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In this study, we investigated the different photoregulation responses of diatom
dominated natural biofilms to different light intensities and wavelengths, over a tidal
cycle in the laboratory. We compared the overall effect of light spectral quality
from its light absorption (Qphar) dependent effect. Two different conditions were
compared to study photoprotective strategies: sediment (migrational) and without
sediment (non-migrational). Three different colors (blue, green, and red) and two
light intensities (low light, LL at 210 µmol.photons.m−2.s−1 and high light, HL at
800 µmol.photons.m−2.s−1) showed strong interactions in inducing behavioral and
physiological photoprotection. Non-migrational biofilm non-photochemical quenching
(NPQ) was much more reactive to blue HL than red HL while it did not differ in
LL. We observed a biphasic NPQ response with a light threshold between 200
and 250 µmol.photons.m−2.s−1 of Qphar that elicited the onset of physiological
photoprotection. Similar HL differences were not observed in migrational biofilms due
to active vertical migration movements that compensated light saturating effects. Our
results showed that within migrational biofilms there was an interaction between light
quality and light intensity on cell accumulation pattern at the sediment surface. This
interaction led to inverse diatom accumulation patterns between blue and red light
at the same intensity: LL (blue + 200.67%, red + 123.96%), HL (blue + 109.15%,
red + 150.34%). These differences were largely related to the differential amount of light
absorbed at different wavelengths and highlighted the importance of using wavelength
standardized intensities. Different vertical migration patterns significantly affected the
total pigment content measured at the surface, suggesting that cell could migrate
downward more than 2 mm as a photoregulatory response. Colloidal carbohydrates
patterns paralleled the vertical migration movements, highlighting their possible role
in diatom motility. Our data strongly suggests a wavelength and Qphar dependent
light stress threshold that triggers upward and downward movements to position
microphytobenthic diatoms at their optimal depth.
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INTRODUCTION

Mycrophytobenthos dominated mudflats are highly productive
coastal ecosystems (MacIntyre et al., 1996; Underwood and
Kromkamp, 1999) and diatom biofilms forming at the sediment
surface during each diurnal tidal cycle are often at the source of
this high productivity (e.g., Paterson et al., 2003). These biofilms
are also responsible for a range of important biogeochemical
processes including sediment stabilization (Paterson, 1989; Yallop
et al., 1994), modulation of oxygen availability (Walpersdorf et al.,
2017), as well as influencing carbon turnover and availability
through the production of polymeric exudates (Perkins et al.,
2001; Taylor et al., 2013) which in turns affects microbial diversity
(Haynes et al., 2007). Epipelic diatoms, i.e., motile diatoms that
move around sediment particles (Round, 1965), exhibit marked
vertical movements inside the sediment matrix (Round and
Happey, 1965; Consalvey et al., 2004b) that can be divided in
two types: an endogenous circadian cycle synchronized with
daily emersion periods whereby cells migrate to the sediment
surface forming biofilms; and smaller fine tuning vertical
adjustments positioning cells at optimal light levels, functioning
as a photo-regulation mechanism (Perkins et al., 2001; Jesus
et al., 2006; Cartaxana et al., 2011; Serôdio et al., 2012). The
circadian rhythms are endogenously controlled and are kept
for several days in laboratory conditions without artificial tides
and exposed to continuous light (Round and Happey, 1965;
Paterson, 1986; Serôdio et al., 1997; Mitbavkar and Anil, 2004;
Coelho et al., 2011). The smaller photo-regulation movements
are one of the main photo-regulation mechanisms of epipelic
diatoms (Jesus et al., 2009; Perkins et al., 2010; Cartaxana
et al., 2011; Laviale et al., 2016), while epipsammic diatoms
(strongly associated to sediment grains) depend mainly on
the thermal dissipation of excessive light energy through the
xanthophyll cycle (XC) to photo-regulate (Cartaxana et al., 2011;
Barnett et al., 2015; Blommaert et al., 2018). The XC relies
on the presence of a transthylakoidal proton gradient to de-
epoxidise diadinoxanthin (Diad) into its energy-dissipation form
diatoxanthin (Diat). It presumably induces a conformational
shift in the light harvesting antennas that leads to excess
energy being dissipated by heat through a non-photochemical
quenching (NPQ) process (e.g., Olaizola and Yamamoto, 1994;
Lavaud et al., 2004; Lavaud and Goss, 2014). Several studies
have tried to quantify the relative importance of the two
photo-regulation mechanisms (e.g., Perkins et al., 2010; Serôdio
et al., 2012), notably by using migration inhibitors (Cartaxana
and Serôdio, 2008) to separate the photo-regulatory effect of
the XC from the vertical movements. Overall, published data
shows that microphytobenthos depend on both photo-regulation
mechanisms but that the two strategies are strongly dependent
on their life forms (i.e., epipelic vs. epipsamic) (Cartaxana et al.,
2011; Barnett et al., 2015). A few studies have investigated the
trade-off between vertical migration (VM) and NPQ (Perkins
et al., 2010; Serôdio et al., 2012; Barnett et al., 2015; Laviale et al.,
2016; Blommaert et al., 2018). Diatoms movements have been
differentiated in phototaxis and photokinesis (Nultsch, 1971;
Häder, 1986). The former describing an oriented movement
toward or away from a light source and the latter describing

the speed of the movement as a response to light fluence rate
(McLachlan et al., 2009). Both positive and negative phototaxis,
toward and away from light, have been reported for different
diatoms and different light intensities (Nultsch, 1971; Cohn
et al., 1999; Du et al., 2010; Ezequiel et al., 2015). Benthic
diatoms, in the absence of light cues, may also exhibit negative
gravitaxis inducing upward movements to the sediment surface
(Frankenbach et al., 2014). Most studies on diatom movement,
growth and photosynthetic properties have investigated the effect
of light intensity regardless of light spectra (Perkins et al., 2001;
Paterson et al., 2003; Underwood et al., 2005; Jesus et al., 2006;
Chevalier et al., 2010; Jauffrais et al., 2015). Light intensity is
a wavelength weighted energy measurement that refers to the
total number of photons received per unit area in a given
time. Its use has been widely spread in photosynthetic studies
because photosynthetic photochemical reactions are driven by
total amount of photon received rather than the amount of energy
received by each photon (Kume, 2018). In the aforementioned
studies (Perkins et al., 2001; Paterson et al., 2003; Underwood
et al., 2005; Jesus et al., 2006; Chevalier et al., 2010; Jauffrais
et al., 2015) light has been integrated over the photosynthetic
active radiation (PAR) spectrum, not accounting for the spectral
variations within the light spectrum. However, these changes in
light composition can affect diatom photo-protective capacity
and photo-acclimation to high light intensities (Phaeodactylum
tricornutum) (Schellenberger Costa et al., 2013a; Brunet et al.,
2014). Light composition can also affect locomotion speed
thereby affecting diatom vertical migration (Wenderoth and
Rhiel, 2004; McLachlan et al., 2009). Spectral differences affect
the relative proportion of photons available at each wavelength
per unit area in a given time. In turn this modify on one hand
the total amount of energy and on the other hand specific
interactions, i.e., absorptions, with different structures such as
diatoms’ pigments and chromophores. It is unknown whether
light quality changes only modulate the amount of light being
absorbed by diatoms or if there are other effect, possibly due
to differential energy levels and other confounding factors. To
differentiate between chromatic differential absorption and other
effects we compared intensity with Qphar (Gilbert et al., 2000)
which is the photosynthetically absorbed radiation weighing in
specific absorption coefficients of the major pigments. Currently,
no studies exist on the effect of light quality regarding the
two main diatom photo-regulation mechanisms. The objective
of the current study was to investigate the effect of light
spectral composition and light intensity on diatom physiological
and behavioral photo-regulation mechanisms throughout a
tidal cycle, using MPB assemblages in natural sediment and
assemblages immobilized on petri dishes. Light quality effects will
firstly be studied from an intensity perspective before considering
their effect from an absorbance point of view.

MATERIALS AND METHODS

Site and Sampling
The sampling site was located in La Couplasse mudflats
(Bourgneuf Bay, 47.015753, −2.024148) and sampling was
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carried out on February 2018 during low tide. It is a non-
protected area that did not require a permit for this kind of
biological material sampling. Superficial sediment (upper 5 mm)
was scrapped and transported back to the laboratory where it was
spread out evenly in trays and submerged with water from the site
in a room with natural lighting, allowing for the reconstitution of
the biofilm the next day. The sediment at this site is dominated
by benthic epipelic diatoms (e.g., Hernández Fariñas et al., 2017).

Experimental Setup
Water was drained from the trays on the day after the sampling
and 3 h prior to the expected low tide we added two layers of lens
tissue on top of the sediment. The sediment was then exposed
to natural light from a window to facilitate biofilm vertical
migration. Lens tissues were recovered at the middle of the virtual
emersion time (low-tide peak), thereby harvesting the microalgae
that had migrated to the sediment surface during the first 3 h
(Eaton and Moss, 1966). Cells were extracted from the lens tissues
by gently scrapping them into site-filtered sea water and kept
in darkness before further use. On the second day, 5 h before
expected low tide and 2 h before the beginning of the experiment
48 black microplates wells (22 mm diameter and 18 mm depth)
were filled with either the same mud used for extraction or
clean lens tissue inoculated with algal suspension. Mud samples
contained both migratory and non-migratory diatoms from the
field. Half were filled with one lens tissue layer and inoculated
with 2 mL of algal suspension; the other half was filled with
mud (15 mm) and 0.5 mL of algal suspension. To facilitate
handling the 12 wells microplates were cut in rows of 4 wells
containing each 3 replicates and a dark control (Figure 1). Mud
and lens tissue samples will henceforth respectively be referred as
migrational and non-migrational biofilms.

Light Treatments
LEDs light sources (SL 3500 – PSI) were calibrated with
a light sensor (MSC15 – Gigahertz-Optik) to deliver
800 µmol.photons.m−2.s−1 from a 30 cm distance onto
the microplates. Three monochromatic lights were used to
set up three light conditions: Red (635 nm, FWHM 20 nm),
Green (528 nm, FWHM 34 nm) and Blue (444 nm, FWHM
20 nm). To produce low intensities condition neutral filters
were applied on each color to reduce light intensity to 210
µmol.photons.m−2.s−1. Dark condition was obtained by
covering microplate wells with dark tape. All treatments were
replicated three times.

PAM Chlorophyll Fluorescence
Fluorescence was measured with an imaging-PAM (WALZ –
Germany) using blue Luxeon LEDs (450 nm) for both
actinic illumination and saturating pulses. Absorptivity was
measured with the same instrument using a different set of
incorporated LEDs, red (660 nm) and infrared (780 nm)
performing a pixel by pixel comparison of images recorded
under the two lights using the equation: Absorptivity = 1 –
(Red/Infrared). The microplates were placed at 20 cm from
the camera (CCD IMAG-K4) to optimize lens focus and
illumination. Fluorescence measurements consisted of rapid

light curves (RLC) from which all photosynthetic parameters
were calculated. RLCs were carried in sequences, starting with
migrational 800 µmol.photons.m−2.s−1 RGB followed by non-
migrational 800 µmol.photons.m−2.s−1 RGB then migrational
210 µmol.photons.m−2.s−1 RGB and finally non-migrational
210 µmol.photons.m−2.s−1 RGB. The time elapsed between
the first and last measurement was 25 min. The first RLC
measurement (T0) was done 3 h before expected low tide and
in darkness, it was followed by three time measurements: T1,
done 1.5 h before low tide and after 1.5 h of illumination; T2,
synchronized with low tide and after 3 h of illumination; and T3,
1.5 h after low tide with 4.5 h of illumination. RLCs consisted of
12 lights levels (0, 4, 18, 41, 74, 142, 279, 518, 745, 986, 1302, 2342
µmol.photons.m−2.s−1) with 30 s steps. RLC parameters α-slope
and rETRm were estimated by fitting Silsbe and Kromkamp
(2012) modified equation of Eilers and Peeters (1988).

φIIi =
Fm
′

− F
′

Fm′
(1)

φII (E) = rETRm+ α− slope+
α− slope

E ∗ Eopt ∗(Eopt ∗ E− 2)
(2)

Where F′ and Fm′ are respectively the fluorescence yield
under actinic light and the maximum fluorescence yield after
a light saturating pulse at each RLC step; E is the light
intensity in µmol.photons.m−2.s−1; φIIi is the photosystem II
effective quantum efficiency at each i steps of the RLC. φII1
correspond to the optimal photosystem II quantum efficiency
measured during the first step of the RLC. φII(E) refers to light-
dependent changes of φII. From fitting φII(E) the following
photosynthetic parameters were estimated: the initial slope of the
RLC (α-slope) under limiting irradiance, the maximum relative
electron transport rate of the RLCs (rETRm) and the optimal light
parameter (Eopt) of φII versus E curves. Eopt corresponds to
the irradiance (µmol.photons.m−2.s−1) at which ETR saturates
and where further increment of light induces photoprotection.
Continuous light exposure prevented measurements of the fully
oxidized photosystem II at the different time of the tide. In these
conditions direct NPQ measurements proved to be impractical
due to the cofounding effect of NPQ relaxation and migration.
Instead α-slope was used as a proxy for NPQ induction and
relaxation. It has been shown to be inversely proportional to NPQ
allowing to trace short-term changes in NPQ levels without dark
incubation (Cruz and Serôdio, 2008).

Pigments
At the end of the experiment (T3) the migrational samples
were sampled by freezing with liquid nitrogen and contact
cores (1 cm diameter and 2 mm deep). They were then
stored in a −80◦C freezer and freeze dried before further
processing. Pigment extraction was performed in a dark chamber
using acetone (90%), sonicated for 90 s, followed by overnight
extraction at 4◦C. HPLC analysis was performed according to
Van Heukelem method (Heukelem and Thomas, 2001) using
a 1 ml/min flow for 36 min with methanol (solvent B) and
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FIGURE 1 | Schematic of the wells set up under each color. Each column of four wells was independently bound and contained three replicates and a dark control.
Lens tissue wells were filled with a suspension of migrating diatoms collected from the mud. Wells with mud contained natural assemblages of algae/diatom
dominated by epipelic species. Low light conditions (210 µmol.photons.m−2.s−1) were obtained using neutral filters.

methanol/TBAA-28 mM (70/30 – solvent A) going from 5 to
95% of solvent B and vice versa for solvent A. Injection volume
was 100 µL with 28.5 µL sample and 71.5 µL TBAA 28 mM.
An Agilent Eclipse XDB-C8 column was used at 60◦C. Detection
was done at 450 and 665 nm using a diode array detector.
Approximately 0.17 g of sediment and 1.5 ml of solvent were
used for each sample. Identification and pigment concentrations
were calibrated using the response factors (RF) of pigments
standards (DHI-Danemark). Data analysis was conducted on
relative percentage of pigments. The de-epoxidative state (DES)
was calculated as Diat/(Diat + Diad). Pigment determination
was not performed on non-migrating biofilms due to lack of
biological material for the different analysis.

Absorption Spectra
To compare whether differences in light color responses were
due to total light absorbed or other chromatic effect a pigment
weighted light absorption (Qphar) was calculated. Qphar(λ)
correspond to the amount and proportion of light absorbed by
the cells at different wavelengths. It is calculated according to
a modified Eq. (4) of Gilbert et al. (2000). The specific in vitro
absorption coefficients of microphytobenthos samples ampb were
reconstructed according to Eq. (3).

ampb(λ) =

n∑
i

ai(λ)
∗Ci (3)

Qphar(λ) = Q(λ)− (Q(λ)∗e−aph(λ)) (4)

a(λ) is the concentration specific absorption coefficient in
m2g−1, its values were obtained from the literature (Clementson
and Wojtasiewicz, 2019). C is the pigment specific average
concentration within all contact cores in mg.g−1. Q(λ) is
the photosynthetically available radiation at the top of the
sediment or in lens tissue in µmol.photons.m−2.s−1. Pigments
used for reconstruction of the light absorption spectrum
were chlorophyll a, chlorophyll c2, fucoxanthin, β-carotene,
diadinoxanthin and diatoxanthin.

Carbohydrates and Proteins
At T3, migrational and non-migrational samples were frozen and
stored at −80◦C for carbohydrate and protein quantification.
Colloidal (soluble) fractions were extracted from thawed samples.
They were first mixed in 2 mL of artificial sea water for
1.5 h (Orbital shaker, YELLOWline), then the supernatant was
removed and the remaining sediment was mixed again with
2 mL of artificial sea water and 300 mg of Dowex Marathon Cex
change resin to extract the bound (attached to sediment particles)
fraction. Carbohydrate and protein quantification were done by
spectroradiometry (Genesys 10S Uv/Vis) using the colorimetric
reactions methods of DuBois et al. (1956) for carbohydrates and
a modified Lowry method for proteins (Frølund et al., 1996).

Species Identification
Algal suspensions were preserved with glutaraldehyde (4%) and
sediment cores were frozen with liquid nitrogen, respectively
stored at 4 and −80◦C. Three vials were filled with 1.5 mL
of algal suspension while sediment cores were first placed
in ludox ( R©HS-40 coloidal silica) to separate cells from the
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sediment and were then resuspended in a known volume of
water and cleaned up following the protocol by Consalvey (2002).
Succinctly, it consisted of a 24 h oxidation in saturated potassium
permanganate solution, followed by the addition of hydrochloric
acid for 2 h at 70◦C. Lastly, cells were rinsed seven times with
ultrapure water in a final volume of 1.5 mL. A 50 µl sub-
sample was permanently mounted on microscope slides using
NaphraxTM. Cell counting, observation and identification of
diatom valves were made with an optical microscope (Olympus).
At 1000 magnification, 10 zones were chosen using randomly
generated numbers and counted in five different slides until more
than 400 individuals were counted. Identification was performed
using the literature (Paulmier, 1997; Ribeiro, 2010; Mertens
et al., 2014). Biovolumes were retrieved from the literature
(Olenina et al., 2006; Ribeiro, 2010) and calculated according
to morphologically based equations (Hillebrand et al., 1999;
Olenina et al., 2006).

Statistical Analysis
All statistical analyses were performed using R (R Core
Team, 2017). Two-ways analysis of covariance (ANCOVA) were
performed to compare datasets possessing a time variable with
a linear regression. This comprised analysis of absorptivity, φII1
and α-slope over time for the different treatments of either
same color or same light intensity. Pigment compositions were
tested using a permutational multivariate analysis of variance
using distance matrices based on Bray–Curtis dissimilarity index.
Multivariate homogeneity of group dispersions was tested with
a permutation-based test. Pigment and EPS differences between
treatments were tested using two-way analysis of variance
(ANOVA), after normality and homogeneity of variance had
been verified using Shapiro–Wilk and Barlett tests, respectively.
Individual differences were tested using Post hoc Tukey HSD
tests. A principal components analysis (PCA) was used to
visualize the pigment variance between treatments.

RESULTS

Species Composition
The dominant species in the non-migrational biofilms were:
Navicula meulemansii (71.8%), Navicula spartinetensis (17.3%),
Gyrosigma limosum (5.3%), Gyrosigma wansbecki (3.8%), and
Pleurosigma angulatum (1.3%) (Figure 2). The migrational
biofilm was dominated by Navicula meulemansii (30.42%),
Thalassiosira cf. proschkinae (11.47%), Navicula spartinetensis
(10.7%), Gyrosigma limosum (7.0%), Gyrosigma wansbeckii
(5.7%), Thalassiosira cf. pseudonana (4.5%), Odontella aurita
(3.74%), Raphoneis amphiceros (2.49%), Tryblionella sp. (2.0%),
Coconeis speciosa (2.0%), Nitzschia cf. lorenziana (2.0%),
Thalassiosira cf. angulata (1.7%), Pleurosigma angulatum
(1.7%) (Figure 2).

Photosynthetic Activity as a Function of
Color-Dependent Light Intensity (Qphar)
Photosynthetic active radiation intensity is a widely used
measure of standardized light dosage that can be compared

across a variety of experiments. However, when light spectral
composition is taken into account this measurement becomes
flawed due to the fact that photosynthetic organisms absorb
light differently, depending on their pigment composition.
Thus direct comparisons of similar light intensities at different
wavelengths are hindered by potentially different photoprotective
reactions. Recalculating the total intensity absorbed at each
wavelength (Qphar) produced six different intensities. These
Qphar intensities were respectively 63.8 (R210), 76.2 (G210),
198.3 (B210), 255.02 (B800), 305.01 (G800) and 793.29
(B800) µmol.photons.m−2.s−1 (Figure 3). Migrational and non-
migrationnal biofilms (Figure 3) displayed a Qphar threshold
where alpha values switched from a NPQ relaxation state to a
light induced NPQ production. Alpha is inversely proportional
to NPQ intensity and a characteristic shift from values over
100% to values below 100% indicated a threshold where
light started inducing physiological photoprotection throught
NPQ increase. This threshold was observed between 200 and
250 µmol.photons.m−2.s−1 of Qphar (Figure 3) effectively
separating our treatments in low light (LL) when it is below
200 µmol.photons.m−2.s−1 and high light (HL) when above 250
µmol.photons.m−2.s−1 of Qphar.

Vertical Migration Absorptivity Changes
at the Surface
Absorptivity increased over time in all treatments subjected to
light and decreased in the dark control (Figure 4). Light intensity
had a significant effect on the absorptivity changes in red, blue
and green wavelengths (ANCOVA, p < 0.05). Time also had
a significant effect on absorptivity changes in red, green, blue,
and dark treatments (ANCOVA, p < 0.05), with no significant
interaction between time and light intensity. Within each set of
light intensities there was also a significant effect of light color
(ANCOVA, p < 0.001), and light color over time (ANCOVA,
p < 0.05) which differed in the two conditions (HL and LL).
Red and blue treatments showed different effects at the two light
intensities, with blue absorptivity increasing 101% in LL and only
9% in HL; while red absorptivity increased 50% in HL and only
24% in LL (Figure 4). The dark control showed a decrease in
absorptivity over time.

Optimal PSII Quantum Efficiency (φII1)
On average, optimal PSII quantum efficiency (φII1) in a dark
adapted state at T0 were significantly higher (p < 0.001 t-test)
for migrational biofilms (mean = 0.607) than non-migrational
biofilms (mean = 0.401). Non-migrational treatments were
characterized by a φII1 increase in LL and φII1 decrease in
HL, with significant effects of time (ANCOVA, p < 0.01),
light intensity (ANCOVA, p < 0.001) and intensity over time
(ANCOVA, p < 0.001). Non-migrational biofilms φII1 was
affected differently by the light color in LL and HL treatments
(Figure 5). With the exception of dark and red, φII1 in HL
showed significant differences between colors (p < 0.001), time
(p < 0.001) and color over time (p < 0.001). Contrastingly, φII1
in LL samples increased significantly over time (p < 0.001) and
remained constant in dark controls. There were no significant
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FIGURE 2 | Most abundant diatoms species of Bay de Bourgneuf site; (A) Pleurosigma angulatum (scale bar = 20 µm); (B) Gyrosigma limosum (5 µm);
(C) Gyrosigma wansbecki (10 µm); (D) Navicula spartinetensis (5 µm); (E) Nitzschia cf. lorenziana (10 µm); (F) Navicula meulemansii (5 µm); (G) Thalassiosira cf.
pseudonana (5 µm); (H) Thalassiosira cf. angulata (5 µm); (I) Thalassiosira cf. proschkinae (5 µm).

differences in LL φII1 between colors and colors over time
(Figure 5). φII1 of all migrational biofilms increased in LL and
decreased in HL, with significant effects of time (p < 0.001),
intensity (p < 0.001), and intensity over time (p < 0.001)
(Figure 5). All migrational HL biofilms (apart from control)
showed a significant φII1 decrease over time (p < 0.001) and no
significant differences between colors and colors over time. With
the exception of green and blue samples, the LL migrational φII1
differed significantly between color treatments with significant
effect of color (p < 0.001), time (p < 0.05), and color over
time (p< 0.01).

RLC Parameters
Changes in α-slope were strongly correlated with φII1 (Pearson
correlation of 0.99, p < 0.001) with α-slope increasing in
all LL treatments and decreasing in all HL treatments over
time (Tables 1, 2). There was a significant effect of light
intensity and light color in all α-slope values that were

always significantly different from the dark controls over time
(ANCOVA, p< 0.001) (Figure 6). α-slope significantly decreased
with time in HL migrational biofilms and significantly increased
with time in migrational LL biofilms (ANCOVA, p < 0.001),
with no significant differences between color and light color
over time (Figure 6). In migrational LL biofilms only red
samples showed significantly higher α-slope values than the
other two colors (ANCOVA, p < 0.05). The biggest significant
difference in α-slope values was observed in non-migrational
HL samples were α-slope significantly decreased between colors
(p < 0.001), over time (p < 0.001) and between colors over time
(p< 0.001) (Figure 6).

Changes in rETRm over the course of the experiment were
strongly influenced by light color and light intensity (Tables 1, 2).
In all samples and all conditions rETRm systematically increased
from T0 to T1 and then depending on the conditions either
continuously decreased or increased. LL non-migrational biofilm
was the only condition where rETRm kept increasing throughout
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FIGURE 3 | α-slope changes for differing Qphar intensities. α-slope are displayed as percentages of the initial value prior to illumination. Qphar recalculated
intensities are 63.8 (R210), 76.2 (G210), 198.3 (B210), 255.02 (R800), 305.01 (G800), and 793.29 (B800) µmol.photons.m−2.s−1. The area below
200 µmol.photons.m−2.s−1 (yellow) correspond to non-stressful light conditions where NPQ is relaxing while the area above 250 µmol.photons.m−2.s−1 (purple)
correspond to stressful light inducing NPQ. The boundary and threshold between LL Qphar and HL Qphar is represented in pink. n = 3 for each point.

FIGURE 4 | Relative absorptivity changes at the surface of the sediment. Absorptivity is displayed as percentage of the initial value prior to illumination (at T0). It is
used as a biomass proxy at the surface of the sediment. Each color has been fitted with a linear model where confidence interval (0.95) are represented in gray
(n = 3).

the whole experiment (with the exception of blue T3). rETRm
color treatments were significantly higher than dark controls
(p< 0.01) while not significantly differing between each color. On
the contrary in HL all treatments significantly differed (p< 0.01)
with the exception of red and dark. At the end of the light

exposure in non-migrational biofilms there was a significant
effect of intensity (p < 0.001) on rETRm values exemplified by a
44% decrease in blue HL and a 224% increase in LL compared
to initial values. In all migrational biofilms rETRm increased
to their maximum value at T1 and then slowly decreased over
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FIGURE 5 | Relative changes of optimal photosystem two light efficiency φII1. φII1 is displayed as percentage of the initial value prior to illumination (at T0). Each
color has been fitted with a linear model where confidence interval (0.95) are represented in gray (n = 3).

TABLE 1 | Photosynthetic parameters and φII1 values obtained from rapid light curve fitting of φII(E) within the non-migrational biofilm.

Blue Dark Green Red

µmol.photons.m−2.s−1 800 210 NA 800 210 800 210

α-slope T0 0.38 ± 0.002 0.39 ± 0.01 0.37 ± 0.017 0.37 ± 0.01 0.37 ± 0.01 0.37 ± 0.004 0.37 ± 0.011

T1 0.15 ± 0.012 0.44 ± 0.003 0.34 ± 0.007 0.31 ± 0.003 0.42 ± 0.011 0.37 ± 0.004 0.41 ± 0.01

T2 0.11 ± 0.007 0.46 ± 0.008 0.34 ± 0.01 0.29 ± 0.004 0.45 ± 0.007 0.35 ± 0.004 0.44 ± 0.01

T3 0.07 ± 0.007 0.48 ± 0.008 0.36 ± 0.014 0.24 ± 0.007 0.47 ± 0.004 0.31 ± 0.007 0.46 ± 0.008

φII T0 0.41 ± 0.002 0.42 ± 0.012 0.4 ± 0.019 0.4 ± 0.013 0.4 ± 0.012 0.39 ± 0.004 0.4 ± 0.012

T1 0.14 ± 0.015 0.48 ± 0.004 0.37 ± 0.024 0.31 ± 0.004 0.45 ± 0.011 0.4 ± 0.007 0.45 ± 0.014

T2 0.11 ± 0.006 0.5 ± 0.008 0.37 ± 0.015 0.29 ± 0.002 0.47 ± 0.008 0.38 ± 0.002 0.47 ± 0.013

T3 0.09 ± 0.006 0.51 ± 0.011 0.39 ± 0.018 0.25 ± 0.008 0.49 ± 0.002 0.35 ± 0.007 0.49 ± 0.008

rETRm T0 40.8 ± 3 45.7 ± 3 39.2 ± 7.5 38.8 ± 2 41.4 ± 3 33.6 ± 2 38.7 ± 3

T1 52.7 ± 7 98.4 ± 1 65.35 ± 10.5 79.3 ± 3 86.5 ± 7 73.2 ± 2 75.5 ± 6

T2 30.8 ± 5 110 ± 5 74.45 ± 8.5 67.8 ± 3 102.9 ± 7 70.2 ± 1 88.7 ± 7

T3 17.8 ± 1 104.1 ± 5 77.45 ± 11.5 45.3 ± 2 103.7 ± 4 49.3 ± 2 92.9 ± 5

Equation derived from Silsbe and Kromkamp (2012) modified equation of Eilers and Peeters (1988). The entire well was used as a region of interest. n = 3. ± : standard
deviations.

time. Only red light displayed a significant rETRm difference
between intensities (p< 0.05). Overall blue light treatments had a
significant higher rETRm than samples of the same intensity with
the exception of red LL.

Pigments and EPS
Mean total pigment content is a proxy of the biomass within the
2 upper mm (Figure 7). At T3 the mean total pigment content
(Figure 7) resembled the patterns observed in absorptivity
measured at T3 (Figure 4) that were marked by an interaction

of light quality and light intensity (p< 0.05), producing opposite
effects at LL and HL. In the LL treatment, the highest mean total
pigment content was found under blue light while the lowest
content was found in red. The opposite trend was observed in
HL with the highest mean total pigment content observed under
red light and lowest in blue light.

The average pigment composition of migrational biofilms
at the end of the experiment was: chlorophyll a (Chl a,
40.8%), fucoxanthin (Fuco, 37.8%), diadinoxanthin (Diad, 8.8%),
chlorophyll c1 (Chl c1, 3.8%), diatoxanthin (Diat, 2.54%),
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TABLE 2 | Photosynthetic parameters and φII1 values obtained from rapid light curve fitting of φII(E) within the migrationnal biofilm.

Blue Dark Green Red

µmol.photons.m−2.s−1 800 210 NA 800 210 800 210

α-slope T0 0.59 ± 0.006 0.59 ± 0.003 0.57 ± 0.009 0.59 ± 0.003 0.59 ± 0.002 0.57 ± 0.003 0.58 ± 0.002

T1 0.42 ± 0.005 0.6 ± 0.004 0.57 ± 0.0145 0.41 ± 0.004 0.61 ± 0.008 0.41 ± 0.003 0.6 ± 0.005

T2 0.41 ± 0.006 0.59 ± 0.004 0.55 ± 0.018 0.4 ± 0.006 0.61 ± 0.001 0.4 ± 0.01 0.61 ± 0.003

T3 0.37 ± 0.007 0.6 ± 0.006 0.52 ± 0.014 0.38 ± 0.006 0.6 ± 0.005 0.38 ± 0.012 0.61 ± 0.004

φII T0 0.61 ± 0.007 0.61 ± 0.002 0.6 ± 0.01 0.61 ± 0.005 0.62 ± 0.002 0.59 ± 0.001 0.61 ± 0.001

T1 0.46 ± 0.009 0.65 ± 0.004 0.6 ± 0.025 0.45 ± 0.002 0.64 ± 0.005 0.45 ± 0.004 0.65 ± 0.005

T2 0.44 ± 0.011 0.64 ± 0.003 0.59 ± 0.033 0.43 ± 0.004 0.65 ± 0.001 0.43 ± 0.012 0.66 ± 0.001

T3 0.38 ± 0.01 0.64 ± 0.007 0.57 ± 0.022 0.41 ± 0.005 0.63 ± 0.004 0.42 ± 0.015 0.65 ± 0.003

rETRm T0 126.3 ± 7 135.9 ± 6 132.55 ± 6.5 131.5 ± 5 138 ± 5 122.5 ± 6 135.5 ± 3

T1 207.6 ± 18 221 ± 16 172.95 ± 16.5 168.9 ± 1 200.6 ± 10 155.1 ± 5 200.6 ± 6

T2 189.9 ± 21 188.5 ± 21 169.4 ± 15.5 153.4 ± 5 169.3 ± 12 133.5 ± 9 182.8 ± 7

T3 184.6 ± 23 171.1 ± 22 159.35 ± 9.5 144.1 ± 5 147.9 ± 12 121.4 ± 10 166.4 ± 7

Equation derived from Silsbe and Kromkamp (2012) modified equation of Eilers and Peeters (1988). The entire well was used as a region of interest. n = 3. ± :
standard deviations.

chlorophyll c2 (Chl c2, 2%), alpha and beta-carotene (αβ car,
1.9%), chlorophyll b (chl b, 1%) and antheraxanthin (anth, 0.8%).
Color, light intensity and their interaction had a significant effect
(p< 0.001) on the relative percentage of pigments (Figure 8). The
PCA results (Figure 8) show that the two main axes explained
57.5% of the variance between pigments, with color treatments
aligned along the two axes. Light intensity accounted for 23.1%
of the total variance (Between Class Analysis) with significant
percentage differences in Diat (p < 0.001), Diad (p < 0.01),
Fuco (p < 0.01), and Chl c1 (p < 0.01). A post hoc test showed
a higher percentage of Diat (p < 0.001) in all HL treatments
(Figure 8).This was further exemplified by the significant higher
(p < 0.001) DES (Table 3) in HL compared to LL. Color
treatments accounted for 27.4% of the total variance with
significant pigment percentage differences of Chl a (p < 0.001),
Fuco (p < 0.001), Anth (p < 0.001), Diad (p < 0.01), and
Diat (p < 0.01). Post hoc tests showed significant higher Chl a
pigment percentage in blue treatments compared to red ones
(p < 0.001) and higher Fuco percentage in red light (p < 0.05)
compared to the other two colors. The interaction effect of color
and intensity accounted for 67.3% of the total variance with
significant pigment percentage differences of Fuco (p < 0.01),
Diad (p < 0.01), Anth (p < 0.05), Diat (p < 0.01), Chl
a (p < 0.05). Amongst these interaction effects there was a
significantly lower Diat (p < 0.01) in blue HL compared to the
other two colors.

Non-migrational biofilms showed significant differences
in colloidal carbohydrates (CC) with higher CC content
observed in HL (p < 0.05) (Figure 9). In HL, there was
no significant difference between colors for any carbohydrate
fraction nevertheless the variance was very high in blue and
red CC. Overall, the carbohydrate contents measured in non-
migrational biofilms were very small, which led to values below
the detection threshold in bound carbohydrates (BC) and to high
variability in CC. There were no significant differences between
treatments and controls for all protein measurements (data not
shown). The average protein concentration was 0.0114 (± 0.0025)

µg.mm−2 for non-migrational biofilms and 0.0608 (± 0.010)
µg.mm−2 for migrational biofilms.

Migrational biofilm CC contents were significantly different
between color (p < 0.001), light intensity (p < 0.05) and their
interaction (p < 0.05) (Figure 9). All color treatments with
the exception of red LL had significantly higher CC contents
than the dark controls (p < 0.05). The interaction effect led
to contrasting results at the different light intensities with no
significant CC differences between colors in HL while at LL lower
CC concentrations were observed in red in comparison to blue
(p < 0.01). The BC concentrations of the migrational biofilms
were also significantly affected by color (p < 0.001), with blue
treatment having higher BC contents than dark control (p< 0.05)
in both LL and HL while red treatment only had a higher BC
contents than dark control under HL intensities (p< 0.05).

DISCUSSION

Both light intensity and light quality had a significant effect
on diatom photo-regulation mechanisms (migration and NPQ),
with clear differences being observed between migrational and
non-migrational biofilms, confirming that vertical migration
movements within the sediment matrix plays a major role in
diatom photo-regulation.

Species Composition
The diatoms that were present in both migrational and non-
migrational biofilms were typical epipelic diatoms from the
Bourgneuf bay site, similar to the assemblages observed by
Méléder et al. (2007). Navicula spartinetensis is found exclusively
in intertidal muddy sediments and is one of the most commonly
found epipelic species in European Atlantic coasts (Ribeiro,
2010). The only species that had not yet been described for
this site was Navicula meeulmansii. However, N. meeulmansii
has only recently been described as a cosmopolitan species
tolerating wide range of salinities (Mertens et al., 2014), which
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FIGURE 6 | Relative changes of α-slope. α-slope is displayed as percentage of the initial value prior to illumination (at T0). α-slope variations is used as a proxy of
NPQ as it is inversely proportional. Each color has been fitted with a linear model where confidence interval (0.95) are represented in gray (n = 3).

may have been previously described as Navicula phyllepta
or Navicula microdigitoradiata in the other studies from this
ecosystem (Méléder et al., 2007; Hernández Fariñas et al.,
2017). These epipelic diatoms are known to photo-regulate
using both physiological and behavioral photoprotection
(Cartaxana et al., 2011; Laviale et al., 2015). The species
differences observed between the two treatments were mainly
related to the non-migrational nature of Thalassiosira cf.
proschkinae, Thalassiosira cf. pseudonana, Thalassiosira cf.
angulata, Odontella aurita, Raphoneis amphiceros, Coconeis
speciosa, and Nitzschia lorenziana which will not be captured
by our sampling method (Eaton and Moss, 1966). Nevertheless,
the two biofilms were strongly dominated by migratory species:
Navicula meulemansii, Navicula spartinetensis, Gyrosigma
limosum, Gyrosigma wansbecki and Pleurosigma angulatum
and their biovolumes were strongly dominated by Gyrosigma
limosum, Gyrosigma wansbecki and Pleurosigma angulatum that,
albeit present only in relatively small numbers, correspond to
18.5, 48.1, 22.6 and 17.3, 51.7, 22.2% of the total biovolume
(non-migrational and migrational, respectively).

Physiological Photoprotection
In the non-migrational biofilms cells were artificially constrained
to immobility and thus had to rely solely on physiological
photoprotection to cope with changing light environment. This
immobility was characterized by an increase in φII1 and α-slope
in the LL condition (Figures 5, 6). A φII1 increase indicates
that a higher proportion of absorbed light was being used for
photosystem II (PSII) photochemistry implying a concomitant

FIGURE 7 | Average total pigment content (µg.g−1) for each light color and
intensity in migrational biofilm (n = 3). Pigments were sampled on the top
2 mm of the sediment using contact cores.

decrease in NPQ from the start of the experiment. This is
coherent with the α-slope increase observed in the LL non-
migrational biofilms (Figure 6) as RLC α-slope increases have
been shown to be proportional to NPQ reversal (Cruz and
Serôdio, 2008). An α-slope increase over time indicates that a
significant amount of NPQ had accumulated overnight in all
conditions and was being dissipated over the course of the
experiment in the LL conditions. Diatom dark NPQ induction
has been previously observed and attributed to a transthylakoidal
pH-gradient dependent activation of the XC cycle, due to
chlororespiration or to the reverse operation of ATP synthase
(Ting and Owens, 1993; Jakob et al., 1999; Dijkman and Kroon,
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FIGURE 8 | Representation of Principal component analysis (PCA) calculated
with pigment percentages from µg.g−1. The first two PCA dimensions
accounted for 29.3 and 26.2%, respectively, of the total variance. Replicates
of the same treatment (n = 3) are grouped by confidence interval ellipses
(0.95).

2002; Mouget et al., 2004). The decrease of NPQ and the
consequent increase of both α-slope and φII1 under LL could
be explained by the gradual dissipation of the transthylakoidal
proton gradient under low fluence rates (Consalvey et al., 2004a;
Serôdio et al., 2005). This NPQ dissipation attests that the
LL intensity condition was indeed perceived, for each color,
as a non-stressful factor and did not require the development
of photoprotective mechanisms hence a gradually increasing
rETRm (Table 1).Within the LL treatments there was no
significant differences between NPQ dissipation despite varying
Qphar values (Figure 3, non-migrational) indicating that below
200 µmol.photons.m−2.s−1 of Qphar, NPQ build up was not
modulated by the amount of light absorbed. This was further

exemplified by the absence of noteworthy differences in EPS
that were characterized by the same amount of carbohydrates
(Figure 9) and proteins. Under HL exposure in non-migrational
biofilms photosynthetic parameters φII1 and α-slope showed less
NPQ induction under red light (Figure 6) with no significant
differences between red and dark treatments. Comparatively,
green and especially blue light induced much more NPQ build-
up in non-migrational HL samples (Figure 6). CC concentrations
were also significantly higher in HL than LL. These changes
in CC production/secretion could reflect a need to readjust
the carbohydrate:protein ratio within the cell as an “overflow
metabolism” that helps coping with the stressful environmental
conditions imposed by exposure to high light intensities (Staats
et al., 2000; Orvain et al., 2003; Underwood et al., 2004; Takahashi
et al., 2009). At HL there was a strong inverse correlation of
r = −0.92 (p < 0.001) between α-slope and Qphar (Figure 3).
The same correlation was not observed between CC and Qphar as
CC content were not significantly different in HL (Figure 9). The
physiological role of CC in photoprotection therefore seemed
limited to whether or not NPQ was induced but not proportional
to the amount of NPQ induction. There was a threshold between
200 and 250 µmol.photons.m−2.s−1 of Qphar where light started
inducing physiological photoprotection. Despite not having
pigment data for the non-migrational biofilms, α-slope and
φII1 values observed in HL non-migrational biofilms suggested
that blue light, notably due to its higher Qphar value would
have had a higher effect in inducing the xantophyll cycle as
observed by the strong decrease in α-slope (Figure 6) and rETRm
(Table 1), in comparison to the other two light colors. Previous
observations, using similar Qphar intensities (Schellenberger
Costa et al., 2013a) or using wavelength dependent absorption
cross-section of PSII (PSII effective quanta.s−1) (Schreiber
et al., 2012), have shown that despite these standardization
growing diatoms in blue light induced significant higher
NPQ and ETRm values compared to red light (Schreiber
et al., 2012; Schellenberger Costa et al., 2013a,b; Jungandreas
et al., 2014). Diatoms possess a number of photoreceptors,
including blue light sensing aureochrome and red/far-red light
sensing phytochrome, hypothesized to mediate photoprotective

TABLE 3 | Main pigment concentration in ug.g−1 for migrational biofilm.

Blue Green Red

µmol.photons.m−2.s−1 800 210 800 210 800 210

Chl a 78.58 ± 14.8 102.85 ± 6.72 81.27 ± 8.79 85.99 ± 3.4 106.81 ± 42.6 74.98 ± 6.34

Fuco 69.38 ± 13.03 93.74 ± 6.13 75.98 ± 9.7 77.47 ± 1.96 101.11 ± 39.71 74.28 ± 6.76

Chl c1 6.96 ± 1.53 9.87 ± 0.84 7.9 ± 0.76 8.35 ± 0.5 9.41 ± 3 7.35 ± 0.79

Chl c2 3.76 ± 0.7 4.72 ± 0.51 3.97 ± 0.49 4.2 ± 0.34 4.84 ± 1.43 3.79 ± 0.37

Chl b 2.62 ± 0.82 2.51 ± 0.08 1.7 ± 0.05 1.77 ± 0.14 2.35 ± 1.15 1.69 ± 0.23

ab car 3.62 ± 0.78 4.97 ± 0.33 3.93 ± 0.38 3.84 ± 0.22 4.43 ± 1.11 3.52 ± 0.26

Anth 1.33 ± 0.15 1.53 ± 0.14 1.56 ± 0.08 1.74 ± 0.03 2.2 ± 0.69 2.37 ± 0.24

Diad 15.83 ± 2.79 21.3 ± 1.32 17.28 ± 2.47 20.32 ± 0.6 22.86 ± 8.46 16.36 ± 1.19

Diat 5.91 ± 1.26 3.81 ± 0.08 7.22 ± 0.53 3.53 ± 0.22 10.4 ± 5.02 3.08 ± 0.18

DES 0.27 ± 0.31 0.15 ± 0.06 0.29 ± 0.18 0.15 ± 0.27 0.31 ± 0.37 0.16 ± 0.13

Pigments were sampled on the top 2 mm of the sediment using contact cores. n = 3. ± : standard deviations.
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FIGURE 9 | Carbohydrates concentration (µg.mm−2) in coloidal and bound fraction for the different lights. Similar letters correspond to treatments not significantly
different from Tukey multiple comparisons between colors and intensity within each carbohydrate fraction with an alpha of 0.05.

responses (Depauw et al., 2012 and reference therein). The
blue photoreceptor Aureochrome 1a was found to repress HL
acclimation of Phaeodactylum tricornutum in both blue and red
light implying a mediated pathway between these lights and
aureochrome (Schellenberger Costa et al., 2013b). Similarly, but
without correcting for wavelength specific absorption, Brunet
et al. (2014) found that Pseudo-nitzschia multistriata could not
induce HL acclimation with monochromatic wavelengths and
required both blue and red light sensing to regulate DES and
NPQ production. All aforementioned studies used monospecific
culture grown under very different light regime favoring long
term acclimation. To our knowledge the effect of light quality
on physiological photoprotection has not been investigated
on scales of minutes to hours making comparison between
studies extremely challenging. Besides, specific absorption and
Qphar measurements are highly variable, species specific and
susceptible to changes due to DES variation (Fujiki and
Taguchi, 2001), cell volume (Fujiki and Taguchi, 2001), “pigment
package” effect (Bidigare et al., 1990) and in vivo bathochromic
shifts (Bidigare et al., 1990). Ideally Qphar should be monitored
continuously but is not the only chromatic effect of light and may

sometime prove to be unadapted to quantitatively measure light.
For instance, frustule nanostructure may change upon exposure
to different monochromatic wavelengths (Su et al., 2015)
consequently modifying photonic properties either in increasing
blue light absorption by the frustule (Yamanaka et al., 2008)
or in increasing blue light scalar irradiance thus enhancing the
effective intensity of blue light (Goessling et al., 2018). Such effect
would not be integrated in Qphar calculation. Consequently, it
is uncertain whether different physiological responses at different
color wavelengths were only a reflection of different Qphar values
or if other chromatics differences would exist.

Biofilm Movement
Light quality effects on migration were strongly dependent
on light intensity, with certain wavelengths inducing variable
migration responses. Namely, blue and red colors induced
intense upward migration movements in LL and HL, respectively.
A stronger migration response and diatom accumulation in
blue light has been supported by Nultsch (1971) early work
on Nitzschia communis as well as McLachlan et al. (2009) on
Navicula perminuta where wavelengths up to 540 µm induced
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positive phototropism while red wavelengths did not. Similarly,
Wenderoth and Rhiel (2004) observed cell accumulations 1.8
times higher in blue compared to white light (low fluence
rate 5 µmol.photons.m−2.s−1). The cited studies were done
at low light levels and are consistent with the absorptivity
increases we observed in blue LL in comparison to green, red
and dark (Figure 4), supporting the hypothesis that at low
fluence rates blue wavelengths are more efficient at stimulating
diatom movements. In diatoms, several light sensors have been
evidenced and hypothesized to be involved in the light quality
responsive changes in motility (McLachlan et al., 2009; Cohn
et al., 2015). Changes in light intensities have been shown to
be most sensitive in modulating the whole cell movement near
the distal ends of the raphes (Cohn et al., 1999, 2015) and a
putative photo-detection system could involve an aureochrome.
However, biochemical and functional characterization of these
photoreceptors and their chromophores is still very limited
(Depauw et al., 2012; Wilhelm et al., 2014). The existence of
different species specific motile responses to light quality (Cohn
et al., 2015) as well as the lack of current identified receptors at
the tips of the cells hinder further conclusions on the role of these
photoreceptors. The high correlation, observed in LL, between
absorptivity and Qphar (r = 0.74, p < 0.001) suggests that the
different migrational responses were a response to the amount
of Qphar rather than selective effect of different wavelength
and their specific interaction with photoreceptors. Changes
observed in absorptivity (Figure 4) were paralleled by mean total
pigment content (Figure 7) for different intensity and treatments.
Although this correlation (r = 0.75) was not statistically
significant (p = 0.09) it could indicate that the absorptivity
parameter, which was measured at the sediment surface, was
linked to the biomass (pigments) measured in the 2 mm deep
contact core. This strong correlation could imply that cells would
have migrated deeper than 2 mm in the lower absorptivity
samples. Diatom speeds have not been often measured in natural
sediments but the few available datasets supports the possibility
that diatoms could have migrated more than 2 mm during
the course of the experiment (4.5 h). Namely, using values
presented by Hay et al. (1993) the biofilm would have been able
to move at least 2.7 mm in the 4.5 h. The downward migration
in blue HL could be related to a light-stress response due to
higher Qphar values resulting in less accumulation of cells at the
sediment surface. This light stress would be accompanied by an
increase in NPQ build-up, which would induce a photoprotective
downward response or a reduced upward migration in blue
light from the start of the experiment. This would be consistent
with previous observations that have described light thresholds
between 500 and 1000 µmol.photons.m−2.s−1 for inducing
an avoidance response for both blue (450 nm) and green
(550 nm) lights (Cohn, 2001). Furthermore, there is a general
consensus that diatom photoaccumulation and photodispersal
are intensity dependent whereby low to moderate white light
stimulate upward migration and high light promotes downward
migration (Serôdio et al., 2008; Du et al., 2010, 2018; Perkins
et al., 2010; Coelho et al., 2011; Laviale et al., 2016). The
absorptivity changes followed a typical biphasic dose response
to Qphar shifting from a positive phototaxis at a theoric

maximum between 200 and 250 µmol.photons.m−2.s−1 to a
negative or downregulated positive phototaxis. Our hypothesis
is that above 250 µmol.photons.m−2.s−1 of Qphar the onset
and amount of NPQ – proportional to Qphar – (Figure 3)
downregulated behavioral positive phototaxis. However, the
light intensity thresholds and the spectral limits described in
previous works are very variable and it is possible that the
recorded differences are partially the result of the complexity
of measuring light environments inside the sediment. Many
factors will affect the light received by a diatom incorporated
in microphytobenthic biofilms, e.g., organic matter, type of
sediment particles, biofilm density, species composition, water
content, etc. All these factors will produce different absorption
and scattering effects that will affect the intensity and light
spectral quality (e.g., Kühl et al., 1994). Nonetheless, regardless
of light color, absorptivity increased significantly with time in
both LL and HL treatments in comparison to dark controls,
which suggests that light intensities were never high enough to
completely inhibit upward migration in our conditions. Benthic
diatoms are capable of positioning themselves in a light gradient
at sediment depths where light exposure is optimal. This optimal
depth may vary with photoacclimation status and light intensity
tolerance tresholds that induce photoinhibition (Ezequiel et al.,
2015) and our data supports the hypothesis that diatom optimal
depth will vary as an interaction between light intensity and light
quality to adjust to the optimal Qphar light.

Behavioral and Physiological Interplay
The LL migrational biofilms showed a similar trend of
increasing φII1 as the LL non-migrational biofilms albeit
with less intensity (Figure 5). The smaller φII1 increase
in migrational biofilms is likely due to an already higher
absolute φII1 value at the onset of the experiment. φII1and
α-slope in LL migrational biofilms increased significantly more
under red light, perhaps as a positive tradeoff for having
produced little CC (Figure 9) and migrated less than other
colors (Figure 4). In LL intensities there was significant
carbohydrate production in blue and green light which was
not seen in the non-migrational biofilm. Colloidal carbohydrate
concentration (Figure 9), mean total pigment (Figure 7) and
absorptivity (Figure 4) followed the same pattern, being highest
in blue and lowest in red. These similar patterns could be
the result of polysaccharide secretion produced by diatoms
during their vertical movements (Pniewski et al., 2015). At
these non-stressful LL intensities photo-regulation was mainly
dominated by behavioral positive phototaxi to increase light
exposure as a response to increasing Qphar values. Exposing
migrational biofilms to HL induced a decrease in α-slope
and φII, which implied physiological photoprotection due to
stress exerted by the light intensities. Analysis of the relative
pigment percentage showed significant differences (Figure 8). HL
samples were characterized by a significant higher Diat relative
concentration and a lower relative concentration of Diad which
is consistent with the xanthophyll cycle operation (Olaizola
and Yamamoto, 1994; Lavaud et al., 2004). Colorwise there
were no significant DES differences between color treatments
(Table 3) despite very different Qphar amount. Similarly, at

Frontiers in Marine Science | www.frontiersin.org 13 April 2020 | Volume 7 | Article 203

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-00203 April 19, 2020 Time: 13:44 # 14

Prins et al. Diatoms Light Color Photoprotection

HL in migrational biofilms, despite a differential migration
between colors there were no significant differences in either
α-slope (Figure 3) or EPS secretion for different colors. This
implies that, even if blue light has the potential to induce
an higher NPQ and DES (see physiological photoprotection
discussion), diatoms can migrate to different sediment depths.
Diatoms seemed to position themselves at an optimal depth
as a response to the interaction between light intensity and
spectral composition. At these depths they might maximize
their CC production for both behavioral and physiological
photoprotection, thus showing no obvious differences in CC
concentration between the different colors (Figure 9). These
result contrasts with previous observations (Perkins et al., 2001)
that did not find significant colloidal carbohydrates accumulation
differences at the end of the migration between shaded and
unshaded biofilms. It is noteworthy to stress that samples from
natural sediments will contain EPS from a range of sources
(bacteria, detritus, and dissolved organic matter) (Smith and
Underwood, 1998) and while our extraction technique has been
proposed as a standardized method for microphytobenthos
(Takahashi et al., 2009) other extraction techniques may have had
different EPS fractions making comparison with previous studies
difficult (Underwood et al., 1995, 2004; Smith and Underwood,
2000; De Brouwer and Stal, 2002). It is possible that blue
and red photoreceptors are involved in tailoring the specific
behavioral photoprotective responses. In natural conditions
blue/red ratio is a very informative cue for diatoms, changing
during tides, twilight and with depth (Ragni and D’Alcalà, 2004;
Spitschan et al., 2016). However the exact pathway and signal
cascading remain to be elucidated. We hypothesize that the
trigger for the vertical migration movements and behavioral
photoprotection is linked to an NPQ mechanism or some
other light-stress induced mechanism, e.g., ROS production.
This would be in agreement with other observations of diatoms
using motility to select their optimal light exposure based on
their photophysiological status (Ezequiel et al., 2015; Cartaxana
et al., 2016) emphasizing the behavioral role of migration
in regulating photosynthesis. Nevertheless, while migration
compensated the different NPQ and DES levels observed in non-
migrational biofilm between the different color treatments we still
observed higher rETRm values in blue light migrational biofilms
(Table 2). These differences show that despite an active behavioral
photoprotection mechanism, light specific wavelengths affected
photosynthesis differently. Further investigation on the role
of photoreceptors, wavelength specific chloroplast aggregation
(Furukawa et al., 1998; Noyes et al., 2008) or frustule waveguiding
properties (Shihira-Ishikawa et al., 2007) could shed some
light on the underlying mechanisms between these two types
of photoprotection.

CONCLUSION

Overall there was a strong interaction between light intensity and
spectral quality in inducing diatoms migration and behavioral
photoprotection. The difficult task of disentangling the respective
role of light inherent properties showcased how relevant
considering both light quality and intensity helped understanding
the underlying mechanisms of biofilm photoprotection. While
not accounting for all chromatic effects of light, the use of
Qphar proved to finely integrate and correctly correlate to
the light quality and intensity interactions. The higher impact
of blue light in stimulating ETR and NPQ development in
comparison to red remains to be elucidated but was largely
dependent on how much light was being absorbed. These
differences are largely reduced in the sediment biofilms due
to finely tuned vertical migration movements, supporting the
hypothesis of epipelic diatom photoprotection being governed
by behavioral mechanisms. Furthermore, it strongly suggests
a wavelength and Qphar dependent light stress threshold
that triggers NPQ development and consequently override
or downregulate upward movements. Our data supports the
hypothesis that diatoms accumulation and migration can extend
deeper than 2 mm. The absence of light cues at these depths
and the fast migration in a matter of few hours could have
implication for future experimental design of microphytobenthos
migrational studies.
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