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Abstract

Marine phytoplankton, and in particular diatoms, are responsible for almost half of all primary

production on Earth. Diatom species thrive from polar to tropical waters and across light envi-

ronments that are highly complex to relatively benign, and so have evolved highly divergent

strategies for regulating light capture and utilization. It is increasingly well established that dia-

toms have achieved such successful ecosystem dominance by regulating excitation energy

available for generating photosynthetic energy via highly flexible light harvesting strategies.

However, how different light harvesting strategies and downstream pathways for oxygen pro-

duction and consumption interact to balance excitation pressure remains unknown. We there-

fore examined the responses of three diatom taxa adapted to inherently different light

climates (estuarine Thalassioisira weissflogii, coastal Thalassiosira pseudonana and oceanic

Thalassiosira oceanica) during transient shifts from a moderate to high growth irradiance (85

to 1200 μmol photons m-2 s-1). Transient high light exposure caused T. weissflogii to rapidly

downregulate PSII with substantial nonphotochemical quenching, protecting PSII from inacti-

vation or damage, and obviating the need for induction of O2 consuming (light-dependent res-

piration, LDR) pathways. In contrast, T. oceanica retained high excitation pressure on PSII,

but with little change in RCII photochemical turnover, thereby requiring moderate repair activ-

ity and greater reliance on LDR. T. pseudonana exhibited an intermediate response com-

pared to the other two diatom species, exhibiting some downregulation and inactivation of

PSII, but high repair of PSII and induction of reversible PSII nonphotochemical quenching,

with some LDR. Together, these data demonstrate a range of strategies for balancing light

harvesting and utilization across diatom species, which reflect their adaptation to sustain

photosynthesis under environments with inherently different light regimes.

Introduction

Diatoms account for the majority of marine primary production [1, 2] and are ubiquitous

across aquatic environments [3], from tropical to polar regions, and from highly dynamic

coastal and upwelling habitats to more stable oceanic waters. Adaptation of diatoms to these

environments has resulted in their evolution of photosynthetic machinery optimized to very

different light regimes caused by short-term (e.g. clouds, sun flecks, diel cycle) and long-term
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(e.g. seasonal) processes, as well as positioning relative to water column thermal and nutrient

gradients [4, 5]. Whilst the overall success of diatoms appears driven by complex acclimation

processes trending towards a light level that is close to an average irradiance within the mixed

layer of a given water body [6, 7], routine exposure to stochastic high light episodes requires

dynamic photoprotective capacity [8–11].

Diatoms use multiple processes to regulate photosynthesis, including modifying the ultra-

structure (and thus the excitonic connectivity) of pigments and proteins, which together

regulate the flow of excitation energy reaching the electron carrier system [8, 12]. Failure to

regulate excess excitation energy either as photons reaching the reaction centre or as harvested

energy (i.e. electrons) within the electron transport chain can increase the probability of photo-

inactivation of photosystem II (PSII, [13]), likely from the generation of reactive oxygen species

[14], ultimately leading to a decrease in net primary productivity and growth. It is therefore par-

amount that photoautotrophs have mechanisms to dissipate excess light energy and photo-pro-

tect the photosystems, and associated metabolism, while maintaining photosynthesis to support

growth. One of the most important mechanisms for rapid (on the order of seconds to minutes)

regulation of photochemistry under high light is non-photochemical quenching (see [15]

review), parameterized herein as a yield, YNPQ (equivalent toFNPQ [16] and conceptually

similar to [1-Q] [17]), whereby excitation energy in excess of the photosynthetic capacity, is

safely dissipated as heat by light harvesting pigment complexes associated with PSII (LHCII,

[18, 19]). YNPQ is a regulated process and contrasts with unregulated non-photochemical

quenching, parameterized by YNO (equivalent toFNO, [16]). YNO comprises constitutive

thermal losses [16] as well as intrinsic losses (sensu [20]).

As with all algae, light harvesting pigments in diatoms are connected to the PSII reaction

centres (RCIIs) with an embedded oxygen evolving complex (OEC) that splits water to release

electrons for use in photochemistry. Alterations in carotenoid pigment composition are regu-

lated through the xanthophyll cycle (XC) and interact with particular photo-protective light

harvesting complex protein isoforms (LHCXs) to lower the energetic transfer efficiency from

antennae pigments to RCII [21–24]. When light is transiently in excess, induction of nonpho-

tochemical quenching occurs whereby the accumulation of a proton gradient, and conse-

quently ΔpH, across the thylakoid membrane drives the de-epoxidation of XC pigments, via

two evolutionarily divergent protection pathways, diadinoxanthin (Dd, light harvesting) to

diatoxanthin (Dt, photo-protective) [25] which dominates in diatoms and/or violaxanthin to

zeaxanthin [26–28] which dominates in green lineages.

Exposure to high light triggers synthesis of LHCX isoforms that localize closely to the RCII

core, resulting in core complex associated non-photochemical quenching [21, 24, 29]. Sus-

tained high light exposure, in turn, drives accumulation of accessory pigments [24], which

may also result from the continued accumulation of LHCXs [12, 23, 30] generating longer-

lived, more slowly reversible, forms of nonphotochemical quenching. Nevertheless, diatoms

typically maintain a constitutive capacity to build substantial but reversible nonphotochemical

quenching through the XC [12]. Recent work using mutants of the pennate diatom P. tricornu-
tum [31] showed that all capacity for rapidly reversible nonphotochemical quenching can be

explained by LHCXs and the XC operating in concert and that, at least for P. tricornutum, lon-

ger-lived nonphotochemical quenching generally signifies the build-up of photo-inhibition

that can only be reversed through turnover of PSII protein subunits [32]. An additional pro-

cess—detachment of LHCXs from the RCIIs to invoke “super quenching”–appears to be a

relatively minor process in P. tricornutum, suggesting that the energy trapping efficiency of the

antenna does not out-compete that of the RCIIs [33, 34]. In other diatoms, however, antennae

detachment appears to sustain nonphotochemical quenching [35–37], that in turn overlaps

kinetically with photoinactivation and repair [13, 38].
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Dynamic light regimes appear to select for phytoplankton taxa with different strategies of

nonphotochemical quenching to optimize cell growth and survival, as demonstrated in a

recent comparative assessment of various microalgal species and ecotypes [39]. Environments

characterized by particularly large light fluctuations include shallow waters that are inhabited

by both benthic diatoms and pelagic estuarine/coastal diatoms. Interestingly, the strategies

used to deal with dynamic high light are quite different within niche-specific diatom groups,

whereby non-motile benthic diatoms employ rapidly reversible nonphotochemical quenching

through XC—presumably to cope with more variable light fields [8, 40]–whereas motile ben-

thic diatoms preferentially employ slower, sustained non-photochemical quenching [21, 29].

This pattern has been further confirmed comparing Artic diatoms [41]. Within pelagic species,

the coastal taxon Skeletonema costatum exhibits inherently less capacity for sustained non-

photochemical quenching than the estuarine taxon Phaeodactylum tricornutum, but these

alternate managements of excitation pressures are compensated by different capacities for PSII

repair [42]. Here, maintaining a greater proportion of “active” PSIIs but lower capacity for

non-photochemical quenching, presumably, places more pressure on electron carriers down-

stream of PSII to dissipate the transient accumulation of excessive excitation energy within the

photosynthetic electron transport chain.

Microalgae exposed to supra-optimal light can further deal with excessive excitation energy

through “alternative electron flows” downstream of PSII (e.g. [25, 43–45]). Numerous alterna-

tive electron pathways have been described, including electron cycles around PSII [46–48] and

PSI [49] that do not consume O2, or alternative midstream terminal oxidase (MOX, [50]) path-

ways downstream of PSII (e.g. plastid terminal oxidase, PTOX, [51, 52]) or of PSI (Mehler-

Ascorbate-Peroxidase, [53, 54]; Flavodiiron proteins, [55]) that consume electrons and O2. It

has been suggested that such up-regulation of alternative electron flow directly feeds back to

non-photochemical quenching generation at PSII by generating ΔpH—a key trigger of anten-

nae-based non-photochemical quenching processes [52]. In spite of the potential importance

of these electron pathways, relatively little is known as to whether they operate to sustain

photo-protective capacity in diatoms.

Mehler Ascorbate Peroxidase activity (Mehler for brevity) is an alternative electron sink fol-

lowing PSI, consuming O2 to ultimately re-generate H2O (e.g. [54, 56]) and appears to be a sig-

nificant route of total O2 uptake in the light amongst diatoms [57]. For example, 60% oxygen

uptake via Mehler activity was observed for Thalassiosira pseudonana [58] and Cylindrotheca
[59]. However, other reports have suggested a significant role for mitochondrial alternative

oxidase (AOX; e.g. Thalassiosira weissflogii, [54]), which can, in turn, supply energy to chloro-

plast-protective processes [60]. Photorespiration related to RUBISCO oxidase function is often

considered a negligible source of energy dissipation in diatoms as they have evolved carbon

concentrating mechanisms [61, 62]. Importantly, Mehler, but not AOX, directly supports chlo-

roplast proton motive force pathways that directly contribute to signalling photo-protection

through the light harvesting apparatus (see [45]). At present, it remains unexplored whether

and how the modulation of O2 consumption, as a means to balance excess excitation pressure,

can be reconciled with differential capacities for non-photochemical protection amongst

diatoms.

Here we initially examined allocation of excitation energy to non-photochemical vs. photo-

chemical pathways across a broad panel of diatoms to uncover divergent strategies. We then

analyzed three representative diatom taxa (Thalassioisira weissflogii, Thalassiosira pseudonana,

Thalassiosira oceanica) from ecologically distinct light environments (estuarine, coastal, open

ocean, respectively) to determine their balance of photo-protective strategies through XC ver-

sus PSII repair capacity, and whether species with higher capacities for non-photochemical

quenching exhibited lower reliance on induction of light-dependent O2 consumption (light-
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dependent respiration, LDR). We therefore screened T. weissflogii, T. pseudonana and T. ocea-
nica for (i) pigment content and de-epoxidation activity, (ii) PSII photo-inactivation and

repair rate constants, and (iii) LDR upon transient exposure to high light, relative to the

growth irradiance. Together these data demonstrate that diatom species from different eco-

logical niches have highly divergent energy allocation strategies to cope with high light

exposure.

Materials and methods

Culture conditions and growth

Seven diatoms, including Phaeodactylum tricornutum (CCMP 632), Chaetoceros muelleri
(CCMP 1316), Ditylum brightwellii (CS 131), Thalassiosira rotula (CCMP 3264), Thalassiosira
pseudonana (CCMP 1335), Thalassiosira weissflogii (CCMP 1336), and Thalassisosira oceanica
(CCMP 1005), were initially screened for their response characteristics using chlorophyll fluo-

rescence metrics. All species were grown as semi-batch cultures using f/2+Si medium [63]

supplemented with Na2SeO3 at 0.17 μM concentration [57]. Nitrate and phosphate concentra-

tions in the media reservoir were 250 and 50 μM, respectively [64]. Cultures were grown over

12:12 L:D cycle under 85 μmol photons m-2 s-1 at 20˚C and maintained in exponential phase

for 7–10 generations before sampling. Light was supplied by cool-white fluorescent tubes and

intensities were measured using a LI-COR photometer (LI-250A, Nebraska, USA) equipped

with a 4π spherical quantum sensor. Data were collected from independent biological repli-

cates for cells maintained under exponential phase of growth.

Photophysiology

Photophysiological assessment was performed using a FastOcean Fast Repetition Rate fluo-

rometer (FRRf; S/N: 12-8679-007) fitted with a FastACT laboratory base unit (Chelsea Tech-

nologies Group Ltd, London, U.K), largely as per previous protocols [17, 65]. A protocol

cumulatively applying 100 flashlets (1 μs flashlets with 2 μs intervals) was used to drive single

turnover (ST) closure of RCIIs to generate a fluorescence induction curve. This induction was

immediately followed by a relaxation phase of 40 flashlets (1 μs flash with 50 μs intervals). The

biophysical model of Kolber et al. [66] was then fitted to the generated fluorescence transient

to extract minimal (Fo) and maximum (Fm) fluorescence, the functional absorption cross sec-

tion of PSII (σPSII, nm2 PSII-1) and the lifetime for re-opening of PSII (τ, μs). All ST measure-

ments were performed using blue excitation LED (450 nm) and a total of 40 induction/

relaxation sequences were conducted per acquisition, with 150 ms intervals between

sequences. Samples were taken from growth light cultures and shifted to low light (<10 μmol

photons m-2 s-1) for 5 min to relax non-photochemical quenching processes before fluores-

cence measurements were made. Values of σPSII and maximum PSII photochemical efficiency

(Fv/Fm, dimensionless) were then immediately measured on samples transferred to darkness,

with Fv/Fm calculated as:

Fv
Fm
¼
Fm � Fo
Fm

ð1Þ

Fluorescence-light response curves (FLCs) were performed in triplicate over 12 light steps

of increasing irradiance ranging from 0–1304 μmol photons m-2 s-1, provided by a cool white

LED array housed within the fluorometer optical head with each light step lasting for 4 min.

At each light step, non-photochemical quenching (NPQ) was calculated following the
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conventional Bilger & Bjorkman [67] Stern-Volmer equation (see S1 Fig):

NPQ ¼ ðFm � Fm
0Þ =Fm

0 ð2Þ

where the prime (0) notation represents fluorescence measurements under actinic light. We

used the approach of Serôdio et al. [68] where the maximum achieved value of Fm
0 throughout

the FLC was used as a proxy for Fm in order to offset any down-regulation of fluorescence

through dark-driven plastoquinone (PQ) pool reduction. However, values of NPQ determined

through Eq 2 are unbounded, thus we calculated a complementary parameter that describes

the yield of regulated non-photochemical quenching (YNPQ; see [16]), and generates a param-

eter bounded between 0 and 1:

YNPQ ¼
F0

Fm
0

� �

�
F0

Fm

� �

ð3Þ

where F0 is the fluorescence measurement under actinic light and Fm was again taken as the

maximum value of Fm
0 achieved throughout the FLC. Additional fluorescence yield parameters

were further calculated following [16, 69] to describe the partitioning of absorbed excitation

energy at PSII to include photochemical conversion (YII), non-regulated nonphotochemical

quenching (YNO) to complement regulated nonphotochemical quenching (YNPQ) such that

YII þ YNOþ YNPQ ¼ 1 ð4Þ

YII ¼ ðF0m � F
0Þ=F0m ð5Þ

YNO ¼ F0=Fm ð6Þ

To initially identify trade-offs in allocations of excitation energy to photochemical versus

non-photochemical pathways, we also calculated the fraction of open RCIIs responsible for

photochemical quenching [1-C] to plot vs. dynamic non-photochemical quenching [1-Q]

under each actinic light intensity following equations from Suggett et al. [17] (Eqs 7 and 8).

Both [1-C] and [1-Q] decrease in value from 1 to 0 with increasing extents of quenching, and

the product of [1-C] and [1-Q] is equivalent to the PSII photochemical efficiency normalized

to Fv/Fm,

½1 � C� ¼ ðFm
0 � F0Þ=ðFm

0 � Fo
0Þ ð7Þ

½1 � Q� ¼ ððFm
0 � Fo

0Þ=Fm
0Þ=ðFv=FmÞ ð8Þ

Where Fo
0 (fluorescence minimum under actinic light) is estimated as per Oxborough and

Baker [70]:

Fo
0 ¼ Fo=½ðFv=FmÞ þ ðFo=Fm

0Þ� ð9Þ

Measurements were performed for each species using at least three independent samples

collected during acclimated exponential growth. Methods described from this point onwards

apply to only the three selected diatoms (Thalassiosira pseudonana, Thalassiosira oceanica,

Thalassiosira weissflogii) that span highly divergent photophysiological responses.

Growth and biomass

Small aliquots from each culture were preserved daily (within 2 hours illumination) with glu-

taraldehyde (25%, Sigma-Aldrich) for later cell counting on a flow cytometer (CytoFlex S,

PLOS ONE Divergence of photosynthetic strategies amongst marine diatoms

PLOS ONE | https://doi.org/10.1371/journal.pone.0244252 December 28, 2020 5 / 27

https://doi.org/10.1371/journal.pone.0244252


Beckman Coulter, Miami, FL USA). Samples were counted for 60 s at a rate of 30 μL min-1.

Specific growth rates (divisions [day]-1) were calculated as μ = ln(N2/N1)/(t2-t1), where μ is the

specific growth rate (day-1), N1 and N2 are the cell concentrations (mL-1) at time 1 (t1) and

time 2 (t2), respectively. Cell volume was calculated from the same sample used for cell count

determinations using shape-specific geometric formulas from Sun & Liu [71] via an imaging

compound light microscope (Nikon). From independent cultures, 10 images were taken at

random and cellular dimensions recorded for five cells per image using Infinity software

(Lumenera Corporation, Ontario, Canada).

On sampling days, two aliquots each of 5–8 mL culture were filtered onto a 25 mm glass fiber

filter (Whatman GF/F) and stored overnight at -20˚C in 90% acetone to extract chlorophyll a.

Absorption was measured using a spectrophotometer (Aligent Technologies, Cary 60 UV-Vis)

set at wavelengths 630, 657, 664, and 750 nm and chlorophyll a concentration was calculated

according to Ritchie [72]. Cellular particulate organic carbon (POC, units of pg C mL-1) was

also measured in duplicate for each biological replicate, by filtering two aliquots each of 5 mL

onto pre-combusted filters (Whatman GF/F). POC samples were stored at -20˚C until analysis

on an elemental analyzer (LECO, Baulkham Hill, Australia) using culture filtrate (5 mL) as the

blank. Net primary productivity (NPP) was calculated as the product of specific growth rate (μ)

and cellular POC (C), whereby NPP = μ � C. Contributions from DOC were assumed to be neg-

ligible (<5% of total energy budget) for diatom cultures (T. pseudonana, [57]).

PSII photo-inactivation and repair

Two subsamples (25 mL each) were initially collected from cultures. Using approaches

adopted from Campbell et al. [32], lincomycin hydrochloride (95%, Sigma-Aldrich), an inhibi-

tor of chloroplast protein synthesis, and thus PSII repair, was added to one subsample to a

final concentration of 500 μg mL-1 while the second subsample (control) received no lincomy-

cin hydrochloride addition [73]. After an initial dark incubation (10 min) of both subsamples

to allow incorporation of inhibitor, photophysiology was repeatedly tracked via FRRf. Over a

subsequent 120 min incubation at 1200 μmol photons m-2 s-1, 2 mL of fresh sample was taken

for FRRf measurements at 30, 60 and 120 min. Each of these FRRf samples received consecu-

tive induction flashlets every 10 s for a duration of 10 min without actinic light to capture

short-term recovery of the PSII photochemical efficiency (Fv
0/Fm

0) resulting from relaxation of

non-photochemical quenching as opposed to slower recovery from photo-inactivation. After

the 120 min incubation at 1200 μmol photons m-2 s-1, subsamples were transferred to low light

(~15 μmol photons m-2 s-1) for a total of 60 min to capture recovery. Recovery at 15 μmol pho-

tons m-2 s-1 was used instead of complete darkness since diatom PSII repair is stimulated by

light intensities well below photosynthetic saturation [74, 75]. Measures of FRRf from five

induction flashlets taken at 10 s intervals were completed after 30 and 60 min, hereafter

referred to as 150 and 180 min, respectively, for consistency in assessment of this time-course

experiment. Estimation of photo-inactivation and recovery of PSII were plotted from changes

in Fv
0/Fm

0 or Fv/Fm following each treatment time point.

Values of Fv
0/Fm

0 or Fv/Fm from the sub-cultures treated with lincomycin and exposed to

1200 μmol photons m-2 s-1 (4 time points over 120 min) were fit with exponential decay curves

to estimate the apparent first order rate constant for photo-inactivation of PSII under applied

irradiance, kPI (s-1). From kPI we then calculated the susceptibility to photo-inactivation gener-

alized across irradiance levels, as a target size functional absorption cross section for photo-

inactivation of PSII, σI = kPI/photons m-2 s-1. The apparent first order rate constant for PSII

repair, kREC (s-1) [76] was then estimated following [13, 77, 78] using subsamples without lin-

comycin, across the entire treatment trajectory of initial exposure to 1200 μmol photons m-2 s-
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1 (4 time points) and then recovery at 15 μmol photons m-2 s-1 (2 time points). For fitting of

kREC we used the σI value for each species determined in the presence of lincomycin, on the

simplifying assumption that the primary photo-inactivation of PSII is the same in the absence

or the presence of PSII repair. Within each species each replicate time-course followed a simi-

lar trajectory and therefore kPI and kREC were fit using points pooled from 3–4 replicate trajec-

tories for each species, using the nlsLM fitting function from the minpack.lm package [79]

running under R [80] and RStudio [81]. Figures were then generated using ggplot2 [82].

Pigment analysis

High performance liquid chromatography (HPLC) was used to determine concentrations of

XC pigments (chlorophyll a and c, fucoxanthin, diadinoxanthin (Dd), diatoxanthin (Dt), and

beta-carotene) in the diatom cultures. In triplicate for each species, 50 mL of culture were

incubated in a 20˚C waterbath at growth irradiance (Ig, 85 μmol photons m-2 s-1) and high

light (HL, 1200 μmol photons m-2 s-1) for 10 min. Culture was then immediately filtered onto

a GF/F filter at volumes to saturate the filter with material (25–40 mL) and thus maximize bio-

mass for pigment signal detection. Filters were flash frozen in liquid nitrogen and stored at

-80˚C until extraction. Extraction of samples were carried out following Heukelem and

Thomas [83] with slight modifications. Filters were placed into 15 mL tubes containing chilled

acetone, sonicated (30 s) and then vortexed for 30 s (x3) under cold, dark conditions to limit

pigment degradation, and then stored at 4˚C overnight. Pigment extracts were then filtered

through a 0.2 μM PTFE 13 mm syringe filter and stored in -80˚C until analysis. An Agilent

1290 HPLC system equipped with a binary pump with integrated vacuum degasser, thermo-

statted column compartment modules, Infinity 1290 autosampler and PDA detector was used

for the analysis. Column separation was performed using an Agilent’s Zorbax Eclipse XDB C8

HPLC 4.6 mm × 150 mm and guard column using a gradient of TBAA: Methanol mix (30:70)

(solvent A) and Methanol (Solvent B) as follows: 0–22 min, from 5 to 95% B; 22–29 min, 95%

B; 29–31 min, 5% B; 31–40 min, column equilibration with 5% B. Column temperature was

maintained at 55˚C. A complete pigment spectrum from 270 to 700 nm was recorded using

PDA detector with 3.4 nm bandwidth. The de-epoxidation state (DPS) of XC pigments, partic-

ularly diadinoxanthin (Dd) de-epoxidation and diatoxanthin (Dt) epoxidation was determined

as Dt (Dd-Dt)-1 [84] as diatoms have a dominant Dd-Dt cycle and minor violaxanthin-anther-

axanthin-zeaxanthin cycle [46, 85, 86], compared to the dominant violaxanthin-antherax-

anthin-zeaxanthin cycle in green algae and vascular plants [10, 87, 88].

Membrane inlet mass spectrometry (MIMS)

Aliquots of 60 mL of culture were sparged with N2 gas for 20 min to remove 16O2, and 50 mL

of the sparged sample was then transferred to a gas-tight syringe and directly enriched with

labelled oxygen (18O2, Marshall Isotopes Ltd., Israel) and mixed vigorously by shaking for 3

min to allow the 18O2 gas bubble to equilibrate with the solution. 18O2-Labelled culture was

then divided between four 12 mL exetainer vials (LabCo Ltd., UK) for the following treat-

ments: time zero (T0), dark, growth irradiance (Ig, 85 μmol photons m-2 s-1) and high light

(HL, 1200 μmol photons m-2 s-1). The T0 samples were fixed immediately with 200 μL 0.2 M

mercuric chloride (HgCl2) to cease biological activity. Ig and HL vials were incubated under

the specified light intensity for 20 min at 20˚C then subsequently fixed in the same manner as

T0. Fixed samples were stored at room temperature under darkness for later analysis on a

membrane inlet mass spectrometer (MIMS, Bay Instruments, Maryland, USA).

Set up and analysis using the MIMS was undertaken following Kana et al. [56] modified by

Suggett et al. [89]. In brief, samples were pumped through stainless steel capillary tubing,
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submerged in a waterbath (20˚C), then over a semi-permeable microbore silicone membrane

(Silastic1, DuPont), where gas exchange occurred. Gases flowed through a U-shaped manifold

membrane inlet system, resting in a liquid N2 cryotrap, and attached to a Prisma QMS-200

(Pfeiffer) quadrapole mass spectrometer with a closed ion source and electron multiplier

detector for recording mass/charge (m/z) ratios of 32 (16O2), 36 (18O2), and 40 (Ar). Discrete

measurements of ion currents were recorded using QuikData software (Bay Instruments,

Maryland, USA). Calibration of the MIMS was performed at the beginning and end of sam-

pling and subsequently (~30 min) between sampling.

Rates of oxygen production/consumption were calculated from the difference between sig-

nal outputs, 16O2 and 18O2, for T0 and light treatment (Dark, Ig, HL) incubation samples before

scaling to hourly rates (as per [89]). Corrected 16O2 signals in the light were assumed to be

gross oxygen production (GPO2). Net oxygen production (NetO2) was calculated as the differ-

ence between GPO2 and total respiration, including dark (RDARK) and light dependent respira-

tion (LDR). RDARK is the 18O2 signal from the dark sample and LDR is the difference between

RDARK and 18O2 signal from each light treatment (Ig or HL). It is important to note that studies

with continuous (i.e. real-time) MIMS sampling [14, 90–93] are able to establish highly accu-

rate rates of oxygen consumption/production, whereas discrete measurements [89, 94, 95]–

and as per our study–likely underestimate ‘true’ rates. A 20 min incubation was chosen to min-

imize the 16O2 consumed by respiration while allowing enough time for generation of detect-

able oxygen signals via MIMS. Without real-time rate information (i.e. continuous measuring)

it is impossible to determine when 16O2 exceeds 18O2 and therefore a portion of this 16O2 signal

is likely to be consumed; as such, GPO2 is thus likely an underestimate of true 16O2 production.

However, by this justification, 18O2 consumption (respiration) is also likely an under- (conser-

vative) estimate of true values. Having this consistency in assessing the values derived from

MIMS provided confidence that the trends observed are accurate; however, the true concentra-

tion values may be underestimated. Due to the sensitive nature of MIMS sampling, at least five

replicates (and two measurements per replicate) were collected for each species.

Statistics

Differences in cellular properties between species were assessed using one-way analysis of vari-

ance (ANOVA) followed by Bonferroni’s multiple comparison test where prerequisite assump-

tions of normality and homoscedasticity were satisfied (tested for using Levene’s and Shapiro-

Wilk tests respectively). If the assumption of normality was violated, data were either square-

root or arcsine-square-root transformed and the distribution of residuals re-tested. If either

assumption continued to be violated despite transformation, differences between species were

instead evaluated using non-parametric ANOVA on ranks (Kruskal-Wallis test), followed by

Dunn’s post-hoc test. Two-way ANOVA followed by Bonferroni’s multiple comparison test

was used to evaluate the significance of the effect of species and light treatment on photobio-

logical characteristics (pigments and DPS) [96]. Residuals of all variables exhibited normal dis-

tribution, although assumptions of homoscedasticity were violated for specific variables: Dd,

Dt, GPO2, NetO2 and LDR. ANOVAs were performed using IBM SPSS Statistics v26, while Sig-

maplot v12.5 was used for data transformation and Kruskal-Wallis tests. As the variable YNPQ

exhibited neither normal distribution or equal variance across sample groups, a permutation

univariate ANOVA was performed using the PERMANOVA+ add-on [97] in the PRIMER

(v6) statistical package (PRIMER-E Ltd, UK). A resemblance matrix computed from Euclidean

distance was used for the PERMANOVA procedure, and the test comprised a two-factor

design (species and light treatment), type I (sequential) sum of squares and 9999 permutations

under the reduced model. The significance level for all tests performed was set at p< 0.05.
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Results

Initial photophysiological assessment

Excitation allocation strategies were investigated in diatoms species with different ecological

niches; specifically, the coastal pennate Phaeodactylum tricornutum, coastal small centric

Chaetoceros muelleri, coastal large centric Ditylum brightwellii, and four centric species of the

Thalassiosira genus ranging in cell size from smallest to largest: coastal T. pseudonana, open

ocean T. oceanica, esturaine T. weissflogii, coastal T. rotula. Cells were grown under 85 μmol

photons m-2 s-1 and FRRf-response light curves were used to determine YNPQ (Eq 3, Fig 1A)

and the proportion of energy directed to [1-C] (photochemistry, Eq 7) versus [1-Q] (photopro-

tection, Eq 8) (Fig 1B). The taxa fell into three excitation allocation strategies: (i) relatively fast/

substantial, (ii) relatively slow/negligible accumulation of nonphotochemical quenching vs.

declines of [1-Q], and (iii) an intermediary response.

T. weissflogii, T. oceanica and T. pseudonana, were chosen as representative candidates of the

three strategies observed to subsequently examine the diversity of mechanisms utilized by these

related diatoms under dynamic light to maintain photosynthetic efficiency. Under the stepwise

progression of increasing actinic light intensity, T. oceanica, the open ocean species, initiated

negligible nonphotochemical quenching (parameterized as YNPQ, Fig 1A). In contrast, T. weiss-
flogii, an estuarine native species, rapidly initiated nonphotochemical quenching at relatively low

light intensity (~120 μmol photons m-2 s-1) and to a higher capacity. T. pseudonana, a coastal spe-

cies, exhibited an intermediate response, initiating nonphotochemical quenching once reaching

a light intensity of ~200 μmol photons m-2 s-1. A similar pattern was observed when comparing

[1-C] and [1-Q] (Fig 1B). Here [1-Q] showed limited short-term change in response to a pro-

gressive decrease in [1-C] (RCII closure) under increasing light in T. oceanica. In contrast T.

weissflogii showed strong induction of [1-Q] as [1-C] dropped below 0.6 with increasing light.

Values greater than 1 for [1-Q] are attributed to the effects of chlororespiration under very low

light/darkness [46, 68]. Overall, increased reliance on non-photochemical quenching generally

corresponded with decreased photochemical quenching, tracking the remaining fraction of

RCIIs engaged in photochemistry, across these three species.

Fig 1. Initial photophysiological monitoring of seven diatoms: Phaeodactylum tricornutum (orange inverted triangles), Chaetoceros muelleri (yellow

circles), Ditylum brightwellii (green diamonds), Thalassiosira rotula (black Xs), Thalassiosira pseudonana (black squares), Thalassiosira weissflogii
(blue triangles), and Thalassisosira oceanica (red circles). (A) Yield of non-photochemical quenching (YNPQ; see Eq 3) with increasing light intensity.

(B) Dynamic non-photochemical quenching [1-Q] versus photochemical [1-C], where data points signify responses to stepped increases in light intensity

starting from 0 (far right point) to 1304 μmol photons m-2 s-1 (far left point) for 4 min at each light intensity. Error bars represent the standard error of the

mean of at least n = 3 for independent biological replicates.

https://doi.org/10.1371/journal.pone.0244252.g001
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Cell characteristics for selected Thalassiosira species

Cellular growth rates increased with decreasing cell size from T. weissflogii to T. pseudonana
(Table 1). Chl a:C and C:N were not statistically different among the three species and are con-

sistent with previous reports for T. pseudonana [57], T. weissflogii (Chl a and μ, [98, 99]), and

T. oceanica [100]. Net primary production (NPP in units of μmol C (mg Chl h)-1) in T. ocea-
nica and T. pseudonana were not statistically distinguishable from NPP in T. weissflogii
(Table 1). Consistent with previous reports for diatoms grown under steady-state nutrient

replete conditions, values of FRRf-based maximum photochemical efficiency (Fv/Fm, dimen-

sionless) were generally higher (and the effective absorption cross section for PSII photochem-

istry, σPSII, smaller) for the larger T. weissflogii compared to the smaller T. oceanica and T.

pseudonana [101].

Photophysiology strategy

Contents of accessory chlorophyll and carotenoids were normalized to Chl a and were largely

similar for samples incubated for 10 min under HL (1200 μmol photons m-2 s-1) compared to

those at the growth irradiance (Ig, 85 μmol photons m-2 s-1) (Table 2) within each species. Chl

c, fucoxanthin and β-carotene, while not influenced by short-term high light (p> 0.05), were

different among species (p< 0.05) with fucoxanthin:Chl a highest in T. oceanica compared to

T. pseudonana and T. weissflogii (Table 2). Most notably, extent of XC, determined as the de-

epoxidation state (DPS, see Methods ‘Pigment Analysis’), differed between light treatments

where all species exhibited an increase in DPS, (as a decrease in Dd:Chl a; and corresponding

increase in Dt:Chl a) from Ig to HL. T. pseudonana exhibited the lowest DPS under Ig but also

the greatest difference in DPS between Ig and HL (Table 2).

Increases in DPS from Ig to HL generally accompanied increases in non-photochemical

quenching (parameterized as YNPQ, Fig 2) for all species, but, importantly, the extent of DPS

did not show comparable correlations with YNPQ across species. T. weissflogii exhibited much

higher nonphotochemical quenching than T. oceanica (p< 0.001) despite similar DPS. Whilst

T. pseudonana had lower total DPS, the corresponding increases of DPS and YNPQ from Ig to

HL were more similar to those of T. weissflogii (dashed lines, Fig 2). Thus, the extent to which

nonphotochemical quenching induction accompanied DPS accumulation appeared to differ

among these three species, but was not explicitly tested in our analysis.

Table 1. Cell characteristics of Thalassiosira weissflogii, Thalassiosira oceanica, and Thalassiosira pseudonana from exponential steady state growth under 85 μmol

photons m-2 s-1 at 20˚C.

Species Growth rate

(d-1)

Cells mL-1

(x105)

Cell volume

(μm3)

Chl a cell-1

(pg)

C cell-1

(pg)

Chl:C (x10-2)

(μg μg-1)

C:N NPP (μmol C

(mg Chl h)-1)

Fv/Fm σPSII (nm2

PSII-1)

Thalassiosira
weissflogii

0.68 (0.05) 1.40a (0.03) 1243.10b

(62.26)

5.66b (0.20) 158.91b

(23.24)

4.32 (0.17) 3.82

(0.13)

67.62 (16.91) 0.58b

(0.01)

2.29a (0.16)

Thalassiosira
oceanica

0.80 (0.02) 3.62a (0.18) 159.62a

(19.38)

1.03a (0.01) 56.13a

(3.23)

2.92 (0.48) 5.23

(0.87)

88.36 (17.94) 0.55a

(0.00)

3.98b (0.17)

Thalassiosira
pseudonana

0.94 (0.03) 12.68b

(0.27)

99.82a (1.77) 0.60a (0.03) 7.92a (0.70) 4.11 (0.35) 4.68

(0.80)

84.41 (13.62) 0.56a

(0.00)

3.01a (0.21)

ANOVA or KW H = 5.4 H = 9.8 F = 601.0 F = 46.6 F = 28.1 F = 5.1 F = 1.2 H = 0.6 F = 34.9 F = 17.2

(F/H, p) p>0.05 p<0.05 p<0.05 p<0.05 p<0.05 p>0.05 p>0.05 p>0.05 p<0.05 p<0.05

Data shown are the mean of independent biological replicates where n = 3 for growth rate (d-1), Chl a (cell-1) and net primary production (NPP), n = 4 for cell

concentration (mL-1), carbon (pg cell-1), C:N, Fv/Fm and σPSII (nm2 PSII-1) and n = 20 for cell volume. Values in parentheses are SE of the mean. ANOVA or Kruskal-

Wallis (KW) test results comparing species and individual cell characteristics are presented using F or H-values, respectively, with significant p-values (p< 0.05) in bold.

Superscripted letters indicate differences between species groups identified by Bonferroni post-hoc analysis.

https://doi.org/10.1371/journal.pone.0244252.t001
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PSII photo-inactivation and repair

We examined the extent of PSII photo-inactivation and capacity for repair by exposing the

cells to HL (1200 μmol photons m-2 s-1) for 120 min, followed by a recovery period at 15 μmol

photons m-2 s-1 (Fig 3). All three species exhibited a drop in Fv0/Fm0 and Fv/Fm over the initial

30–60 min of HL exposure. T. oceanica and T. pseudonana then stabilized Fv0/Fm0 and Fv/Fm,

reflecting the induction of PSII repair. Upon the down-shift to15 μmol photons m-2 s-1 all spe-

cies showed initial rapid recoveries, as photo-inactivation dropped to very low rates, and PSII

repair continued for 30 min until all species had recovered to near-initial levels of Fv/Fm.

In parallel with the effects of photo-inactivation and repair, Fig 3 shows the kinetically over-

lapping influences of nonphotochemical quenching induction upon Fv0/Fm0 (orange dashed

line) measured immediately after exposure to treatment or recovery light. Systematic photo-

physiological assessment of samples removed over the 120 min HL exposure and subsequently

subjected to a 10 min dark period before fluorometric assessment highlighted the influence of

nonphotochemical quenching on PSII function. This is particularly evident in T. oceanica and

T. pseudonana where initial Fv0/Fm0 largely relaxed to higher Fv/Fm (through relaxation of non-

photochemical quenching), tracked with the black dots connecting the orange dashed and

green solid lines, respectively (see Fig 3), over the entire 120 min in HL. In contrast, T. weissflo-
gii showed a progressive decrease in the relaxation amplitude over 120 min HL indicative of

sustained (longer lived) nonphotochemical quenching, consistent with the failure of T. weiss-
flogii to fully counter photo-inactivation through induction of repair [74]. It is thus difficult to

discriminate between the kinetically overlapping processes of photo-inactivation and sustained

downregulation of PSII.

Replicate time courses for PSII photo-inactivation in the presence of lincomycin were fit

for each species to extract the rate constant for photoinactivation, kPI. These kPI values deter-

mined for each species in the absence of PSII repair were then inputted into fit models [13, 76]

using data captured from culture samples with PSII repair, in order to estimate the apparent

first order rate constant for PSII repair, kREC (Table 3). As expected [73], the susceptibility to

photo-inactivation (kPI) decreased with increasing diatom cell size from the smaller T. ocea-
nica and T. pseudonana to the larger T. weissflogii (Table 3). The rate constant for the counter-

acting PSII repair process (kREC) also decreased with increasing cell size from T. pseudonana
to T. weissflogii, but was also low in the offshore T. oceanica, consistent with patterns of higher

capacity for PSII repair observed previously for onshore versus offshore diatoms [32].

Table 2. Xanthophyll cycle pigments under growth irradiance (Ig) and transient short-term shift to high light (HL).

Species Light Normalized to Chl a (μg mL-1) DPS

Chl c Fuc β-Car Dd Dt

T. weissflogii Ig 0.028 (0.002) 0.533 (0.007) 0.021 (0.001) 0.034 (0.002) 0.012 (0.004) 0.243 (0.076)

HL 0.027 (0.002) 0.525 (0.003) 0.021 (0.001) 0.026 (0.002) 0.028 (0.004) 0.509 (0.031)

T. oceanica Ig 0.053 (0.002) 0.959 (0.016) 0.017 (0.001) 0.032 (0.001) 0.008 (0.001) 0.205 (0.013)

HL 0.049 (0.005) 0.953 (0.034) 0.018 (0.000) 0.027 (0.004) 0.027 (0.007) 0.492 (0.080)

T. pseudonana Ig 0.033 (0.005) 0.659 (0.006) 0.019 (0.000) 0.049 (0.007) 0.005 (0.003) 0.079 (0.031)

HL 0.031 (0.004) 0.650 (0.008) 0.020 (0.000) 0.036 (0.004) 0.025 (0.011) 0.372 (0.072)

Diadinoxanthin (Dd), diatoxanthin (Dt), and accessory pigments, Chlorophyll c (Chl c), fucoxanthin (Fuc), and Beta-carotene (β-Car) were all normalized to Chl a for

T. weissflogii, T. oceanica, and T. pseudonana under Ig (85 μmol photons m-2 s-1) and HL (1200 μmol photons m-2 s-1) incubation for 10 min. Data averaged from 3

independent replicates. Value in parentheses represent SE of the mean.

https://doi.org/10.1371/journal.pone.0244252.t002
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The extent of nonphotochemical quenching induction after 120 min of HL, and then relax-

ation over the subsequent 10 min dark period, were next compared with the PSII repair rates.

Interestingly, all species started with similar values of induced YNPQ of ~0.45–0.5 (Fig 4)

under the high light treatment. This contrasts with the much lower values of YNPQ observed

for T. oceanica compared to T. weissflogii from shorter incubations (Figs 1 and 2), highlighting

that T. weissflogii rapidly builds a rapid but sustained nonphotochemical quenching whereas

T. oceanicamore slowly builds nonphotochemical quenching over time. However, differences

in YNPQ between the beginning and end of the 10 min dark incubation (Fig 4A), and hence

the amplitude of nonphotochemical quenching relaxation (Fig 4B), increased with PSII repair

capacity. Thus, T. pseudonana had the highest PSII repair capacities and maintained a large

amplitude of nonphotochemical quenching relaxation whereas T. oceanica and, particularly,

Fig 2. YNPQ vs. de-epoxidation state (DPS) of the XC for T. weissflogii (blue triangles), T. oceanica (red circles), and T.

pseudonana (black squares) under 10 min exposure to growth irradiance (Ig, 85 μmol photons m-2 s-1, solid symbols) and high

light (HL, 1200 μmol photons m-2 s-1, open symbols). Dashed lines highlight the extent of changes observed between light

treatments for each measured parameter. Data averaged from three independent replicates for DPS and at least four independent

replicates for YNPQ with errors bars representing SE of the mean.

https://doi.org/10.1371/journal.pone.0244252.g002
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T. weissflogii show sustained nonphotochemical quenching (Fig 4) albeit with slower induction

for T. oceanica (Fig 1).

Light-driven O2 consumption

Cell normalized measurements of gross O2 production (GPO2; pmol cell-1 h-1) via MIMS were

consistent across light treatments where there was higher production under HL than Ig for all

Fig 3. Representative photo-inhibition and recovery time courses for T. oceanica (To), T. pseudonana (Tp) and T.

weissflogii (Tw). Black points show individual determinations of Fv0/Fm0 or Fv/Fm from FRRf measurements of cultures

with PSII repair active (absence of lincomycin). Dashed orange line connects Fv0/Fm0 measures taken immediately after

exposure to HL (1200 μmol photons m-2 s-1) over 0–120 min or recovery light (15 μmol photons m-2 s-1) at 150 and

180 min, influenced by combined effects of non-photochemical quenching induction and net photo-inactivation (if

any). Solid green line connects Fv/Fm taken after 10 min of subsequent dark for HL time points, to allow relaxation of

non-photochemical quenching, or taken immediately during the recovery light period. These points were used to fit

the Kok model of PSII photo-inactivation countered by repair. Note the different patterns and amplitudes of short-

term (10 min) relaxation of non-photochemical quenching, among the species (black dots). The dotted red line shows

Fv/Fm data from separate lincomycin treated cultures to show the underlying photo-inactivation in the absence of

counteracting repair.

https://doi.org/10.1371/journal.pone.0244252.g003
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three species (p< 0.05, S1 Table). However, T. weissflogii GPO2 was significantly higher from

both T. oceanica and T. pseudonana (Bonferroni post-hoc p< 0.0001). Measurements of

energy losses are shown in Fig 5 as the fraction of GPO2 allocated to respiration in the dark

(RDARK) and in the light (LDR), with the remainder being net O2 production (NetO2). Extent

of LDR (% of GPO2) was comparable for all species under Ig but not HL; specifically, %LDR

for T. weissflogii decreased from 11.8% at Ig to 8.1% at HL but increased from an average of

10.5% at Ig to 16.6% at HL for the other two species, with T. oceanica exhibiting the highest

LDR increase from Ig to HL. Patterns of %RDARK were more variable across species and treat-

ment, whereby %RDARK in T. weissflogii and T. pseudonana was 16.6–21.7% regardless of

irradiance and %RDARK in T. oceanica was always <10% (Fig 5, S2 Table). This trend was sup-

ported by Fisher’s Tukey post-hoc analysis where T. oceanica differed from both T. weissflogii
(p = 0.017) and T. pseudonana (p = 0.033; see S2 Table for full comparisons). Together, the

trade-offs in %LDR and %RDARK from Ig to HL for T. pseudonana resulted in unchanged %

NetO2, whereas the light-dependent changes in %LDR (but not %RDARK) resulted in an

increase and decrease of NetO2 from Ig to HL for T. weissflogii and T. oceanica, respectively

(Fig 5).

Table 3. Rate constants for PSII photo-inactivation (kPI) and repair (kREC) for T. oceanica, T. pseudonana and T.

weissflogii, after acclimated growth at 85 μmol photons m-2 s-1, followed by treatment for 120 min under HL

(1200 μmol photons m-2 s-1) then low light recovery (15 μmol photons m-2 s-1) (Fig 3).

Species kPI (s-1) kREC (s-1)

T. oceanica 4.50e-04 (2.28e-05) 5.48e-04 (6.68e-05)

T. pseudonana 3.46e-04 (1.30e-05) 1.50e-03 (1.35e-04)

T. weissflogii 2.23e-04 (9.14e-06) 3.16e-04 (3.35e-05)

Values derived from curve fits [13, 76] of data from 3 independent replicates. Values in parentheses represent SE of

the mean.

https://doi.org/10.1371/journal.pone.0244252.t003

Fig 4. Mean YNPQ and YNPQ relaxation amplitude for T. weissflogii, T. oceanica and T. pseudonana after 120

min high light exposure. (A) Mean values of YNPQ vs. the rate constant for PSII repair, kREC, over 120 min HL

exposure showing nonphotochemical quenching measured immediately after light exposure (larger symbols) or after

10 min dark FRRf incubation (smaller symbols) for T. weissflogii (Tw, blue triangles), T. oceanica (To, red diamonds)

and T. pseudonana (Tp, black squares). (B) The amplitude of YNPQ relaxation (also green arrows in (A)). Error bars

show standard errors of the estimates for 3 or 4 independent biological replicates.

https://doi.org/10.1371/journal.pone.0244252.g004
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Energy excitation fluxes

No variation in %LDR or YNPQ was evident amongst species at Ig; however, %LDR at HL

exhibited a negative correlation with YNPQ across the three species (Fig 6), where T. oceanica
exhibited the highest %LDR despite low capacity for nonphotochemical quenching thus com-

plementing the highest kPI rates observed under HL (Table 3). T. weissflogii displayed the

opposite response with the lowest reliance on LDR and highest YNPQ (Fig 6) supporting low-

est kREC and kPI rates observed compared to other species (Table 3).

The collective energy loss yields via YII, YNPQ and YNO (as per Eq 4) revealed clear differ-

ences across the species (Fig 7). At Ig, the proportion of all absorbed light allocated to photo-

chemical conversion (parameterized as YII, Eq 5) was 0.4–0.45; although in T. pseudonana YII

Fig 5. Proportions of total photochemical energy (GPO2) allocated to various oxygen pathways over a 20 min incubation under growth irradiance (Ig)

and high light (HL). Fractional percentages of GPO2 included net oxygen production (NetO2, grey), dark respiration (RDARK, black) and light dependent

respiration (LDR, white) in T. weissflogii, T. oceanica, and T. pseudonana under Ig (85 μmol photons m-2 s-1) and HL (1200 μmol photons m-2 s-1). Data

averaged from 2 or 3 independent biological replicates with error bars representing SE of the mean.

https://doi.org/10.1371/journal.pone.0244252.g005

PLOS ONE Divergence of photosynthetic strategies amongst marine diatoms

PLOS ONE | https://doi.org/10.1371/journal.pone.0244252 December 28, 2020 15 / 27

https://doi.org/10.1371/journal.pone.0244252.g005
https://doi.org/10.1371/journal.pone.0244252


is significantly higher than in T. oceanica (ANOVA for YII across species, p = 0.022; Bonfer-

roni post-hoc, p = 0.03). Remarkably, for all species under HL only 0.05 of the fluorescence-

derived yields for absorbed light energy went to YII (Fig 7) (ANOVA, p = 0.236), which con-

tradicts [102] showing higher fluxes via pseudo-cyclic electron flow in diatoms. There is a

greater proportion of energy flux via YNPQ for T. weissflogii (~0.7) under HL while, instead,

YNO represents ~0.7 of excitation flux in T. oceanica. T. pseudonana has balanced YNO

and YNPQ at ~0.48 each, once again revealing the divergence of photoprotective strategies

employed by these diatoms. Since FRRf-based values of YII appear to, generally, be directly

proportional to GPO2 in microalgae [e.g. 103], we further considered the %LDR, %RDARK and

%NetO2 allocations of GPO2 to be comparable to YII (Fig 7). This demonstrates that a very

small fraction of absorbed light ultimately results in ‘O2 recycling’ (loss of electrons in the

Fig 6. The yield of non-photochemical quenching (YNPQ) versus light dependent respiration (LDR) as a % of GPO2 for T.

weissflogii (blue triangles), T. oceanica (red circles), and T. pseudonana (black squares) under 20 min exposure to growth

irradiance (Ig, 85 μmol photons m-2 s-1, solid data points) and high light (HL, 1200 μmol photons m-2 s-1, open data

points). Data averaged from 2 or 3 independent replicates for LDR and at least 4 independent replicates for YNPQ. Error bars

represent SE of the mean.

https://doi.org/10.1371/journal.pone.0244252.g006
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membrane electron transport chain) through %LDR across these diatom species; specifically,

4–6% under Ig and<1% under HL.

Discussion

Diatoms exhibit varying responses to light to thrive across diverse environmental niches [40,

41, 101, 104–106]. Estuarine diatoms (e.g. T. weissflogii), exhibit a high capacity to rapidly

initiate nonphotochemical quenching whereas oceanic diatoms (e.g. T. oceanica) have slower

initiation of nonphotochemical quenching as light intensifies, with coastal diatoms (e.g. T.

pseudonana), exhibiting an intermediate response [8, 107]. Our data confirmed these trends,

despite similar rates of NPP across the three diatom representatives when grown under the

same conditions of moderate, steady light (Table 1). Here, we add to the understanding of

adaptive differences in photophysiological trade-offs employed by diatoms shifted to high light

Fig 7. Energy flux yields. YNPQ (dark blue), YNO (light blue) and YII, which is then further divided into fractions of LDR (white), RDARK (black) and NetO2

(grey), from T. pseudonana, T. oceanica and T. weissflogii under 85 μmol photons m-2 s-1 (Ig) and 1200 μmol photons m-2 s-1 (HL). Data averaged from 3

independent biological replicates and error bars represent SE of the mean.

https://doi.org/10.1371/journal.pone.0244252.g007
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through (i) nonphotochemical quenching induction, (ii) reliance on energy consumption

downstream of PSII and (iii) utilization of energetically expensive repair processes to counter

damage to the photosynthetic machinery (Fig 8). Faster induction of nonphotochemical

quenching was accompanied by lower susceptibility to PSII inactivation, while faster relaxation

of nonphotochemical quenching corresponded with faster repair, across the three species. The

faster nonphotochemical quenching relaxation and PSII repair for T. pseudonana was accom-

panied by greatest change in DPS capacity from Ig to HL. For T. oceanica, slower nonphoto-

chemical quenching induction, and greatest susceptibility to PSII inactivation, was in turn

accompanied by greater proportion of O2 evolved from PSII (GPO2) flowing to LDR, and less

to RDARK. Thus, under transient high light exposure T. weissflogii adopts a strategy of rapid

and sustained PSII downregulation, thereby requiring relatively little RCII inactivation/repair,

or the need to induce O2 and electron consuming (LDR) pathways. In contrast, T. oceanica
appears to not initiate protective mechanisms to alleviate excess excitation pressure on PSII,

as evident by relatively little downregulation, inactivation and only moderate repair, but,

instead, places greater reliance on LDR to dissipate excess excited energy downstream of PSII.

Although these experiments were conducted under nutrient repletion, T. oceanica is evolved

for low nutrient growth. Limiting reliance upon PSII repair thereby lowers the requirement

for mineral nutrient investment into metabolically expensive systems for protein turnover [32,

108]. The response for coastal T. pseudonana is intermediate, with moderate downregulation

and inactivation of PSII, but high repair of PSII and relaxation of nonphotochemical quench-

ing, and some LDR. These trends show inherent trade-offs in how these different species

deploy downregulation and repair of PSII, versus modulating subsequent re-consumption of

oxygen and electrons (Fig 8).

In diatoms, activation of nonphotochemical quenching requires both the proton (H+) gra-

dient across the thylakoid membrane (ΔpH) and xanthophyll cycling (XC), involving the de-

epoxidation state (DPS) of diadinoxanthin (Dd, light harvesting pigment) to diatoxanthin (Dt,

photo-protective pigment) [109]. Dt epoxidation to Dd in T. pseudonana was shown to be

inhibited at HL due to the presence of a proton gradient, which maintains high concentrations

of this photo-protective pigment. Dt epoxidation is also inhibited by complete darkness after

HL exposure [85]. Such inhibition of Dt epoxidation allows diatoms to re-activate nonphoto-

chemical quenching rapidly if needed, thus avoiding over-reliance on a single photo-protective

Fig 8. Summary of relative reliance (low to high; light grey to black) on various energy dissipation strategies when

subject to transient HL including (i) de-epoxidation state (DPS) of xanthophyll cycle pigments, (ii) induction/

relaxation of nonphotochemical quenching (parameterized as YNPQ), (iii) inactivation/repair of PSII and (iv) O2

consuming pathways (LDR/RDARK) for the three Thalassiosira diatom species examined here.

https://doi.org/10.1371/journal.pone.0244252.g008
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mechanism [109]. Diatoms also benefit from rapid pigment conversion by Dt epoxidase dur-

ing subsequent transition to low light that is evident through rapid relaxation/reversibility

(within 5 min) of a component of nonphotochemical quenching [85, 110]. Such patterns were

consistent with those we observed, with all species increasing Dt concentrations under HL

[39], however this was not always consistent with a rapidly reversible nonphotochemical

quenching. While T. pseudonana showed rapidly reversible nonphotochemical quenching, T.

weissflogii appeared to sustain nonphotochemical quenching upon transition to low light, in

parallel with its low capacity for PSII repair (kREC; Table 3). Sustained nonphotochemical

quenching has been observed to have a linear relationship with Dt whereby at lower acclimated

growth irradiances sustained nonphotochemical quenching at the initial dark fluorescence

measure was around 5-fold lower than in high-light acclimated T. gravida [38]. However,

recent studies have observed a deviation from this linearity [41], supporting the hypothesis

that some portion of Dt is not directly related to nonphotochemical quenching and prevents

full relaxation of nonphotochemical quenching [15]. While our study only obtained Dt con-

centrations at Ig and a brief (10 min) transient shift to HL, we cannot rule out the effect of Dt

on sustained nonphotochemical quenching, and thus fluorescence signals retrieved. However,

there was no significant difference in Dt among species at Ig (p = 0.323), therefore the trends

observed appear robust. Interestingly, T. oceanica had slow initiation of nonphotochemical

quenching under HL (Fig 1A) suggesting that a high content of Dt could be present but dis-

connected from RCII as was observed by Zhu & Green [10].

T. oceanica does not rapidly initiate nonphotochemical quenching to dissipate excess inci-

dent light energy in the antennae bed and, subsequently, suffers high excitation pressure on

the RCIIs that split water and, potentially, higher excitation pressure through the subsequent

electron carrier network. Increased ‘traffic’ of excitation energy was clear from the higher

photo-inactivation rates (kPI) for T. oceanica compared to the other two species. Previous stud-

ies on diatoms have established a link between diatom cell size and susceptibility to photo-

inactivation, whereby cell size is inversely proportional to photo-inactivation [73] and thus

larger cells require lower PSII protein turnover [108]. This complements our data of higher

PSII repair rates (kREC) for the smaller T. pseudonana than the larger T. weissflogii. Impor-

tantly, cell size may explain some photo-inactivation trends, but protein synthesis and regener-

ation, that alters in accordance with photosynthetic architecture also needs to be considered

[32, 73]. It is technically difficult to discriminate between photoinactivation of PSII and sus-

tained downregulation of PSII, but ecophysiologically [86] a sustained suppression of PSII

activity imposes opportunity costs on subsequent productivity, whatever the mechanism.

PSII repair comes at a significant cost to the cell where the (re)synthesis of photosynthetic

machinery comes at the expense of photosynthetic production [86]. Chloroplastic protein

metabolism for PSII repair saturates at low light and continues during dark periods thus com-

peting with growth for energy generated by photosynthesis [108, 111]. For T. oceanica with the

highest kPI (Table 3), alternative mechanisms may be employed to obtain additional metabolic

energy at the expense of biosynthetic reductant. One source of energy could be PSII-MOX [50,

112] or PSI-Mehler [113] that consume O2 and generate a trans-membrane proton gradient to

power ATP generation. While specific O2-consuming pathways were not distinguished in this

study, there was evidence to support a higher reliance on energy sourced from O2-consuming

pathways by T. oceanica evidenced by higher LDR at HL compared to all other species (S2

Table, Fig 5). The corresponding slower induction of nonphotochemical quenching exhibited

by T. oceanica confirms previous studies showing a higher dependence on MOX processes.

Importantly, such LDR pathways also act to consume excessive oxygen, which in the presence

of high excitation pressure increases the chance of reactive oxygen species generation and fur-

ther PSII—and indeed cellular—damage. Interestingly, T. weissflogii exhibited the highest dark
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respiration (S1 Table). A recent energetic coupling was found in diatoms between mitochon-

dria and chloroplasts whereby ATP is supplied to the plastid by the mitochondria in the dark

via upregulation of mitochondrial alternative oxidase (AOX) [60, 114, 115]. ATPase in the

chloroplast hydrolyses this ATP to ADP which increases H+ concentration in the lumen that

ultimately activates de-epoxidation of Dd to Dt [15]. Thus, in contrast to T. oceanica that is

slower to initiate nonphotochemical quenching, our data would suggest T. weissflogii relies on

“front loading”, or priming the photosynthetic apparatus, for rapid HL exposure at any time

and in the absence of a light-driven proton motive force by keeping pH and Dt concentrations

optimal for photo-protection.

Diatoms exhibit distinct alterations in photosynthetic architecture based on ecological

niche, where oceanic diatoms (T. oceanica) have been found to have up to 10 PSII:PSI while

coastal diatoms generally have 2 PSII:PSI [107]. These differences are primarily attributed to

iron (Fe) availability, as the requirement for synthesis of PSII, Cyt b6f, and PSI are 3, 6, and 12

Fe atoms, respectively, but also provide insight into potential evolutionarily conserved species-

specific photo-protective strategies amongst diatoms. Fe availability greatly influences growth

rates of diatoms from various habitats whereby T. pseudonana and T. weissflogii growth rates

were lowered by approximately 75% under Fe limitation while T. oceanica showed no signifi-

cant change in growth rate [116] suggesting an evolutionary predisposition for the Fe-depleted

open ocean. Different diatoms are equipped (genetically) to exploit many environments [2, 60,

117]. When light is stable and nutrients are limiting, typical of oceanic waters, diatoms appear

to focus on upregulating light harvesting to produce more photochemical energy for cellular

maintenance as nutrients are the limiting factor for division in these environments [101]. This

pattern is consistent with the reliance of T. oceanica upon recycling electrons back to O2 under

excess light. This cyclic flux of electrons trades biosynthetic reductant for ATP generation. If

inorganic nutrients are limiting, the requirement for ATP for maintenance and nutrient

uptake increases relative to the requirement for actual reductive biosynthesis. Conversely, for

coastal/estuarine waters, where light is dynamic and nutrients plentiful, diatoms can afford to

invest more energy in biosynthesis of macromolecules and division as well as energetically

expensive photosynthetic machinery, such as PSI, that are more efficient trapping excitation

energy than PSII [118]. Also, PSI photochemistry incurs a higher Fe requirement compared to

ATP generation through MOX pathways [50]. The most studied MOX, plastid terminal oxi-

dase (PTOX), was found to be a significant contributor to electron flow in marine Synechococ-
cus [51] but absent for several coastal phytoplankton species compared to oceanic species [119,

120]. Based on our observations, we propose that T. oceanica cannot “afford” to synthesize

new photosynthetic machinery and instead evolved strategies to allocate harvested light energy

towards chemical energy for maintenance and growth while the slowly induced nonphoto-

chemical quenching provides a fail-safe in the event of prolonged light stress.

Conclusions

In summary, we have built on previous studies demonstrating differences in nonphotochem-

ical quenching amongst diatom species, and strategies in dealing with transient high light

exposure (e.g. [8]) to elucidate the trade-offs amongst varying energy dissipating strategies

from ecologically distinct diatoms. We found that T. weissflogii and T. pseudonana exhibited

capacity to rapidly initiate nonphotochemical quenching at lower light, which corresponded

to lower light dependent respiration (LDR) at HL and lower kPI. T. oceanica, on the other

hand, does not initiate nonphotochemical quenching as a rapid primary response mechanism

to dissipate excess light energy and therefore had an accumulation of photochemical energy

resulting in higher rates of LDR but also higher kPI. This supports the idea that photo-
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protective strategies are evolutionarily conserved based on ecological niche for diatoms. These

diatoms possess similar core machinery to dissipate excess light energy but have balanced the

mechanistic dissipation strategies employed to best suit their respective niche.

Supporting information

S1 Fig. Photophysiological assessment of seven diatoms. Conventional non-photochemical

quenching (NPQ; see Eq 2) capacities of Phaeodactylum tricornutum (orange inverted trian-

gles), Chaetoceros muelleri (yellow circles), Ditylum brightwellii (green diamonds), Thalassio-
sira rotula (black Xs), Thalassiosira pseudonana (black squares), Thalassiosira weissflogii (blue

triangles), and Thalassisosira oceanica (red circles) with increasing light intensity. Error bars

represent the standard error of the mean of at least n = 3 for independent biological replicates.

(TIF)

S1 Table. Rates of oxygen production and consumption.
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S2 Table. MIMS analysis of oxygen pathways as a percentage of gross oxygen production

(% of GPO2).
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60. Murik O, Tirichine L, Prihoda J, Thomas Y, Araújo WL, Allen AE, et al. Downregulation of mitochondrial

alternative oxidase affects chloroplast function, redox status and stress response in a marine diatom.

New Phytol. 2019; 221(3):1303–16. https://doi.org/10.1111/nph.15479 PMID: 30216452
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