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ABSTRACT: Microphytobenthos (MPB) inhabiting intertidal flats of estuaries form highly produc-
tive diatom-dominated biofilms. The capacity to sustain such high photosynthetic activity under
conditions prone to cause photoinhibition is thought to be enabled by efficient photoprotective
mechanisms, the main ones being the xanthophyll cycle (XC) and vertical migration (VM). This
study compared the photoprotective capacity of 2 MPB communities inhabiting contrasting sedi-
mentary habitats and relying on distinct light responses: epipelic communities, colonizing muddy
sediments and using motility (VM) to regulate light exposure; and epipsammic communities,
inhabiting sandier sediments and relying solely on physiological photoprotection (XC). The effi-
ciency of physiological photoprotection of the 2 communities was compared regarding Photo-
system II (PSII) photoinactivation caused by light stress. Lincomycin was used to distinguish
photoinactivation from counteracting repair. Rate constants of PSII photoinactivation (kp;) and
repair (kggc) were determined on cell suspensions, based on the light and time dependence of
maximum quantum yield of PSII, F,/F,,, as measured using multi-actinic imaging fluorometry. The
results show that motile species, in comparison to epipsammic ones, are inherently more suscep-
tible to photoinactivation (higher k), less dependent on the XC for preventing photodamage
(smaller increase of kp; induced by nigericin) and more efficient regarding repair capacity (higher
kggc). The distinct strategies exhibited by epipelic and epipsammic communities to cope with light
stress support the hypothesized trade-off between photoprotective motility and photophysiology.
Motile forms have a diminished physiological capacity for preventing photodamage and compen-
sate using VM and a better repair capacity. Non-motile epipsammic forms rely mostly on physio-
logical mechanisms to optimize photoprotection capacity.
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INTRODUCTION

Photoprotection against photoinhibition has long
been considered crucial for microphytobenthos (MPB)
(Admiraal 1984, Kromkamp et al. 1998, Serodio et al.
2001). These diatom-dominated communities inhabit
intertidal and shallow subtidal sedimentary habitats
of estuaries and coastal zones, characterized by
highly dynamic and extreme abiotic conditions
(Serédio & Catarino 1999, Brotas et al. 2003, Cheva-
lier et al. 2010). These include exposure to supersat-
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urating solar irradiance during prolonged periods
(Perkins et al. 2001, Laviale et al. 2015), extreme
(high or low) temperature and salinity (Guarini et al.
1997, Serddio et al. 2008), and nutrient and carbon
limitation (Cook & Regy 2006, Vieira et al. 2016). Each
of these factors and, more so, their combined effects
are prone to cause a decrease in photosynthetic
activity due to the photoinactivation of Photosystem
I (PSII). Nevertheless, MPB sustain dense biofilms
with high photosynthetic activity, and MPB primary
productivity is ranked among the highest in marine
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and estuarine ecosystems, matching or exceeding
that of phytoplankton (Underwood & Kromkamp
1999).

The high productivity of MPB under extreme con-
ditions has been thought to be enabled by particu-
larly effective photoprotective mechanisms, allowing
them to safely optimize the balance between light
exposure and dissipation of excess absorbed light
energy (Serodio et al. 2012). In this context, the motil-
ity of benthic diatoms has long been considered to
have an important photoprotective value. According
to the 'behavioral photoprotection’ hypothesis, the
ability to vertically migrate within the photic zone of
the sediment, covering a large range of light condi-
tions in a short time, could enable motile diatoms to
regulate light exposure and optimize photosynthesis
while avoiding photodamaging irradiances (Admi-
raal 1984, Underwood et al. 1999, Consalvey et al.
2004). The photoregulatory nature of vertical migra-
tion is supported by increasing experimental evi-
dence: (1) diatom motility is regulated by light inten-
sity (Cohn et al. 2004, 2015, Serodio et al. 2006,
McLachlan et al. 2009); (2) biofilms treated with a
motility inhibitor show a marked decrease in photo-
synthetic activity (Perkins et al. 2010, Serddio et al.
2012); (3) high light-induced negative phototaxis is
associated with susceptibility to photodamage (Eze-
quiel et al. 2015); and (4) light-induced migration is
fast, occurring on time scales comparable to the acti-
vation of physiological photoprotection mechanisms
(Laviale et al. 2016, Frankenbach & Serdédio 2017,
Blommaert et al. 2018).

Motility-based photoprotection could operate com-
plementarily to the physiological processes common
to other photoautotrophs, the most important of which
is considered to be the thermal dissipation of exces-
sive light energy through the xanthophyll cycle (XC).
In diatoms, the XC relies on the enzyme-mediated,
reversible conversion of the PSII antenna pigment
diadinoxanthin (DDx) into the energy-dissipation
form diatoxanthin (DTx), which depends on the pres-
ence of a transthylakoidal proton gradient and on
specific LHCx proteins (Blommaert et al. 2017, Le-
petit et al. 2017). Compared to higher plants (Ruban
et al. 2004), the XC of diatoms was found to operate in
a particularly efficient way, especially in coastal and
estuarine species (Lavaud 2007). The XC-related
de-excitation of the antennae is often quantified by
measuring the non-photochemical quenching (NPQ)
of chlorophyll fluorescence (Miiller et al. 2001, Ruban
2016). Because NPQ comprises several mechanisms
of regulated energy dissipation in the PSII antenna,
this fluorescence index has been widely used as a

measure of photoprotective capacity of MPB (Jesus et
al. 2006, Lavaud et al. 2007, Juneau et al. 2015).

A corollary of the 'behavioral photoprotection’ hy-
pothesis is the existence of a trade-off between motil-
ity-based and physiological photoprotective mecha-
nisms: having the possibility to adjust light exposure
behaviorally, motile species would rely less on physi-
ological photoprotective processes, thus showing a
decreased inherent photoprotective capacity (Serodio
et al. 2001, Barnett et al. 2015, Laviale et al. 2016).
The replacement of the physiological photoprotection
(at least partially) by motility is supported by the
recent finding that high light-induced vertical migra-
tion is fast enough to allow the systematic avoidance
of exposure to high light (Laviale et al. 2016,
Frankenbach & Serddio 2017), thus avoiding the de-
velopment of a large physiological photoprotective
capacity (Lavaud et al. 2007, Serodio & Lavaud 2011,
Barnett et al. 2015, Blommaert et al. 2018).

The relative importance of behavioral and physio-
logical protection in MPB has been debated ex-
tensively in recent years (Serddio et al. 2001, Van
Leeuwe et al. 2008, Mouget et al. 2008, Pniewski et
al. 2015, Barnett et al. 2015, Blommaert et al. 2017).
This question has been often addressed by compar-
ing 2 types of benthic diatom assemblages, taxonom-
ically closely related and occurring virtually sym-
patrically (e.g. same tidal flat of the same estuary),
but differing markedly regarding motility: the epi-
pelon (EPL), formed by raphid motile species, domi-
nant in fine sediments; and the epipsammon (EPM),
composed predominantly of non-motile growth
forms, common in coarser sediments, where they live
in close association with sediment particles (Jesus et
al. 2009, Cartaxana et al. 2011, Barnett et al. 2015,
Juneau et al. 2015). The evidence gathered from the
comparative study of EPL and EPM species appears
to confirm the motility—physiology trade-off hypothe-
sis, in the sense that motile forms tend to show a
lower capacity for physiological photoprotection,
either by having smaller cellular pools of energy-dis-
sipating pigment DTx (Van Leeuwe et al. 2008, Jesus
et al. 2009, Cartaxana et al. 2011, Pniewski et al.
2015) or by attaining lower maximum NPQ levels
than their non-motile equivalents (Barnett et al. 2015,
Blommaert et al. 2017, 2018, Pniewski et al. 2017).

The study of the photoprotective role of vertical
migration and NPQ, and the trade-off between mo-
tility and physiological processes, has been based
almost exclusively on the assessment of ‘photoinhibi-
tion’, defined in terms of net photoinactivation, that
is, the decrease in photosynthetic activity resulting
from the balance between PSII photoinactivation and
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photorepair, without distinguishing their counter-
acting effects (e.g. Serddio et al. 2012, Laviale et al.
2015). However, the evaluation of the actual photo-
protective capacity provided by a certain process
(e.g. vertical migration) is better attained by quanti-
fying its effect in terms of the induced decrease of the
susceptibility to photodamage (Serdédio et al. 2017).
This in turn requires the separate quantification of
the operation of PSII photoinactivation and repair
processes, which can be adequately achieved by
measuring the rate constants of inactivation and
repair (kp; and kggc, respectively) and their res-
ponses to irradiance level (kp; and krgc versus E
curves) (Murata et al. 2012, Campbell & Tyystjarvi
2012, Miyata et al. 2012).

This study addresses the comparative study of the
inherent physiological photoprotection capacity of
EPL and EPM diatom communities, directly testing
the motility—physiology trade-off hypothesis based
on actual PSII photoinactivation. The rate constant of
photoinactivation, kp;, and its variation with irradi-
ance level, were used as a measure of the efficiency
of photoprotection processes, testing the hypothesis
that EPL species (when not using vertical migration)
show a lower physiological photoprotection capacity,
being more susceptible to photoinactivation (higher
kp;) than their EPM counterparts (lower kp;). The
study further intended to (1) test if the hypothesized
lower inherent photoprotective capacity of motile
species is compensated by a higher capacity for re-
pair, (2) evaluate the effective photoprotective
impact of XC-associated NPQ, and (3) characterize
the relationship between NPQ and kp;, evaluating
the value of the NPQ index as a measure of photo-
protection capacity.

Photoinactivation and repair processes were quan-
tified in combination with the assessment of photo-
acclimation state and potential physiological photo-
protection capacity, as conventionally measured by
NPQ, taking advantage of a recently developed ex-
perimental approach allowing the high-throughput
and integrated characterization of light responses
and kinetics of photosynthetic samples (multi-actinic
imaging fluorometry; Ser6dio et al. 2017). The me-
thod is based on the combined use of imaging chloro-
phyll fluorometry and the simultaneous exposure of
replicated samples to multiple actinic light levels and
periods of exposure, allowing the rapid measurement
of the induction and relaxation kinetics and of the
light response of relative PSII electron transport rate
(rETR; characterizing photoacclimation state) and
NPQ (related to processes mediating photoprotec-
tion), and of the rate constants kp; and kgpgc.

MATERIALS AND METHODS
Sampling and sample preparation

Sediment samples were collected on 2 intertidal
flats of the Ria de Aveiro, a mesotidal estuary located
off the west coast of Portugal. The sampling sites
were selected for their different distinctive character-
istics regarding sediment granulometry and diatom
species composition. Site Vista Alegre (40°37 12" N,
08°44' 54" W) is composed of fine muddy sediments
(97 % particles <63 pm) and is expected to be domi-
nated by EPL species, and will therefore be referred
to as VA-EPL. Site Gafanha da Encarnacao
(40°35"18" N, 08°41'06"W) is composed of sandy
mud (45.3 % particles between 63 and 125 pm and
42.7 % particles <63 pm) and is expected to be domi-
nated by EPM species, and will therefore be referred
to as GE-EPM. The tidal height of the 2 sampling
sites is similar (ca. 2.3 m relative to hydrographic
zero), with a mean duration of low tide (i.e. sediment
exposure) of ca. 8 h 30 min (Serédio et al. 2007). Sam-
pling was carried out during August 2016, on 3 con-
secutive days for each site, when low tide took place
during the middle of the day. The top 1 cm layer of
the sediment was collected using a spatula and then
transported to the laboratory, where it was sieved
(1 mm mesh) and thoroughly mixed. The sediment
was transferred into plastic trays to form a layer of
3-4 cm thick slurry and was maintained overnight
immersed in natural seawater collected at the sam-
pling site. The following day, before the start of the
low-tide period, the overlying water was carefully
removed, and cells were collected using the ‘lens tis-
sue' technique (Eaton & Moss 1966). Two layers of
lens tissue (Lens cleaning tissue 105, Whatman) were
placed on the surface of the sediment exposed to low
white light (halogen lamps, 50 pmol photons m=2 s7!)
to induce upward migration of motile cells. After ca.
2 h, the upper piece of lens tissue was removed and
microalgae were resuspended in filtered natural sea-
water, producing the cell suspensions used in the
experiments.

Photoacclimation state and photoprotection capacity

The photoacclimation state and the potential photo-
protection capacity of the samples was characterized
by measuring light-response curves and induction
kinetics of relative electron transport rate of PSII
(rETR) and NPQ, respectively (see Table 1 for nota-
tion). TETR was determined by measuring chloro-
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phyll fluorescence parameters F; and F,' on samples
exposed to irradiance level E (Genty et al. 1989):

Fn'— F

m

rETR=FE (1)
Because F,,' values measured under low light in
MPB samples may be higher than the F, value
measured after dark-adaptation, NPQ was calculated
using the adapted NPQ index, based on the relative
difference between the maximum fluorescence level
measured during the construction of the light-
response or induction curves, F,',, and the level
measured upon exposure to light, F,,' (Serdédio et al.

2008):
" _F.

F,
NPQ=-2 2
Q o (2)

Table 1. Notation

o Initial slope of the rETR versus E curve
(umol™! m? s)

A Fraction of functional PSII

AAL Areas of actinic light

AOI Areas of interest

DDx, DTx Xanthophyll cycle pigments diadinoxanthin
and diatoxanthin

E PAR irradiance (pmol photons m™2 s7!)

Ey Light-saturation parameter of the rTETR
versus E curve (pmol photons m™2 s7%)

Ejsy Irradiance level corresponding to 50 % of
NPQ,, in an NPQ versus E curve

rETR PSII relative electron transport rate

tETR,, Maximum rETR in a rETR versus E curve

F,, F, Minimum and maximum fluorescence of
a dark-adapted sample

F,, F,' Steady-state and maximum fluorescence
of a light-adapted sample

F,/F, Maximum quantum yield of PSII

kpy, kygc Rate constants of photoinactivation and
repair of PSII (s71)

LC Light-response curve

MPB Microphytobenthos

NPQ Non-photochemical quenching index

NPQ,, Maximum NPQ value reached in a NPQ
versus E curve

n Sigmoidicity coefficient of the NPQ versus
E curve

Dp; Relative quantum yield of photoinactivation
(m? pmol photons™)

PSII Photosystem II

T Duration of light exposure for each
irradiance E (min)

XC Xanthophyll cycle

The light-response curves of rETR and NPQ were
described by fitting the models of Eilers & Peeters
(1988) and Serddio & Lavaud (2011), respectively.
rETR versus E curves were described by model
parameters a (the initial slope of the curve), rETR,,
(maximum rETR) and Ek (the light-saturation param-
eter). NPQ versus E curves were described by model
parameters NPQ,, (maximum NPQ), Es, (E corre-
sponding to 50% of NPQ.,) and n (sigmoidicity
parameter). Models were fitted and model para-
meters were estimated by iteratively minimizing a
least-squares function, forward differencing, and the
default quasi-Newton search method, using a proce-
dure written in MS Visual Basic and based on MS
Excel Solver.

Photoinactivation and repair

The rate constants of PSII photoinactivation and
repair, kp; and krpc, were measured in the dark fol-
lowing exposure to actinic light. Rates were calcu-
lated under the assumptions that (1) the pool of func-
tional PSII can be estimated by the maximum PSII
quantum yield, calculated as F,/F,, = (Fy, — F,)/Fy, (2)
PSII photoinactivation and repair occur concurrently
and can be described as 2 opposite first-order reac-
tions, and (3) at the beginning of light exposure all
PSII photosystems are functional (Kok 1956, Ni et al.
2017). In this case, the variation of net photoinactiva-
tion over time of exposure can be described by:

krec(E)+ ke (E)e_(kPI(E] g T
kpi(E)+ krgc(E)

AET)= 3)
where A is the fraction of functional PSII, measured
by the ratio of the F,/F,,(E,T) values measured after
exposure to actinic light level E during a period T,
and the initial, pre-stress F,/F,, values (Campbell &
Tyystjarvi 2012). F,/F,(E,T) values were measured
after 15 min of recovery in darkness. This time period
has been used for MPB samples before, as it allows
for the relaxation of the XC-associated NPQ (qg),
while preventing the build-up of significant sus-
tained NPQ during prolonged darkness (Serddio et
al. 2012). The rate constants kp; and krpc were quan-
tified for each E level as described by Campbell
& Tyystjarvi (2012). kp; was measured on samples
treated with lincomycin (2 mM; lincomycin hydro-
chloride, Alfa Aesar; added in the dark 30 min before
the start of the experiment), an inhibitor of the de
novo synthesis of chloroplast-encoded proteins such
as D1, by fitting the simplified form of Eq. (3) (setting
kggc = 0) to the time series of A(E, T):
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A(E,T)= e kn(ET (4)

kpgc was estimated by fitting Eq. (3) to the time series
of A values measured in untreated samples and
using the corresponding kp;(E) estimates.

The relative quantum vyield of photoinactivation,
®p;, was determined from the slope of linear re-
gression equation of kp; against irradiance level E
(Hakala et al. 2005):

_ kni(E)

CI>PI B

)

Because ®p; measures directly the susceptibility to
inactivation per incident photon, by integrating the
effects of all protective mechanisms in operation, it is
used in this study as an indicator of the global effec-
tiveness of photoprotection.

In order to evaluate the contribution of XC-related
NPQ), rate constants kp; and krrc (and their response
to light: ®p; and kggc versus E curve) were also meas-
ured in samples treated with nigericin (2.67 pM;
nigericin sodium salt, Sigma-Aldrich), an uncoupler
that relaxes the transthylakoidal ApH by antiporting
H* and K*, thus preventing the induction of the XC
and related NPQ (Antal et al. 2011). On lincomycin-
treated samples, pH was adjusted to 7.9 + 0.1, using
1 M NaOH. Sodium bicarbonate (NaHCO3;, 4 mM,
Sigma-Aldrich) was added to all samples before each
experiment.

Multi-actinic imaging of chlorophyll fluorescence

All described fluorescence parameters and indices
used to characterize the photoacclimation state,
photoprotection capacity, photoinactivation and re-
pair were measured in a single experiment, by apply-
ing the multi-actinic imaging fluorometry protocol
described by Sero6dio et al. (2017). This approach is
based on the combined use of a digital light projec-
tor, as source of actinic light, and an imaging chloro-
phyll fluorescence system, allowing for the simul-
taneous measurement of the response of a large
number of samples subjected to different combina-
tions of light intensity (E) and exposure duration (7).

Actinic light was provided by an LCD digital pro-
jector (EB-X14; Seiko Epson), comprising one mer-
cury arc lamp providing a maximum light output of
3000 Im. A ‘light mask' consisting of a set of 64 cir-
cular, spatially separated areas of actinic light (AAL),
arranged in an 8 x 8 matrix, was projected on a cus-
tom-made 3D-printed 64-well plate containing the
samples (Serodio et al. 2017), so that each AAL cov-

ered the whole surface of each sample. The light
masks were designed in Microsoft PowerPoint, using
a code written in Microsoft Visual Basic defining the
number, position, size, shape, light intensity and
spectrum (R:G:B ratios) of each individual AAL (Se-
rédio et al. 2013). The light spectrum was kept con-
stant across light intensities by adjusting the RGB
code for each intensity (Frankenbach & Serddio
2017). Incident PAR irradiance was measured using a
calibrated flat PAR sensor (mini quantum sensor LS-C
and ULM-500 unit; Heinz Walz) at a distance from the
light source that corresponded to the sample surface
(bottom of the wells). The imaging fluorometer was a
FluorCAM 800MF (Photon System Instruments, PSI),
comprising a computer-operated control unit (SN-
FC800-082, PSI) and a CCD camera (CCD381, PSI)
with an 1.2 (2.8-6 mm) objective (Eneo). Four 13 x
13 cm LED panels emitting red light (emission peak
at 621 nm, 40 nm bandwidth) provided modulated
measuring light (<0.1 pmol photons m™2 s7!) and satu-
rating pulses (>7000 pmol photons m2s7%, 0.8 s).

The experiments consisted of 3 phases. An initial
period of 30 min of dark acclimation allowed cells to
settle in the 64-well plates (working sample volume
of 200 pl), after which reference values of F,/F,, were
measured. This was followed by an induction phase
of exposure to actinic light, during which light-
response curves and induction kinetics were meas-
ured by applying saturating pulses every 3.75 min;
the samples were arranged in a square 8 x 8 matrix,
in which each row corresponded to one of 8 actinic
light levels (37, 135, 231, 352, 506, 692, 873 and
1120 pmol photons m~2 s7!), and each column corre-
sponded to one of 8 light exposure periods (T; 3.75 to
30 min). During the final recovery phase, samples
were returned simultaneously to darkness and F,/F,,
was measured after 15 min to allow relaxation of XC-
related NPQ. Because each experiment yielded only
one estimate of kp; and kggc per E level, experiments
were run 3 times on independent samples collected
in each sampling date.

Image analysis and determination of
fluorescence parameters

Images (612 x 512 pixels, 695-780 nm spectral
range) of chlorophyll fluorescence parameters F,, F,
(measured during dark-acclimation) or F, and F,'
(measured during induction), were captured and
processed using the FluorCam?7 software (Photon
Systems Instruments). For each measurement, 64
‘areas of interest’ (AOI) were designed as slightly



46 Mar Ecol Prog Ser 601: 41-57, 2018

smaller than the corresponding AAL, to avoid mis-
interpretation due to border effects, having on aver-
age 186 pixels (5.8 mm diameter). The fluorescence
parameters were measured by averaging all pixel
values in each AOI, and by averaging the fluores-
cence intensity during the 2 s immediately before the
saturating pulse (F,, F;) and during 0.8 s (F,, Fu')
exposure to the saturating pulse. Fluorescence
images were captured at regular time intervals using
an AutoHotKey script (www.autohotkey.com), writ-
ten to automatically run the FluorCam?7 protocol used
for applying saturating pulses.

Chlorophyll a concentration

Chlorophyll a concentration of the suspensions was
determined according to Lorenzen (1967). A 2 ml vol-
ume of the cell suspension was centrifuged and sus-
pended in cold 90 % acetone. Extraction was carried
out overnight at 4°C. Samples were centrifuged
(10000 x g, 15 min), and the absorbance of the super-
natant was measured spectrophotometrically (Spec-
tronic Genesys 6 UV/VIS, Thermo Scientific) at 664
and 750 nm before and after addition of 10 % HCL

Taxonomic composition

Sub-samples of the cell suspensions were fixed in
1% v/v in Lugol's solution (5% Iodine, AppliChem)
and viewed under a bright-field microscope for de-
termination of the relative abundance of major taxo-
nomic groups (diatoms, euglenophytes and cyano-
bacteria). Diatom identification was performed on
sub-samples oxidized using concentrated nitric acid
(1/4 v/v) and potassium permanganate. Permanent
microscopy slides of the frustules were mounted
using a high refractive index medium (Naphrax;
Northern Biological Supplies). Composition of sam-
ples was determined by counting a minimum of 300
cells or valves on 3 replicated sub-samples, using a
counting chamber (Neubauer-improved, Marien-
feld). Diatom identification was based on Round et al.
(1990), Ribeiro (2010), and Coste & Rosebery (2011).

Statistical analyses

Measurements under different treatments or times
were compared by applying Student's t-test or one-
way ANOVA. Assumptions of normality and homo-
scedasticity were verified prior to analysis using the

Shapiro-Wilk test and Levene's test, respectively. In
case of violation of assumptions, data were log trans-
formed. Regression equations (slope and intercept)
were compared by applying analysis of covariance
(ANCOVA). All statistical analyses were carried out
using Statistica 10 (StatSoft).

RESULTS

Sample taxonomic composition and
chlorophyll content

The biofilms collected at the muddy site (VA-EPL)
almost exclusively comprised diatoms (relative abun-
dance 99.5%), being dominated by EPL forms of the
genera Stauroneis (31 %), Navicula (24 %) and Cra-
ticula (23 %), followed by the less abundant genera
Gyrosigma (5.7 %), Nitzschia (3.6 %), Amphora (2.2 %),
Paralibellus (1.1%), Anchanthes (0.8 %), Gomphora
(0.6 %), Suriella (0.4%) and Diploneis (0.2%). The
biofilms of the sandy mud site (GE-EPM) had a lower
relative abundance of diatoms (82% of total cell
counts), and a higher occurrence of euglenophytes
(13%) and cyanobacteria (0.2%). The diatom com-
munity was more diverse and dominated by EPM
species of the genera Navicula (30%), Amphora
(18%), Achnanthes (17 %) and Paralibellus (14 %),
followed by Gomphonema (6.2%) and Nitzschia
(5.8%). Least abundant were Pinnularia (1.2%),
Suriella (1.1 %), Stauroneis (1.0 %), Gomophycmbella
(0.9%), Planothidium (0.8 %), Cymbella (0.7 %), Cy-
lindrotheca (0.5 %), Cocconeis (0.3 %), Fallacia (0.1 %),
Plagiotropis (0.1 %) and Ophera (0.1 %). The chloro-
phyll a content of VA-EPL and GE-EPM suspensions
used in the experiments averaged 8.4 = 0.5 and 2.2 +
0.6 ng ml™?, respectively.

Photoacclimation state and
photoprotection capacity

The cell suspensions collected from the 2 habitats
responded differently to increasing light intensity
(Fig. 1). The samples from VA-EPL, dominated by
EPL diatoms, showed a marked decrease in F,,' with
increasing irradiance, down to less than 50 % of the
F,, value for the maximum applied irradiance (E =
1120 pmol photons m=2 s7') (Fig. 1A). For some sam-
ples, an increase of F,,,' under low light (E < 210 pmol
photons m™ s7') was noticeable, reaching values
above Fp,, denoting the dissipation of NPQ formed in
the dark (data not shown). In contrast, F; increased



Frankenbach et al.: Photoinactivation and repair in microphytobenthos 47

slightly under intermediate irradiances, reaching
maximum values for E = 327 umol photons m™2 s,
then decreasing to a minor extent (ca. 15%) under
higher light levels, an indication of little limitation of
photochemistry under high irradiance (Fig. 1A). Both
F,,' and F, remained relatively stable over time after
5-15 min of light exposure.

In contrast with the VA-EPL samples, the suspen-
sions from the sandy mud site (GE-EPM) showed a
smaller decrease of F,,' with increasing irradiance
(only ca. 20 %; Fig. 1B) during the first periods of light
exposure, an indication of a more limited capacity for
NPQ induction. Additionally, the light response of
F,' changed markedly over time, with F,,' values
continuously decreasing after 7.5 min of light expo-
sure (Fig. 1B). F,,' always decreased monotonically
with E and there were no observations of F,,' > F,,,

O30 min
©15 min
- @ 3.75 min

<> Fm,

Fo/Fo, F'/Fo
o

0 T T T
0 400 800
E (umol photons m2 s)

Fig. 1. Variation over time of light-response curves of fluo-
rescence parameters F; and F,,' (steady-state and maximum
fluorescence of a light-adapted sample; normalized to F,,
minimum fluorescence of a dark-adapted sample) for sam-
ples collected at (A) VA-EPL and (B) GE-EPM sampling
sites. E: irradiance. Light curves were measured at 3.75, 15
and 30 min after the start of light exposure. Data points are
mean values of 9 replicated measurements. Error bars
represent +1 standard error

reflecting the absence of dark-induced NPQ. Also in
contrast with VA-EPL, F; increased markedly and
continuously with irradiance, reaching values up to
160% of F, for E = 506 nmol photons m~2 s}, after
which point it remained relatively stable. The large
increase of F; with irradiance was gradually attenu-
ated over time (from 167 % of F, at 3.75 min to only
115% of F, after 26.25 min of light exposure; Fig. 1B),
denoting a limited sink capacity for electrons under
high light.

The samples from VA-EPL and GE-EPM also dif-
fered substantially regarding the light-response
curves of rETR and NPQ (Fig. 2). In the case of VA-
EPL, rETR versus E curves were characterized by
higher rETR, values and by not showing saturation
under the range of applied irradiances, resulting in
relatively high values of o and rETR,, at steady-
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Fig. 2. Variation over time of light-response curves of rela-
tive electron transport rate at Photosystem II (rETR) for sam-
ples collected at (A) VA-EPL and (B) GE-EPM sampling
sites. E: irradiance. Light curves were measured at 3.75, 15
and 30 min after the start of light exposure. Data points are
mean values of 9 independent measurements. Error bars
represent + 1 standard error. Lines represent the model of
Eilers & Peeters (1988) fitted to mean values at each time.
Values of model parameters (o, TETR,, and E) are given at
the end of light exposure (30 min)
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state and consequently high values of the photoac-
climation parameter Ey (Eyx = 416 numol photons m™2
s71) (Fig. 2A). In contrast, light-response curves of
rETR of GE-EPM samples showed a clear satura-
tion, resulting in lower values of light curve para-
meters (Ey = 283 pmol photons m~2 s71) (Fig. 2B). In
both cases, the rETR versus E curves did not
change significantly during the exposure period
and a steady state was reached within 30 min,
although for the VA-EPL samples the rETR values
varied more pronouncedly during the first 15 min
of exposure (Fig. 2).

Concerning NPQ, VA-EPL and GE-EPM samples
differed regarding the maximum values reached and
the variation of the NPQ light response over time. For
VA-EPL suspensions, NPQ increased with irradiance
almost linearly, not reaching saturation under the ap-
plied irradiance levels (Fig. 3A). However, the NPQ
light-response curves did not change substantially
after 15 min of light exposure (Fig. 3C), suggesting
that NPQ induction was fast and reached a steady
state during the first minutes of light exposure. At
steady-state, NPQ values measured under the high-
est E level reached around 1.2 while NPQ,, and E;,
reached 2.7 and 1210 umol photons m~2 s7!, respec-
tively. In contrast, GE-EPM samples reached lower
maximum NPQ values (NPQ for the highest E < 0.6),
although they continued to increase steadily during
the whole period of light exposure, not showing signs
of saturation.

Photoinactivation and repair

Fig. 4 illustrates the results obtained when meas-
uring rate constants of photoinactivation and repair
for a range of irradiance levels. These results refer
to a single set of experiments carried out in a single
day for each sampling site but are representative of
all results. A striking feature of these results is that,
in the case of VA-EPL samples exposed to low and
intermediate light levels, A values did not decrease
over time as expected but showed a transient in-
crease to values above 1 during the first 10-20 min.
Such an increase in F,/F, is compatible with the
dissipation of NPQ formed in the dark prior to light
exposure, and made it impractical to fit Eq. (3) and
estimate kpgc for most of the light levels applied (E
< 704 pmol photons m™2 s7!). In GE-EPM samples,
A did not increase over time as for VA-EPL, but
remained relatively constant for the lower light lev-
els. As a result, Eq. (3) could only be fitted, and
kgpc estimated, for E > 349 pmol photons m™? s7!
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Fig. 3. Variation over time of light-response curves of non-
photochemical quenching (NPQ) for samples collected at
(A) VA-EPL and (B) GE-EPM sampling sites. E: irradiance.
Light curves were measured at 3.75, 15 and 30 min after the
start of light exposure. Data points are mean values of 9 in-
dependent measurements. Error bars represent + 1 standard
error. Lines represent the model of Serédio & Lavaud (2011)
fitted to mean values at each time. Values of model
parameters (NPQ,,, n and Ejs() are given at the end of light
exposure (30 min)

(Fig. 4B). Under high light levels, A reached lower
values for the VA-EPL samples (0.75-0.8, for E =
1120 pmol photons m~2 s7!) than for the GE-EPM
samples (>0.9 for the same E), indicating a larger,
slowly reversible component of NPQ.

On samples treated with lincomycin (L and L+N),
A followed a well-defined negative exponential
decay over time for most light levels, the rate of
decay increasing with applied irradiance (Fig. 4, L,
L+N). The same light- and time-response pattern
was observed for VA-EPL and GE-EPM samples,
although the rates of decrease were, for comparable
E levels, noticeably lower for GE-EPM. In the case
of GE-EPM samples, the fit of Eq. (4) resulted in
the estimation of kp; = 0 for several of the lowest
light levels (E < 349 pumol photons m~2 s71) (Fig. 4B,
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Fig. 4. Example of the variation with time of exposure of the fraction of functional Photosystem II (A) under different irradiance
levels (E; values at the top), for controls (C), samples treated with lincomycin (L) and samples treated with lincomycin and
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rate constants (kgec and kp; for controls and lincomycin-treated samples, respectively)
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L). Higher kp; values were measured for VA-EPL
samples, reaching up to 3.01 + 0.15 x 10~* s7!, while
for GE-EPM, maximum values reached only 1.10 +
0.18 x 107 s7! (average of all measurements). For
both types of samples, the addition of nigericin
caused an increase of the rate of decay of F,/Fy,.
For VA-EPL samples, the addition of nigericin
resulted in the complete elimination of the transient
increase of A, possibly associated with the NPQ
formed in the dark that was observed in the con-
trols and in lincomycin-treated samples (Fig. 4A,
L+N).

The availability of kp; estimates for a wide range
of irradiances allowed us to quantitatively describe
its light response and to estimate the relative quan-
tum yield of photoinactivation, ®p;. kp; was found to
increase linearly with E for both sampling sites and
applied inhibitors (lincomycin and lincomycin +
nigericin), as highly significant linear regressions
were found in all cases (p < 0.05) (Fig. 5). In the
case of VA-EPL samples treated with lincomycin,
the absence of kp; values for low light levels
resulted in a positive x-intercept (y-intercept signif-
icantly different from zero; t-test, t = —4.30, df = 6,
p = 0.007; Fig. 5). The slopes of the kp; versus E lin-
ear regressions for lincomycin-treated samples,
direct estimates of ®p;, were significantly higher for
VA-EPL than for GE-EPM (®p; = 3.25 x 1077 and
1.27 x 1077 m? pmol photons™ for VA-EPL and GE-
EPM, respectively; ANCOVA, F; 3 = 1103, p <
0.001). The addition of nigericin caused an increase
of ®p; in both types of samples, but had a smaller
effect in samples from VA-EPL than in those from
GE-EPM (16.2% and 47.1%, respectively; Fig. 5).
This increase was significant at the 5% significance
level for both types of samples (ANCOVA, F; 1 =
8.5, p = 0.014 and F, ¢ = 8.4, p = 0.027 for VA-EPL
and GE-EPM, respectively).

The relative importance of photoinactivation and
repair processes can be assessed by comparing the
rate constants and kp; and krgc. However, due to
the lack of krgc measurements for most of the E
levels, the 2 rate constants were compared based
on the values measured under the highest irradi-
ance level alone (E = 1120 umol photons m™2 s7})
(Fig. 6). Repair rates were significantly higher for
VA-EPL than for GE-EPM (17.1 and 2.4 x 107™* s 7,
respectively; t-test, t = 5.36, df = 14, p < 0.001).
More importantly, repair rates were considerably
higher for VA-EPL than for GE-EPM when com-
pared to the corresponding kp; measurements, with
the ratio krgc/kp; reaching 5.0 for VA-EPL but only
1.9 for GE-EPM samples.
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Fig. 5. Variation of the rate constants of photoinactivation
(kpy) with irradiance (E), as measured on samples treated
with lincomycin (L) and with lincomycin and nigericin
(L+N), for samples collected at (A) VA-EPL and (B) GE-EPM.
Lines represent linear regression equations fitted to kp; val-
ues. Data points are mean values of 9 replicated measure-
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standard error
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DISCUSSION

Light response and induction kinetics
of rETR and NPQ

The study of the motility-physiology trade-off
hypothesis has been mostly based on the comparison
of photophysiological properties related to photo-
protection capacity of EPL and EPM species or com-
munities. The observation of higher NPQ values
(from light-response curves or light stress-recovery
kinetics), larger XC pigment pools and de-epoxida-
tion ratios in natural EPM assemblages (Van Leeuwe
et al. 2008, Jesus et al. 2009, Pniewski et al. 2015),
and non-motile species (Barnett et al. 2015, Juneau et
al. 2015, Blommaert et al. 2017, 2018) has been inter-
preted as denoting a higher physiological photo-
protective capacity to compensate for the lack of
motility.

In what regards NPQ, the results of the present
study seem to contradict this pattern. The EPL-domi-
nated suspensions (VA-EPL) attained higher NPQ
levels and greater rates of formation upon light expo-
sure than the EPM-dominated suspensions (GE-
EPM), which can be seen as an indication of a lower
capacity of the non-motile cells to withstand the ex-
posure to excess light. However, this apparent con-
tradiction with the motility—physiology trade-off can
be explained by the relatively small light doses
applied in this study (maximum irradiance and expo-
sure times lower than in most other studies), which
may have prevented the observation of the full de-
velopment of NPQ and limit the comparison between
the EPL- and EPM-dominated samples. In fact, the
results suggest that longer exposures could allow a
different overall conclusion because, while for the
VA-EPL samples NPQ remained constant at all light
levels after the quick initial induction, the NPQ of
GE-EPM samples continued to increase during the
entire period of light exposure, making it likely that
higher NPQ levels would be reached if longer incu-
bations were applied.

Another explanation for the observed results is the
possibility of latitudinal adaptation, as most of the
cited studies were carried out at higher latitudes than
the present study, and NPQ has been shown to be
higher for MPB communities from higher latitudes
(Laviale et al. 2015). However, the results of Jesus et
al. (2009), showing higher XC pigment pool for EPM
communities at lower latitudes, and of Pniewski et al.
(2017, 2018), showing lower NPQ values for EPL
communities at higher latitudes, do not support this
hypothesis.

It must be mentioned that higher NPQ levels for
EPL communities in comparison with EPM ones have
also been reported by Pniewski et al. (2017, 2018).
However, these studies compared MPB communities
from rather distant and different habitats, factors that
may have contributed to the observed differences.

These results are nevertheless ecophysiologically
significant, informing on how the 2 types of commu-
nities deal with high light. EPL species seem capable
of a fast activation of NPQ, presumably through the
operation of the XC, but a limit in NPQ development,
as its maximum is reached within only a few minutes.
Thus, while the measured NPQ levels may be higher
than for EPM samples (for the applied exposure
times), EPL assemblages may in fact have a more
limited protection capacity (Fig. 6). Motile cells might
use NPQ to quickly respond to fast increases in irra-
diance, relying on vertical migration to adjust light
exposure once the NPQ capacity is reached. In con-
trast, EPM species do not rely as much on a fast NPQ
induction but are capable of maintaining a sustained
increase of NPQ levels during long exposure periods.
The continued increase of NPQ is consistent with the
de novo synthesis of XC pigments, and in fact EPM
species have also been shown to have a higher
capacity for de novo synthesis than EPL species
(Blommaert et al. 2017, 2018). This strategy is com-
patible with the idea that EPM cells, being limited in
their capacity to regulate light exposure through ver-
tical migration, rely on an enhanced photoprotective
physiological processes to minimize the cumulative
damaging effects of prolonged exposure to excess
light.

EPL and EPM assemblages also differed regarding
the light response and induction kinetics of TETR. The
light-response curves measured in VA-EPL and GE-
EPM suspensions were typical of samples photo-
acclimated to high and low light, respectively, with
the former attaining higher o and rETR;,,, and result-
ing higher values of the photoacclimation parameter
Ey. The high- and low-light photoacclimation res-
ponses were also noticeable when analyzing the light
response of the fluorescence parameters F; and F,’,
which indicated that VA-EPL samples were not as
photochemically limited and had a larger electron
sink capacity under high irradiances than the EPM
equivalents. These results may seem unexpected
considering the sedimentary light environment of the
2 sites and the motility of respective dominant species
(Serodio et al. 2007): the higher light attenuation and
the steeper light gradients of the muddy site VA-EPL
could be expected to favor low-light-acclimated cells,
especially if they are able to move away from high
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light; in contrast, the deeper penetration of light in
the GE-EPM sediment and consequent exposure of
cells with limited motility to higher light levels would
favor the acclimation to high light. Nonetheless, high-
and low-light acclimation of EPL and EPM natural as-
semblages or species, respectively, have been consis-
tently reported (Cartaxana et al. 2011, Barnett et al.
2015, Juneau et al. 2015, Pniewski et al. 2017, 2018)

We hypothesize that the high-light acclimation pat-
tern of EPL species results from the use of motility to
search for relatively high light levels within the steep
vertical light gradient of muddy sediments. While
avoiding accumulation at the surface under very
high light levels, a negative phototactic response de-
monstrated experimentally (Cohn et al. 2004, 2015,
Serddio et al. 2006, Du et al. 2012, Laviale et al. 2016),
motile cells could accumulate at sub-surficial layers,
being exposed to relatively high light levels, maxi-
mizing the use of available light and optimizing pho-
tosynthetic carbon fixation and growth. Acclimation
to high light allows higher light-saturated photo-
synthetic rates, supporting higher growth rates, and
improves dissipating excitation pressure within PSII
through photochemistry, being of clear photoprotec-
tive value (Niyogi 1999, Ralph et al. 1999, Gévaert et
al. 2003). It also permits the generation of ATP, which
is of importance to support the energy-expensive
removal of D1 from photoinactivated PSII and sub-
sequent PSII repair (Allakhverdiev et al. 2005,
Campbell et al. 2013), found to be particularly effi-
cient in EPL-dominated samples (see below).

The clear differences between the 2 types of sam-
ples were observed despite the well-known selectiv-
ity of the 'lens tissue' sampling method for motile
cells (Yang et al. 2010). The main potential conse-
quence of this bias is the underrepresentation of non-
motile EPM species in the GE-EPM samples, which
could have led to an underestimation of the real dif-
ferences between the 2 types of communities.

Susceptibility to photoinactivation

The observed difference between the rate con-
stants of photoinactivation, and their light response,
of VA-EPL and GE-EPM samples indicates that epi-
pelic and epipsammic assemblages differ significant-
ly regarding their susceptibility to photoinactivation.
Epipelic-dominated samples showed, for comparable
irradiances, consistently higher values of kp;, sup-
porting that motile species are inherently (i.e. when
impeded from migrating, as in a suspension) more
susceptible to photoinactivation than non-motile

ones. The linearity between kp; and E, indicative of a
reciprocity between the damaging effects of light
intensity and time of exposure (Tyystjarvi & Aro
1996, Kou et al. 2012), allows using the slope of the
regression of kp; on E, ®p, as a measurement the
actual susceptibility to inactivation per incident pho-
ton. ®p; depends only on the applied light dose, and
can thus be used to directly compare results of exper-
iments based on different experimental conditions
(light intensity and exposure duration).

The finding of higher values of ®p, for epipelic cells
than for epipsammic ones supports the postulated
existence of a trade-off between photoprotective
motility and photophysiology. In comparison to non-
motile species, motile forms appear as having a
diminished physiological capacity for minimizing
photodamage, which under natural conditions (in the
sedimentary microenvironment) could be compen-
sated by migrating vertically across the photic zone
of the sediment. Epipsammic species, on the other
hand, not being able to behaviorally regulate light
exposure and absorption, use physiological mecha-
nisms providing an enhanced global photoprotection
capacity.

The ®p; values measured in the present study are
within the range of published values for natural
diatom assemblages, which vary from 1.1 x 1077 m?
umol photons™! for epipelic MPB (Cartaxana et al.
2013) to 3.8 x 1077 m? pumol photons™' for sea ice
diatom-dominated samples (Petrou et al. 2010). The
former value is the only measurement available for
benthic diatoms, and was estimated from the pub-
lished value of the relative decrease in D1 protein
content following light exposure, assuming a nega-
tive exponential decay with light dose. The fact that
this value is lower than what was observed in the
present study for epipelic samples, in spite of the fact
that a larger light dose was applied (1500 pmol pho-
tons m~2 57!, 60 min), may be explained by the larger
error expected from a single endpoint, or by the fact
that the published estimate was based on D1 protein
content, known to be less sensitive than fluores-
cence-based indicators, and that do not always corre-
late directly with F,/F,, (Zsiros et al. 2006).

Photoprotective role of NPQ

The addition of nigericin caused an increase in ®p;
in both VA-EPL and GE-EPM samples. Nigericin is
an uncoupler of thylakoid membranes that dissipates
the transthylakoidal ApH and has long been used for
assessing the role of photoprotective NPQ in plants
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(Park et al. 1996, Ware et al. 2015) and algae (Doege
et al. 2000, Christa et al. 2017), including diatoms
(Ting & Owens 1993, Grouneva et al. 2008). An in-
crease in overall PSII photoinactivation (as measured
by ®py) resulting from the addition of nigericin is thus
indicative of the operation of ApH-related photo-
protective components of NPQ (energy-dependent
quenching, gg; Miller et al. 2001, Ruban 2016) likely
including the XC. The comparison of the extent of
increase in ®p; in EPL and EPM assemblages can
therefore be used as a measure of the relative protec-
tive importance of NPQ/XC in the 2 sample types.

The significant nigericin-induced increase in ®p;
that was observed for both VA-EPL and GE-EPM is an
indication of an important photoprotective role of gg
and the XC in both types of communities. However,
the larger increase in ®p; found for GE-EPM samples
supports the idea that the XC displays a more impor-
tant role in the EPM- than in the EPL-dominated as-
semblages. This result further supports the motility—
physiology trade-off hypothesis. Non-motile species,
incapable of using vertical migration to regulate light
exposure, appear to rely more on efficient inherent
physiological photoprotection. In contrast, the smaller
increase in PSII photoinactivation in nigericin-inhib-
ited VA-EPL samples shows that the importance of
physiological mechanisms is smaller for motile spe-
cies, which likely rely more on light-induced motility
to photoprotect against excess light.

Interestingly, nigericin had the effect of elimina-
ting the transient increase in F,/F, observed in
VA-EPL samples (Fig. 4A), resulting in x-intercepts
closer to zero (Fig. 5A). This result suggests that sus-
tained NPQ formed in the dark may be related to the
establishment and maintenance of a transthylakoidal
ApH, as proposed for planktonic diatoms (Jakob et al.
2001, Dijkman & Kroon 2002, Bailleul et al. 2015).
Because the sustained NPQ may also be caused by
the permanence of DTx molecules in the dark,
regardless of the presence of a transthylakoidal ApH
(Lavaud & Lepetit 2013, Giovagnetti & Ruban 2017),
the observed effect of nigericin might be due to
changes in the activities of XC enzymes DT epoxi-
dase and DD de-epoxidase.

The photoprotective role of motility and XC, and
their relative importance, has been addressed in mul-
tiple studies. However, none has related the motility
or the XC to the effective reduction in PSII photodam-
age, by distinguishing PSII photoinactivation from re-
pair. An exception is the study by Cartaxana et al.
(2013) that, by applying lincomycin and an inhibitor of
the DDx-DTx cycle (dithiothreitol; Olaizola et al.
1994) on epipelic diatoms exposed to a single combi-

nation of light intensity and exposure duration, ob-
served a large decrease (ca. —-80 %) in D1 protein con-
tent, supporting a major role of the XC in preventing
PSII photodamage. The results of the present study,
based on the more robust indicator ®p;, pointed to a
much lesser importance of physiological processes
(®pp increased by 16 and 47 % in EPL and EPM sam-
ples, respectively). The discrepancy between these
results may be due to the different processes targeted
by dithiothreitol and nigericin, but also to differences
in photoacclimation state, associated with different
growth conditions or differences in community com-
position, highlighting the need for further investiga-
tion of the variability of the responses to high light in
natural MPB communities.

Photoinactivation versus repair

One advantage of the multi-actinic imaging proto-
col used in the present study is the possibility to
measure paired light responses of rate constants kp;
and kggc. However, specific aspects of the response
of MPB samples under study limited the measure-
ment of kggc only for the highest applied irradiances.
The absence of a clear decrease of F,/F,, values for a
large range of the lowest irradiances made it impos-
sible to fit Egs. (3) & (4) and to estimate kp; and kgrgc.
The reasons for this differed between EPL and EPM
samples. For VA-EPL samples (both untreated and
treated with lincomycin), F,/F,, increased transiently
under the lower irradiances, a feature attributable to
the build-up of sustained NPQ prior to light expo-
sure. In the case of GE-EPM samples, a light-induced
decrease in F,/F,, of untreated samples was unde-
tectable in most cases, which can be interpreted as
resulting from an efficient coping with light under
moderate conditions.

Nevertheless, the results regarding kp; and kggc for
high light levels allowed for comparison of the
relative importance of photoinactivation and repair
processes, and point to different strategies of how
EPL and EPM species respond to light stress. For both
types of assemblages, the capacity of repair exceeds
the suffered photodamage, even for the highest irra-
diance level tested. Yet, EPL forms appear to have the
capacity for higher repair rates than EPM forms, the
difference being especially relevant when considered
in relation to the corresponding photoinactivation
rates. EPL diatoms seem to rely more on repair than
on preventing photoinactivation. They are inherently
more susceptible to photodamage (higher ®yp), but
this weaker photoprotective capacity is compensated
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for by a greater capacity for repair, a strategy also ob-
served in dinoflagellates (Jeans et al. 2013) and coc-
colithophorids (Ragni et al. 2008). This may explain
why, despite showing higher rates of PSII photoinac-
tivation, VA-EPL samples cope better with high light,
showing higher light-saturated photosynthetic activ-
ity (tfETR,,). Light-response strategies based on the
development of efficient repair mechanisms tend to
be favored by acclimation to high light (Ragni et al.
2008, Jeans et al. 2013). Repair capacity is known to
increase with growth irradiance by improving the ca-
pacity to increase the rate of D1 protein synthesis
(Tyystjarvi 2013). PSII repair is a costly process, and
efficient use of high light levels, provided by high
light acclimation, allows the generation of the neces-
sary ATP and reductant power. Motile diatoms can
make use of their motility to exploit the steep sedi-
mentary light gradient and use the high light levels
available near the surface in order to generate ATP
and support the expensive D1 protein repair.

On the contrary, EPM forms seem to favor the
reduction of photoinactivation, based on efficient
physiological photoprotection, and thus avoiding the
need to develop and support costly repair mecha-
nisms. The inability to move within the photic zone of
the sediment and to select a particular light environ-
ment leads EPM-dominated samples to appear, com-
paratively, as low-light acclimated.

The evaluation of the balance between susceptibil-
ity to photoinactivation versus repair capacity should
also consider that diatoms, especially species with a
limited capacity for photoprotective energy dissipa-
tion, seem to maintain a reservoir of inactive PSII as a
means of favoring repair by providing additional
substrate for PSII repair (Lavaud et al. 2016).

These results highlight the importance of measur-
ing rate constants of photoinactivation and repair,
and their light response, on MPB. It allows for the
proper evaluation of the relative importance of the 2
processes in determining the level net photoinactiva-
tion of these communities across the range of ecolog-
ically relevant levels of light intensity, which is of
interest to characterize their tolerance limits for light
stress. The integrated study of photoprotection,
photoinactivation and repair is also of interest in the
context of the increasing experimental evidence indi-
cating that the light stress acts predominantly by
inhibiting repair and not by promoting inactivation
(Nishiyama et al. 2006). This shift in paradigm has
led to a growing interest in the study of photorepair,
now seen as a key determinant of the effective
capacity of phototrophs to cope with light stress
(Murata et al. 2012).

Photoprotective capacity: NPQ versus ®p;

NPQ has been widely used as a measure of photo-
protection capacity against photodamage in plants
(e.g. Ruban et al. 2004) and algae (e.g. Gévaert et al.
2003, Barnett et al. 2015). In the case of MPB, NPQ
(or the associated XC activity) has also been com-
monly used to ascertain the capacity for photoprotec-
tion. It has been used to compare the photoprotection
capacity of EPL and EPM communities (XC pigment
pools; Van Leeuwe et al. 2008, Cartaxana et al. 2011)
or species (NPQ light response and induction/relax-
ation kinetics; Barnett et al. 2015, Blommaert et al.
2017) or to compare the fast induction of physiologi-
cal (NPQ induction) and behavioral (negative photo-
taxis) photoprotection (Laviale et al. 2016). An impor-
tant result of the present study was the finding that
NPQ is not related to the capacity to prevent photo-
damage. In fact, the susceptibility to PSII photoinac-
tivation, as measured by ®p;, varied markedly be-
tween EPL and EPM samples, but not as expected
from the observed NPQ levels: VA-EPL samples
reached higher NPQ levels, but were also the ones
that suffered more photodamage; in contrast, GE-
EPM samples were more resistant to PSII photo-
inactivation while reaching lower NPQ values. This
contradiction between NPQ levels and actual pho-
toinactivation suggests that NPQ may not be an ac-
curate predictor of actual capacity to prevent photo-
damage, as it may not account for all photoprotective
mechanisms at play, and its action may be comple-
mented by other important protective processes,
such as the PSII cyclic electron transfer (Lavaud
2007, Goss & Lepetit 2015), or by enhanced antioxi-
dant activity (Nishiyama et al. 2006). Previous studies
comparing NPQ with PSII photoinactivation have al-
so concluded that NPQ offers a relatively low photo-
protection, as little as 25 % (e.g. Tyystjarvi 2013).

These results call for the use of ®p; (or kp; for high
light levels) instead of NPQ as a more suitable indica-
tor of photoprotective capacity. Furthermore, partic-
ularly in the case of MPB biofilms, the measurement
and use of NPQ has long been recognized as prob-
lematic, due to the sustained quenching in the dark
of F,, values lower than F,', and the confounding
effects of light-induced vertical migration and light
attenuation, and depth-integration of sub-surface
fluorescence emission (Forster & Kromkamp 2004,
Serddio 2004, Morelle et al. 2018). In contrast, ®p;
quantifies the total photodamage actually occurring
without the confounding effects of NPQ and repair,
integrating the effects of all protective mechanisms
in operation, and therefore appears to be a better
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predictor of the global effectiveness of photoprotec-
tion. Measuring ®p;, however, is considerably more
difficult than measuring NPQ. Hopefully, the further
development of experimental approaches such as the
one used in the present study may overcome the
current experimental limitations.
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