ROS, reactive oxy-
gen species; opgy, the functional absorption cross-
section of PSII; ®pgyy, the PSII operating efficiency
under actinic light

Diatoms are among the most successful phyto-
plankton groups, responsible for a large proportion
of total marine primary production and carbon
export (Field et al. 1998, Tréguer et al. 2018). The
ocean is highly dynamic with rapid changes in envi-
ronmental conditions, including temperature, light,
pH, and the availability of key nutrients. Diatoms
respond to shifts in these conditions by altering
their physiological state, resulting in changes to
community composition and productivity. The abil-
ity of diatoms to acclimate to rapidly changing envi-
ronmental conditions is likely a key factor in their
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ecological success (De La Rocha and Passow 2004,
Armbrust 2009).

Chlorophyll fluorescence parameters and pigment
content are frequently used to assess physiological
status, identify dominant environmental stressors,
and quantify phytoplankton biomass and productiv-
ity in situ and in laboratory studies (Boyd and Abra-
ham 2001, Young and Beardall 2003, Gorbunov and
Falkowski 2005, Behrenfeld et al. 2006, Moore et al.
2006, Prasil et al. 2008, Suggett et al. 2009). These
parameters provide insight into photochemical pro-
cesses associated with light harvesting and processes
facilitating carbon fixation and can quantify the bal-
ance between energy absorbed through photochem-
istry and energy-demanding metabolic processes
under environmental stresses (Huner et al. 1998,
Wilson et al. 2006, Kramer and Evans 2011). For
example, the functional absorption cross-section of
PSII (opsip) enables an estimate of light absorbed by
the PSII apparatus. F,/F,, and PSII operating effi-
ciency under actinic light (®pgy) provide estimates
of the quantum efficiency of PSII after dark-adapta-
tion and under actinic light, respectively. Non-pho-
tochemical quenching (NPQ) of the PSII antenna
provides an estimate of the thermal dissipation of
excess excitation energy absorbed by the cell. Much
experimental work has been conducted to quantify
the photophysiology of phytoplankton in response
to single environmental factors in an attempt to
identify photophysiological markers of particular
environmental stressors (e.g., Parkhill et al. 2001,
Young and Beardall 2003). Some work has also been
conducted to test how phytoplankton respond to
multiple environmental drivers (Brennan and Col-
lins 2015, Boyd et al. 2018, Li et al. 2018, Gao et al.
2019). Despite these efforts, still more work is
required to be able to distinguish the effects of dif-
ferent environmental stressors and interpret these
parameters under dynamic conditions in the field.

To make sense of photophysiological responses
under non-steady-state conditions, the experimenter
must describe the nature of the perturbation and
the time between the change in the environment
and the fluorescence observation. Although we
know that the up-regulation of NPQ and changes in
PSII quantum yield can be very fast (Kolber et al.
1998), many of the published observations in nutri-
entstarved conditions are made 24-48 h following
perturbation (Geider et al. 1993, Liu et al. 2011,
Liefer et al. 2018). Experimental work to date has
not used a consistent species/strain/ecotype with
similar physiological status and lacks a standard
experimental design and timing for assaying photo-
physiology in response to non-steady-state stressors.
There are a very large number of possible experi-
ments, which makes comparison across studies and
labs difficult. For example, it is difficult to compare
the photophysiological response of Phaeodactylum tri-
cornutum to nitrogen or phosphorus starvation from
previous studies due to differences in sampling and

culture conditions used by different investigators
(Geider et al. 1993, Abida et al. 2015, Alipanah
et al. 2015, 2018). As a result, both the time
required to get a significant change in a specific
photophysiological parameter and the relative
magnitude of the change in response to a variety of
different environmental stressors are not well
described in the literature.

Here we hypothesize that environmental stressors
will cause similar photophysiological responses if
they cause a similar imbalance between light energy
absorbed and metabolic demand, reactive oxygen
generation and damage. To test this hypothesis we
investigated  the dynamic  photophysiological
responses of the model diatom Thalassiosira pseudo-
nana to 10 common environmental perturbations,
including 5 environmental conditions (2 irradi-
ances, 2 temperature treatments, lowered pH), star-
vation to 4 different mineral resources (nitrate,
phosphate, iron, and silicic acid), and elevated
HyOy (used as a positive control because ROS levels
are expected to increase under many stressors) at 5
time points over 72 h. Environmental stressors can
impact photophysiology directly, including by dam-
age, and indirectly by remodelling and recovery. All
stressors have the potential to stimulate an imbal-
ance between the light energy absorbed through
photochemistry versus the energy needed to fuel
metabolism (Demmig-Adams and Adams 1992,
Huner et al. 1998, Hughes et al. 2018) and there-
fore may show some similarity in response due to
the over-excitation of PSII and photo-oxidative
stress. We also expected some differences in the
magnitude and timing of the effect on various pho-
tophysiological parameters across different types of
stressors, in particular those that lead to a surplus
versus a deficit in photons absorbed compared to
the energy demand to fuel metabolism. Our system-
atic study of one diatom species under otherwise
identical laboratory conditions illuminates the con-
trasts in photophysiological response, including
changes in fluorescence parameters and changes in
cell volume, Chl g, and carotenoid content, across a
wide range of stressors over time, and thus facilitates
the identification of common and unique photo-
physiolgical responses to different environmental
stressors.

MATERIALS AND METHODS

Strain and culture conditions. The coastal diatom Thalas-
siosira pseudonana (CCMP 1335) was obtained from the Bige-
low National Center for Marine Algae and Microbiota
(formerly CCMP). Axenic clones were purified by streaking
diluted liquid culture on agar plates. The following experi-
ments were conducted on cultures derived from a single
clone. Cultures were maintained in 250 mL polycarbonate
bottles (Nalgene, USA) with 250 mL modified ESAW medium
(Berges et al. 2001, see Media preparation section). Continu-
ous illumination was provided by LED bulbs. Irradiance was
monitored using Biospherical Instruments QSL 2101.
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Temperature was maintained using growth chambers (Convi-
ron A1000, Conviron, Manitoba, Canada). Cultures were
manually agitated four to five times each day in order to
reduce cell sedimentation. Under our growth conditions,
the optimal growth temperature for 7. pseudonana was 23°C
and saturating growth irradiance was 200 umol photons -
m?. st

Experiment design. Ten stress conditions plus a control con-
dition were evaluated in this study (Table 1), including 4
nutrient starvation treatments (a transfer of cells into N-, P-,
Si-, and Fe-free media); an elevated (26°C) and a depressed
temperature (14°C) treatment relative to the control main-
tained at 20°C; a low-light (10 pmol photons - m™ - s™') and
high-light treatment (800 pmol photons - m2 . s relative
to the control maintained at 100 umol photons - m™2 - s7; a
low-pH treatment (pH 7.8) relative to the control maintained
at pH 8.1; and a reactive oxygen species (ROS) stress treat-
ment that was created by exogenous addition of 0.165 mM
HsO,. The control allows us to account for the impact of
handling and separate it from the impact of the environmen-
tal treatments on the physiological parameters. Extensive pre-
liminary experiments were conducted to choose our
temperature, light, and HyO, treatments. We chose 14°C as
our low-temperature treatment and 10 umol photons
m? -5 as our lowlight treatment based on preliminary
experimental work that indicated these values would lower
growth rates to between half to one-third of that achieved
under 20°C and 100 pmol photons - m?. s, The high-tem-
perature treatment (26°C) and the high-light treatment
(800 pmol photons - m? . s were selected to trigger a
high-temperature response and a high-light response without
a detectable influence on division rate. Preliminary experi-
mental work identified HyOy concentration < 0.15 mM as a
non-lethal but detectable ROS treatment. Taking into consid-
eration the degradation of HyO, after opening the original
bottle, we increased the HyOs, concentration to 0.165 mM.
Cultures exposed to HyOs exhibited immediate detectable
photophysiological responses, followed by recovery over the
72 h of the experiment.

Samples were taken at 5 time points: 0 (initiation of the
treatment), 2, 6, 24, and 72 h after the initiation of the treat-
ment. Four independent biological replicates of each treat-
ment were run and assayed. To maintain stable conditions,
each sample was taken from a separate bottle (each treatment
and time point had 4 replicate bottles). Cells at all conditions
and all time points were sampled at a final cell concentration
of 5 x 10° cells - mL™". A series of pre-experiments for each
experimental treatment was conducted to determine the
ideal cell density to initiate the experiment and for sampling.
Stock cultures for each condition were acclimated for over 20
generations in the mid-exponential phase under the control
conditions before the treatment. Stock cultures were then fil-
tered onto polycarbonate (PC) Millipore membranes (pore
size: 0.8 um, diameter: 47 mm) and washed three times with
ESAW media modified according to treatment (N-, P-, Si-, Fe-
free for nutrient starvation; pH 7.8 for low-pH stock cultures,
pH 8.1 for other treatments), followed by suspending cells in
the same modified ESAW media. Suspended cells were
counted and transferred to the prepared and acclimated
media in 250 mL PC bottles. Pre-experimental work found
that pH varied < 0.05 over the experiment over the planned
range of cell concentrations. Cell concentrations and cell vol-
ume were monitored at each sampling point using a Z2 Coul-
ter Counter (Beckman Coulter) with Coulter Z2 AccuComp
software. We initiated each culture with a different cell den-
sity, chosen using pre-experiments to achieve a desired cell
density at the sampling time. As a result, the observed cell
density, X(f), for each bottle was approximately 5 X 10°
cells - mL™ at the 4 sampling times (&> 0). To determine the

trajectory of increase in cell density over the time course of
each treatment, we computed the cell density scaled by initial
density on a log scale, In (X(?)/X(0)), for each bottle at its
sampling time. This quantity measures the amount of growth
in each bottle, quantified as the ratio of cell density at the
sampling time relative to the initial cell density. Because
growth is exponential, we log transform this and refer to the
resulting parameter as accumulated growth. For the control bot-
tles, the function is a straight line reflecting balanced growth.
To facilitate comparisons across treatments, we normalize the
accumulated growth parameter at time ¢ by the accumulated
growth in the control and refer to it as relative accumulated
growth.

Media preparation. ESAW media was set to pH 7.8 (low-
pH) or pH 8.1 (control and all other treatments) using
16 mM N-(2- hydroxyethyl)-piperazine-N9-2-propanesulfonic
acid (EPPS; Sigma-Aldrich), adjusted with ultra-pure HCl/
NaOH. Media was filtered through 0.2 ym Whatman POLY-
CAP filters and supplemented with 0.22 pm-filtered vitamins
and inorganic nutrients. The nutrientreplete treatments and
controls had final concentrations of 100 pM NaNOs;, 20 pM
NagPOy, 150 pM NaySiO3-9HoO, and 6.56 pM Fe with a
NagEDTA concentration of 100 pM. The N-, P-, and Si-starva-
tion treatments were made by adding rinsed cells to media
with no addition of NaNOs, NasPO, and NasSiO3-9H50,
respectively. The iron stock was made with an Fe-EDTA solu-
tion of FeCls-6HoO (CAS No. 10025-77-1, Sigma-Aldrich Inc.)
with 100 pM NagEDTA. The iron-free treatment had a final
NagEDTA concentration of 100 pM (no FeCls-6HoO addi-
tion). For the hydrogen peroxide (HyOy) treatment, a final
HsO, (Sigma) concentration of 0.165 mM was achieved in
the acclimated ESAW media before the cells were transferred
from the stock culture. To prevent nutrient contamination,
all culture vessels and containers were cleaned by soaking in
1.2 M HCI for at least 24 h and rinsed with 18.2 MQ cm
Milli-QQ water (Millipore; Bedford, MA, USA), followed by
microwave sterilization. All stock solutions and media were
prepared using high-purity analytical grade chemicals and
freshly collected Milli-Q water. Acid-cleaned 250 mL polycar-
bonate bottles (Nalgene, USA) were used for stock solution
preparation and storage to prevent iron contamination. Acid-
cleaned 4 L polycarbonate bottles (Nalgene, USA) were used
to prepare the culture media. 250 mL of each type of media
were transferred into the 250 mL polycarbonate bottles and
then put into a growth chamber under the experimental con-
ditions overnight before use.

Chlorophyll and carotenoid measurements. Samples (7 mL) of
culture were filtered onto Whatman GF/F membranes (effec-
tive pore size, ~0.7 pm) under gentle vacuum pressure
(<18 kPa or 5 in Hg) and low-light, followed by an overnight
extraction with 90% acetone in the dark at 4°C. Samples were
then centrifuged at 4,300g, 4°C for 10 min. The absorption
of the supernatant was measured at 480, 630, 664, and
750 nm using a UV-vis spectrophotometer (Shimadzu UV-
2700). The Chl a content was calculated following Jeffrey and
Humphrey (1975). Total Car content was calculated following
Davies (1976).

Chlorophyll fluorescence measurements. The maximum quan-
tum yield of PSII photochemistry (F,/F,,) and the functional
absorption cross-section of PSII (opgy with instrument-specific
calibration factors (Satlantic)), were measured by a Fluores-
cence Induction and Relaxation System (FIRe, Satlantic, Hali-
fax, Canada). Excitation was achieved using a high-luminosity
blue (455 £ 20 nm) light-emitting diode (LED) array. PSII
photochemistry parameters were determined by fitting the
biophysical (KPF) model of Kolber et al. (1998) to each fluo-
rescence transient using the FIREPRO 4.3 software provided
by Satlantic. Twenty to 30 replicate measurements were made
on a sample and averaged. The PSII operating efficiency
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TapLE 1. Description of the experimental treatments used in this study.

Light intensity

Treatments Time (h) Media Description Temperature (°C) (pmol - m?2-sh) pH
Control 0,2,6,24,72 h ESAW Full nutrients 20 100 8.1
N-starvation 0,2,6,24,72 h N-free ESAW No NaNOj; addition 20 100 8.1
P-starvation 0,2, 6,24, 72 h P-free ESAW No NagPO, addition 20 100 8.1
Si-starvation 0,2,6,24,72 h Si-free ESAW No NaySiO3-9HoO addition 20 100 8.1
Fe-starvation 0,2,6,24,72 h Fe-free ESAW No FeCl3-6Hy0O addition, 20 100 8.1
with 100 pM Na,EDTA
ROS 0,2,6,24,72 h ESAW 0.165 mM HsO, addition 20 100 8.1
Low-temperature 0,2,6,24,72 h ESAW Full nutrients 14 100 8.1
High-temperature 0,2,6,24,72 h ESAW Full nutrients 26 100 8.1
Low-light 0,2,6,24,72 h ESAW Full nutrients 20 10 8.1
High-light 0,2,6,24,72 h ESAW Full nutrients 20 800 8.1
Low-pH 0,2,6,24,72 h ESAW Full nutrients 20 100 7.8

ESAW media was prepared according to Berges et al. 2001, but with some modifications. The nutrientreplete treatments and
controls had final concentrations of 100 pM NaNOg, 20 pM NagPOy, 150 pM NaoSiO5-9Ho0, and 6.56 pM Fe with a NagEDTA
concentration of 100 pM. Nutrient starvation was induced by washing cells and then placing the cells in nutrient-free media. Tem-
perature was maintained using growth chambers (Conviron A1000, Conviron, Manitoba, Canada). Continuous illumination was
provided by LED bulbs. Irradiance was monitored using Biospherical Instruments QSL 2101. pH was set to pH 8.1 (control) or
pH 7.8 (low-pH) using 16 mM N-(2-hydroxyethyl)-piperazine-N9-2-propanesulfonic acid (EPPS; Sigma-Aldrich), adjusted with
ultra-pure HCl/NaOH. Time (h) refers to sampling time after initiation of treatment. All experiments were performed using four

independent biological replicates.

under actinic light (®pg;;) and non-photochemical quenching
(NPQ) was measured by a fast repetition rate fluorometry
(FRR(f) system using a PSI FL-3500 fluorometer and FluorWin
software (Photon Systems Instruments, Drasov, Czech Repub-
lic). A train of 40 blue (455 nm, 30,000-85,000 pmol photons
-m2 . s flashlets with a duration of 1.2 ps separated by an
intervening interval of 1.0 ps of darkness was used to progres-
sively close PSII reaction centers and induce maximum fluo-
rescence. After an initial measurement in the dark, an actinic
light approximately equivalent to the growth light level
(100 umol photons - m 257", except for the low-light treat-
ment: 8 ymol photons - m? . s and high-light treatment:
800 umol photons - m2s™) was applied for 10 s following
the protocols described by Liefer et al. (2018) and Xu et al.
(2018). PSIWORX-R package (A. Barnett, sourceforge.net)
were used to derive the following parameters: minimum fluo-
rescence (Fy), maximum fluorescence (F,,), steady-state fluo-
rescence at the growth irradiance (F;), maximum
fluorescence under actinic light equivalent to the growth irra-
diance (F,,"). ®psy was calculated according to Genty et al.
(1989), and NPQ was calculated according to Bilger and
Bjorkman (1990) as follows:

psyy = (F, — F)/ F), M

For both FIRe and FRRf measurements, two 2 mL samples
were collected at each time point of the experiment and
dark-adapted inside the incubator at their growth tempera-
ture for 15 min to ensure that the primary quinone-type
acceptor was fully oxidized. Both measurements were made
in a climate-controlled room at the same time.

Statistical analyses. All experiments were performed using
four independent biological replicates. All data are presented
as mean £ SD. A two-way ANOVA was used to determine if
treatments and sampling times were associated with signifi-
cant changes in each of the physiological parameters. To
interpret the photophysiological parameters, we considered
both the statistical difference (#test, Pvalue < 0.05) and bio-
logical significance. Different photophysiolgical parameters
exhibited very different orders of magnitude of variation in

response to the treatments; in particular NPQ) was particularly
sensitive. We therefore used a 40% change as a threshold to
identify a treatment or time as having a biologically signifi-
cant change on NPQ versus 5% change for all other parame-
ters. Data analysis and visualizations, including a hierarchical
clustering of the impact of each of the treatments on each
physiological parameter, were conducted using the R v.3.6.1
(R Core Team 2019), packages ggplot2 v.3.2.0 (Wickham
2009), Pheatmap v.1.0.12 (Kolde 2019), and Factoextra
v.1.0.5 (Kassambara and Mundt 2017).

RESULTS

The impact of all 10 stressors on accumulated
growth, cell volume, pigment content and photo-
physiological parameters are expressed as a percent
relative to the control (Figs. 1, 2) and as untrans-
formed data (Table S1 in the Supporting Informa-
tion). A two-way ANOVA (Table S2 in the
Supporting Information) and heat maps (Fig. S1 in
the Supporting Information) identify significant
changes in physiology in response to the treatments
and enable comparison of the relative magnitude
and timing of these changes (Fig. 3, Fig. S1, Table
S3 in the Supporting Information) across treatments
and measured parameters. A principal component
analysis illustrates how the stress treatments affect
each observed parameter (Fig. 4).

Cell growth decreased or arrested under all envi-
ronmental stresses tested except the high-tempera-
ture and low-pH treatments (Fig. 1a). Treatments
form four clusters: rapid arrest of cell division, rapid
but minor accelerated growth, rapid decreases and
recovery in growth, and slower, gradual decreases in
growth (Fig. S1). Si-starvation and HyOg treatments
form a cluster; both cause rapid cell division arrest.
Under Si-starvation, growth was arrested by hour 2
(Fig. 3). The HyOs treatment arrested growth by
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hour 2, followed by recovery after 24 h. High-tem-
perature and low-pH form a second cluster of a sim-
ilar, short acceleration of growth within 24 h and
6 h respectively. A third cluster consists of the N-, P-,
and Festarvation plus lowlight and low-temperature
treatments. Under N-, P-, and Festarvation, growth was
initially similar to the control, then decreased sharply
with turning points at 6 h (N-, Fe-starvation) and 24 h
(P-starvation). Low-temperature and lowlight both
resulted in decreased growth rates. Under high light,
cell growth ceased by 6 h but subsequently recovered.

Cell volume (um®) responses form four clusters:
no decrease in cell volume (low-temperature, low-
pH, and HsOy), small increases in cell volume, one
treatment with a large increase in cell volume (Si-
starvation), and two treatments that cause decreases
in cell volume (Figs. 1b, S1). Fe-starvation had no
effect on cell volume over the first 24 h, followed by
an increase of 35% by 72 h. High-light increased
cell volume rapidly (12% at 6 h but recovered to
8% at 72 h). P-starvation and high-temperature
treatments causes increases in cell volume of 19%
and 23% both at 72 h, but the increase under P-
starvation was much faster (6 h) than under the
high-temperature (24 h) treatment (Fig. 3a). Si-star-
vation led to a linear increase in cell volume starting
after 2 h and caused the largest increase in cell vol-
ume observed of 135% after 72 h of Si-starvation. N-
starvation and low light resulted in a decrease in
cell volume by 16-19% (Fig. 3b), but the decrease
under low light was much faster (onset at 2 h) than
under N-starvation (onset at 6 h).

Intracellular Chl @ concentration (fg - pm>)
responses form three clusters: increases, moderate
decreases, and large decreases. Intracellular Chl «a
concentration increased under low-light, high-tem-
perature, and Si-starvation treatments (Figs. 1c, S1).
Moderate decreases were caused by P-, Fe-starvation,
low temperature, with very low decreases caused by
low-pH and HsOs. The Ilargest decreases were
caused by N-starvation and high light. Total intracel-
lular Car concentration generally increased relative
to Chl a concentration resulting in an increase in
the Car/Chl @ under most treatments except for
low-pH, low and high temperature and low light
(Fig. 1d). The largest increases in Car/Chl a were
in response to the N-starvation and the high-light
treatment. Car/Chl «a increased by almost 200%
under N-starvation and approximately doubled
under the high-light and Si-starvation treatments,
with more moderate changes (33-71%) under P-
and Fe-starvation and HsOs. The light, temperature,
and HyOy treatments led to low-magnitude changes
but the most rapid increases in Car/Chl a.

Responses in F,/F,, and the PSII operating effi-
ciency under actinic light, ®pgyy (Figs. 2, 3, S1) fall
into four clusters. One cluster includes moderate
increases (low-light) or no significant changes in PSII
efficiency (low-pH and low-temperature treatments).
The second and third clusters are characterized by

decreases under the nutrient starvation and high
temperature. A fourth cluster includes the high-light
and HyOs treatments. The decreases are fastest and
largest for N-, Si-starvation, HyO9 and high light. The
responses to P- and Fe-starvation are slower by 72 h
and have a larger magnitude effect than the light and
temperature treatments. The Sistarvation and HoOg
treatments exhibited very similar decreases in F,/F,,
over the first 24 h of exposure, but diverged at 72 h
with recovery in the HyOy treatment and further
changes in the Si-starvation treatment. The recovery
process of the diatom in response to the HoOs treat-
ment reflects the decomposition of HyOy over the
time course of the experiment and the removal of
HyOq by cells (Pedziwiatr 2018), and an acclimation
of the diatom to HoO9 damage.

Some patterns across treatments transcend the
clusters. For ®@pgyy, there is an initial decrease at 0 h
in response to the high-light treatment followed by a
gradual and partial recovery and for low-light, an ini-
tial increase is followed by a partial recovery starting
at 24 h. Temperature increase results in an initial
increase in ®pg; for the first 12 h followed by a
decrease from 24 to 72 h; the pattern is reversed for
the low-temperature treatment. Responses to light
changes are generally faster than changes in response
to temperature, although the magnitudes are similar
after 72 h. A similar, but slightly slower pattern for
F,/F,, is observed for these treatments. Generally,
@pgp changes more quickly and with larger magni-
tude changes compared with F,/F,, in response to
changes in irradiance and temperature (Fig. 2).

The stress response of the cpgyy, forms three clus-
ters: large and rapid decreases (high-light and Si-
starvation), large increase with a gradual onset for
N-starvation, and a moderate increase (low-light) or
decreases for the remainder (Figs. 2c, S1). Changes
generally happen very quickly (within 2 h), but the
responses to the low-light treatment takes 72 h. The
magnitude of change is largest for high light
(=52%), followed by Si-, Fe-, and N-starvation. N-
starvation is unusual in that the initial response is a
decrease in opgy at 2 h followed by the largest
increase across treatments at 72 h (Fig. 3).

Responses in NPQ to treatments are generally fast
(0-6 h) and large in magnitude (67-2500%), except
for the low-pH treatment which does not change in
NPQ and Fe-starvation which takes 24 h for a
change to be detected (Fig.2d). The Ilargest
changes in NPQ result from P-starvation. The fastest
change arises in the high-light treatment (a large
increase within minutes, recorded at 0 h). The low-
light treatment is distinguished by the largest nega-
tive response in NPQ. Light, temperature, and
HyOy treatments perturb NPQ followed by a partial
recovery (Table S3).

Principal component analysis (PCA) of the photo-
physiological data was used to analyze the effects of
environmental stressors (Fig. 4). Some of the vec-
tors for the variables were in close proximity to each
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Fi. 1. Time-course response of growth (a), cell volume (pmS) (b), intracellular Chl a concentration (fg - um’g) (¢) and carotenoid
(Car)/Chl a (d) of Thalassiosira pseudonana to 10 environmental stressors over 72 h. Growth (a) is the relative accumulated growth as
defined in Materials and Methods (Growth, %). Treatments are divided across two panels (nutrient starvation and ROS (HsOs) on the
left; temperature, light and pH treatments on the right). Data are plotted as percent relative to the control to facilitate comparison of the
temporal trajectory and magnitude of change across measured parameters, with no change (100%) shown as a dotted line. The initial val-
ues of relative growth, cell volume, Chl @, and Car/Chl « at time 0 h are 0.00 £ 0.00, 58.75 + 0.50 pmg, 4.04 + 0.11 fg-pm’g, 0.23 + 0.01,
respectively. Values are means & SD of four biological replicates. [Colour figure can be viewed at wileyonlinelibrary.com]

other: control, low-temperature, and low-pH (mostly
moderate changes in photophysiology); N-, P- and
Fe-starvation; and Si-starvation and HyOs, showing
that the photophysiological parameters are affected
similarity across treatments within each of these
three groups of treatments. Vectors for Si-starvation
and HyOy are parallel indicating similarity in effects
on photophysiology. The low-light vector is approxi-
mately the opposite direction as the high-light vec-
tor as might be expected from contrasting
treatments. Unexpectedly, the Si-starvation vector is
opposite to low-light and similar to the HyOy and
high-light vectors (due primarily to changes in cell
volume and intracellular Chl « concentration). The
high- and low-temperature vectors are in similar
directions, indicating more similarity in response
than contrasts for these treatments.

DISCUSSION

Marine phytoplankton are exposed to rapid
changes in numerous environmental conditions that
affect their ability to photosynthesize and

reproduce. Here, we identify: i) the most common
photophysiological response to environmental stres-
sors, and ii) potentially diagnostic differences in
magnitude and timing of specific photophysiological
parameters to particular environmental conditions
in a model marine diatom. We build upon past
work to improve our understanding of the relative
impact of environmental stressors on the photophys-
iology of diatoms (Geider et al. 1993, Vassiliev et al.
1995, Parkhill et al. 2001, Young and Beardall 2003,
Murata et al. 2007, Suggett et al. 2009, Liu et al.
2011, Tikkanen et al. 2014). A key strength of our
experiments is the large number of stressful condi-
tions examined on a single species in otherwise
identical laboratory conditions, which enables com-
parison of the timing and magnitude of the stressful
impacts on photophysiology. This synthesis is diffi-
cult to achieve from a comparative analysis of many
independent experiments reported in the literature.

The  common  photophysiological  stress  response
(PSR). In photoautotrophs, changing environmen-
tal conditions can lead to an imbalance between
light acquisition and metabolic demand resulting in
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Fic. 2. Time course of the photosynthetic response of Thalassiosira pseudonana in response to 10 environmental stressors over 72 h.
The maximum quantum yield of PSII photochemistry (F,/F,,) (a), the PSII operating efficiency under actinic light (®pgy;) (b), the func-
tional absorption cross-section of PSII (cpsi) (c), and non-photochemical quenching (NPQ) (d). Treatments are divided across two panels
(nutrient starvation and ROS (HyOs) on the left; temperature, light, and pH treatments on the right). Data are plotted as percent relative
to the control to facilitate comparison of the temporal trajectory and magnitude of change across measured parameters, with no change
(100%) shown as a dotted line. The initial values of F,/F,,, ®psy1, opspi, and NPQ at time 0 h are 0.52 £ 0.01, 0.21 £ 0.01, 310.02 &+ 11.94
(A?. quanta” 1), 0.05 + 0.01, respectively. Values are means & SD of four biological replicates. [Colour figure can be viewed at wileyonline

library.com]

physiological stress. Here, we assess and compare
the effects of diverse environmental stressors includ-
ing an exogenously imposed ROS achieved by HyOq
addition. In broad terms, nutrient starvation leads
to an energy supply surplus relative to metabolic
demand resulting in the following consequences:
growth slows or arrests, cell size increases (although
not for N-starvation), Car/Chl a increases, NPQ
increases, and the opg;y and quantum yield of PSII
(Fy/Fyn and ®pgyr) generally decreases. These results
are generally consistent with previous work on a
variety of phytoplankton species exposed to both
steady-state and transient nutrient stress (Young and
Beardall 2003, Allen et al. 2008, Shemi et al. 2016,
Smith et al. 2016, Cui et al. 2017). Decreases in
opsi, Fy/Fn and ®pgp act to reduce energy input
while increases in Car and NPQ increase thermal
dissipation of absorbed energy. Increasing light and
decreasing temperature can similarly stimulate sur-
plus energy supply relative to metabolic demand
(Huner et al. 1998), and thus similarly results in
decreases in Chl @ and opgyy (to decrease energy
influx), and increases in both Car/Chl ¢ and NPQ

(to increase energy outflux). The ROS treatment
stimulated transient responses in Gpgsy, Fy/F, and
@pgyr similar to many of the stressors that cause an
energy surplus, suggesting many stressors cause
photo-oxidative ~damage (Demmig-Adams and
Adams 1992, Li et al. 2009). By contrast, the low-
light and elevated temperature treatments cause an
energy supply deficit relative to metabolic demand,
resulting in an increase in Chl a to boost energy
capture. Our decreased pH treatment had relatively
mild consequences for cell physiology, similar to
previous work (Hinga 2002, Crawfurd et al. 2011).
Diagnostic photophysiological responses for specific envi-
ronmental stressors: nutrients. Although a common
PSR can be identified for Thalassiosira pseudonana,
there are anomalies in magnitude and temporal pat-
terns in parameters that suggest we may be able to
identify diagnostics for specific stressors. For exam-
ple, across the nutrient treatments (N, P, Fe, Si), N-
starvation tends to have the largest and fastest influ-
ence on F,/F,, and ®pgy, followed by P-starvation
and then Fe-starvation, likely due to differences in
storage capacity for the different nutrients and the
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Fic. 3. Heatmaps of the timing of change (a) and % change (b) of the largest changes in 8 physiological parameters across 10 environ-
mental stressors over 72 h. In panel (a), timing of change is the shortest time (in h, numbers, and colors) required to observe a signifi-
cant change (#test, P < 0.05) above a threshold (see Materials and Methods) in the corresponding parameter. In panel (b), % change
refers to the largest significant % increases and decreases in observed parameters (%, ttest, P < 0.05, numbers and colors) greater than a
threshold over all time relative to control. Rapid changes to slower changes are highlighted in a gradient color of light brown to dark
brown. Increases are highlighted in shades of brown and decreases in shades of green. The physiological parameters are growth (relative
accumulated growth, defined in Materials and Methods), cell volume (pmg), Chl a (fg - um’g), carotenoid (Car/Chl a), the maximum
quantum yield of PSII photochemistry (F,/F,,), the PSII operating efficiency under actinic light (®pgy), the functional absorption
cross-section of PSII (opgyr), and non-photochemical quenching (NPQ). [Colour figure can be viewed at wileyonlinelibrary.com]

N\ 1 O Growth e Oh
i-starvati 1/, Cell volume ® 2h
Siglarvation | -+ Chl a concentration ® 6h
50 '
: @ 24h
: @
:
'
25 :
2 .
o™ 1
o
b3 Y1 | YA . e
& | High-light
251 p-starvatiol
& -
N-starvation @cf @) E Contry tur
6 3 0 4

PC1 (32.8%)

Fic. 4. Principal component analysis of physiological data across
parameters and time in response to stress treatments. Each symbol
corresponds to a particular parameter (color, shape) and time
(size, smallest symbol at ¢= 0 h and largest symbol at ¢= 72 h).
Loadings of each treatment on the first two principal component
axes are shown as arrows. The first two principal components
account for 52.1% of the total variance (PCl, 32.8% and PC2,
19.3%). The physiological parameters are growth (relative accumu-
lated growth, defined in Materials and Methods), cell volume
(pm3), Chl a (fg - pm’g), carotenoid (Car/Chl a), the maximum
quantum yield of PSII photochemistry (F,/F,,), the PSII operating
efficiency under actinic light (®pgyy), the functional absorption
cross-section of PSII (opg), and non-photochemical quenching
(NPQ). [Colour figure can be viewed at wileyonlinelibrary.com]

relative requirements for these elements for growth
and repair (Kilham et al. 1977, Tantanasarit et al.
2013). Protein and Chl are N-rich compounds. A
lack of nitrogen rapidly reduces or arrests Chl
biosynthesis and the ability to repair damaged PSII
(Young and Beardall 2003, Tikkanen et al. 2014)
resulting in rapid and large decreases in Chl con-
centration and decreases in F,/F,, (Lavaud et al.
2016). N-starvation is unique among the nutrient
stressors in causing a decrease in cell volume (pro-
tein is a large proportion of cell mass) and an
increase in opsy (31% after 72 h) likely caused by a
reduction in the pigment packaging effect due to a
large relative decrease in PSII antennae size relative
to PSII reaction centers as has been observed in
Dunaliella in response to Fe-starvation (Vassiliev
et al. 1995). P-starvation led to rapid and very large
increases in NPQ (2500%). Elevated NPQ is a com-
mon response to energy surplus, reflecting the dissi-
pation capability of the organism (Miiller et al.
2001). The enormous increase in NPQ in response
to P-starvation suggests that NPQ) plays a pivotal role
in how diatoms respond to P-starvation and photo-
oxidative damage. Phosphorus and energy metabo-
lism are coupled through essential metabolites such
as ATP and NADPH (Falkowski and Raven 2007).
Consequently, a successful response to P-starvation
may require rapid and strict regulation of energy
and carbon metabolism (Brembu et al. 2017). Si-
starvation led to the largest increases in cell volume
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(135%) and one of the largest increases in Chl a
(92%). In diatoms, Si is required to build the frus-
tule and insufficient Si is known to arrest the cell
cycle, leading to increases in cell volume (Booth
and Harrison 1979, Martin-Jézéquel et al. 2000).
The increase in Chl @ during Si-starvation and con-
sequent increases in energy supply may be compen-
sated by decreases in F,/F,, ®Ppsy, and opgr
Diatoms significantly increase their sinking rates
when cells become bigger, under high irradiance,
and under Si-starvation (Bienfang et al. 1982, Waite
et al. 1997), therefore, the increase in cell volume
under Si-starvation may facilitate a more rapid sink-
ing out of stressful, high-light environments and
relieve photo-oxidative stress. Compared to the
other nutrient starvation treatments, Fe-starvation
had a slower and more modest impact on the pho-
tophysiological parameters assayed. Fe stress has
been reported to result in decreases in cell size, in
contrast to our findings of increased cell size. This
may be due to differences in response to transient
versus steady-state Fe limitation (Sunda and Hunts-
man 1997, Leynaert et al. 2004, Allen et al. 2008).
Diagnostic photophysiological responses for specific envi-
ronmental stressors: light and temperature. Consistent
with previous work (Sobrino and Neale 2007, Xu
et al. 2017), we find Thalassiosira pseudonana can
rapidly adjust its physiology to rebalance energy and
metabolism in response to changing light and tem-
perature (Fig. 3). Although some similarity in
response is expected between the high-light and low-
temperature treatments because these treatments
both cause a light energy surplus relative to meta-
bolic demand and between the low-light and high-
temperature treatments because they cause a light
energy deficit relative to metabolic demand (Huner
et al. 1998), there are more differences than similari-
ties in the parameters (Fig. 4). In terms of similari-
ties, both the low-temperature and high-irradiance
treatments stimulated an immediate (<2 h) decrease
in ®@pgyy, followed by partial recovery to about —30%
of the control under the high-light treatment and
about + 30% of the control under the low-tempera-
ture treatment, indicating rapid remodeling of the
PSII reaction centers under these stressors. High-
light is associated with photoinhibition of F,/F,, and
@pgyr and a fast, high-magnitude induction of NPQ
(~10-fold higher than under low-temperature). How-
ever, after 2 h, as the cell acclimates, NPQ relaxes to
a level comparable to many other stressors, includ-
ing low temperature. Low temperature has no direct
effect on the photon dose or direct photoinhibition,
but likely reduces PSII repair and de novo PSII pro-
tein synthesis (Murata et al. 2007). Unlike most of
the other stressors, low temperature did not stimu-
late an increase in Car/Chl ¢, indicating NPQ is the
dominant mechanism used by 7. pseudonana to
respond to low temperature. Low light differs from
other stressors in causing a moderate increase in
6psip, an increase in F,/F,, and ®pgyy, and a decrease

in NPQ (Li and Campbell 2017, Xu et al. 2017), and
the largest increases in Chl @ and Car and the largest
decreases in cell volume. In aggregate these changes
increase the efficiency of light harvesting and quan-
tum yield. There is no similarity in photophysiologi-
cal response between the low-light and high-
temperature treatments, except both Chl g, Car, and
@pgyr increase, perhaps facilitating increased light
capture and quantum efficiency to fuel metabolic
demand (Brooks and Farquhar 1985, Gillooly et al.
2001, Hancke and Glud 2004). It is worth noting
that although the elevated temperature here is above
its published growth optimum (Boyd et al. 2013), it
significantly accelerated the growth rate at 6 h in
this study.

The importance of timing. Some photophysiological
parameters are inherently more difficult to interpret
due to their dynamic responses to environmental
stressors. Photophysiological responses synthesize
the direct impact of the stressor on the cell, pho-
toacclimation and metabolic remodelling, accumu-
lated cellular damage, and changes in repair
capacity. These processes operate at different rates
and may lead to a lag followed by sustained unidi-
rectional change in physiological performance or a
saturating response, or a shortterm perturbation
followed by recovery. Changes in conditions (tem-
perature, light, ROS) tend to stimulate the most
rapid changes in photophysiology and are most
likely to result in a perturbation and recovery trajec-
tory, compared to nutrient starvation (Figs. 1-3).
One example is the very large induction of NPQ
(>1000%) at the initiation of the high-light treat-
ment (<2 h) followed by recovery by 72 h. A more
complex example is the rapid increase in @pg at
2 h followed by a rapid decrease over the next 22 h
in response to low light. In contrast, in the low-tem-
perature treatment ®pg;; decreases rapidly over the
first 2 h and then increases over the next 18 h. The
variety in rates of responses to stressors (Figs. 1-3)
and especially the perturbation and recovery can
make observations of fluorescence responses made
at a single time point from a dynamic field site chal-
lenging. Parameters can both increase and then
decrease, or decrease and then increase, relative to
the control over time. Our experiments provide
guidance on the relative rates and responses which
can be anticipated across stressors.

CONCLUSIONS

Resource starvation, shifts in light and tempera-
ture induce an array of photophysiolgoical
responses to changes in light acquisition, metabolic
demand and imbalance, and altered rates of dam-
age and repair of cellular machinery. Thalassiosira
pseudonana exhibits a common photophysiolgical
stress response (PSR) to many stressors: cell division
slows/arrests, cell volume increases, Chl a declines,
Car/Chl a increases, the cross-section and efficiency
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of PSII declines, and NPQ increases. Some diagnos-
tic differences in the PSR for particular nutrient
stressors include a large decrease in cell volume and
an increase in opgy after 24 h of N-starvation; a
large increase in NPQ after> 24-72 h of P-starvation;
and very large increases in cell volume and Chl aq,
and decreases in opg;; under Si-starvation. Changes
in conditions, irradiance and temperature cause a
variety of relatively rapid and transient responses,
for example, a large, rapid increase in NPQ with ini-
tial exposure to high-light and rapid decline in ®pgy
followed by recovery under both high light and low
temperature. The low-light and low-temperature
treatments uniquely stimulate an increase in PSII
quantum efficiency. Future work is required to
investigate how interactions among stressors alter
photophysiological responses and the generality of
these results to other diatoms and phytoplankton
taxa from other evolutionary lineages.
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