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Growth and photophysiological responses of two picoplanktonic
Minutocellus species, strains RCC967 and RCC703
(Bacillariophyceae)

VASCO GIOVAGNETTI, MARIA L. CATALDO, FABIO CONVERSANO AND CHRISTOPHE BRUNET

Stazione Zoologica Anton Dohrn, Villa Comunale, 80121, Napoli, Italy
(Received 21 July 2011; revised 25 April 2012; accepted 14 June 2012)

Reaching up to 50% of the total biomass in oligotrophic waters and armed with a set of ecological and biological properties
related to their small size, picophytoplankton (<3.0 um) are a good model to address ecophysiological questions regarding
phytoplankton biodiversity. Two picoplanktonic diatoms, one isolated from an upwelling ecosystem in the Pacific Ocean
(Minutocellus sp., strain RCC967), and another from oceanic waters in the Indian Ocean (Minutocellus sp., strain RCC703)
were used to test hypotheses on the functional relation between ecological niche adaptation and photosynthetic regulation
capacity and efficiency. Cultures were subjected to five sine light climates, each one set to peak at a different photon flux
density, respectively 10, 50, 100, 250 and 500 pmol photons m~>s~'. Growth rate, photosynthesis, non-photochemical fluo-
rescence quenching, pigment composition, and particulate organic carbon and nitrogen content were followed daily for 5 days.
Growth rate and physiological response curves were different in the two species, in agreement with their distinct habitats of
origin. Such differences could be related to the diverse photoacclimative strategies displayed by the two species, revealing a
clear adaptive divergence despite their close taxonomic relationship. Photoacclimative strategies of the two picoplanktonic
diatoms are discussed in the light of functional diversity and ecosystem adaptation.

Key words: diatoms, photoacclimation, photoregulation, picoeukaryotes, non-photochemical fluorescence quenching,

xanthophyll cycle

Introduction

Diatoms (Bacillariophyceae) are photosynthetic
O,-evolvers ubiquitous in marine ecosystems.
They comprise perhaps 200000 different species
and constitute the most prominent and diversified
group of eukaryotic phytoplankton populating the
ocean, with a wide range of cell size and shapes
(Kooistra et al., 2007; Armbrust, 2009). They are
responsible for approximately 40% of oceanic pri-
mary production and hence are essential players in
the oceanic carbon pump process, as well as in bio-
geochemical cycling of silicon (because their frus-
tule is composed of silica) and nitrogen (Smetacek,
1999; Armbrust, 2009). Because diatoms are
involved in most spring blooms in coastal areas
and are characterized by an impressive ecological
and biological diversity, the scientific community
has dedicated much effort to expanding knowledge
of diatom ecophysiology and biology. Indeed,
diatom diversity has been examined at the func-
tional level, by studying their adaptations to the
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abiotic properties of the ecosystems in which they
grow (Strzepek & Harrison, 2004; Lavaud et al.,
2007; Dimier et al., 2007b), and by investigating
the genes and functions involved in energy flow
from irradiance to biomass (Wilhelm et al., 2006).

Nutrient availability and light, the latter being
occasionally limiting or inhibiting, strongly affect
phytoplankton growth and thus can be considered
as key abiotic factors for algal adaptation to aqua-
tic ecosystems. In the pelagic ecosystem, light is
one of the most relevant environmental variables
that regulate phytoplankton growth rate, among
which it shows the widest fluctuations over a
large range of temporal and spatial scales
(Maclntyre et al., 2000). Therefore cells need to
continuously adjust their photoacclimative state
to cope with changes in light intensity, in order
to maximize their photosynthetic rate and prevent
photoinhibition or photodamage due to harmful
excitation-energy pressure (Raven & Geider,
2003). In order to accomplish such cellular tasks,
higher plants and algae have evolved several
photoprotective mechanisms, among which non-
photochemical fluorescence quenching (NPQ) is
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the fastest photoprotective reaction, leading to
thermal dissipation of excessive irradiance energy
in photosystem II (PSII; Li et al., 2009; Lepetit
et al., 2012). NPQ development is mainly con-
trolled by the activation of the xanthophyll cycle
(XC; Goss & Jakob, 2010; Lepetit et al., 2012). As
in most chlorophyll (Chl) c-containing phyto-
plankton species, in diatoms the xanthophyll
cycle consists of a single and reversible de-epoxida-
tion step, in which the epoxy carotenoid diadinox-
anthin (Dd) is converted to the epoxy-free
carotenoid diatoxanthin (Dt), referred to as the
diadinoxanthin cycle (Stransky & Hager, 1970;
Goss & Jakob, 2010). Diatoms also possess the
violaxanthin (Vx) cycle, which contains two
de-epoxidation steps in which Vx is converted to
zeaxanthin (Zx), through antheraxanthin (Ax)
(Lohr & Wilhelm, 1999, 2001). These pigments
are mainly involved in the photoprotective biosyn-
thetic pathway of the Dd cycle (Lohr & Wilhelm,
1999, 2001; Dimier et al., 2009a).

The hypothesis that the capacity for regulating
photosynthesis is a functional trait in algae, i.e. an
adaptive property of the organism in relation to
the ecosystem, has already been discussed and par-
tially demonstrated by different authors (Strzepek
& Harrison, 2004; Lavaud etr al., 2007; Dimier
et al., 2009h). Diatoms have been shown to be
highly competitive under fluctuating light climates,
because of very efficient processes of photoprotec-
tion occurring on time scales of minutes to hours
(Wagner et al., 2006; Lavaud ef al., 2007; Brunet &
Lavaud, 2010). Indeed, NPQ is greatly enhanced in
diatoms (Lavaud et al., 2002a, 20025h, 2004, 2007,
Grouneva et al., 2009).

As well as in many biological properties and in
their different shapes, diatoms are greatly diversi-
fied in terms of cell size, ranging from a few micro-
metres to a few millimetres (Kooistra et al., 2007;
Armbrust, 2009). Cell size is one of the most rele-
vant functional traits in the ecology of phytoplank-
ton (Litchman & Klausmeier, 2008; Finkel ef al.,
2010). Picophytoplankton (<3 pum, Vaulot et al.,
2004) are important contributors to marine pri-
mary production and can dominate oligotrophic
water ecosystems (up to 50% of the total biomass
and organic carbon production; Not et al., 2005;
Worden & Not, 2008). The tiny cell size confers
important ecological and biological properties on
picophytoplankton, such as a low sinking rate, a
low package effect and efficient light utilization
(Raven, 1998; Raven et al., 2005). Studies on the
diversity and ecology of small organisms (Le Gall
et al., 2008; Vaulot et al., 2008; Key et al., 2009;
Finkel et al., 2010), as well as on picoeukaryote
ecophysiology (Dimier et al., 2007a, 2009a,
2009h; Six et al., 2008, 2009; Giovagnetti et al.,
2010), are gaining momentum. However, to our

409

knowledge, works conducted on picoeukaryotic
diatoms are still lacking.

The photophysiological properties of two small-
sized diatoms (belonging to the same genus,
Minutocellus, but with distinct ecological niches)
have been investigated, comparing the relation
between irradiance, growth capacity and photosyn-
thetic regulation in the two species. The general
purpose of this work is to better understand how
the photophysiological functional diversity relates
to niche adaptation. Physiological response curves
(PRC) of the two diatoms were studied by subject-
ing cultures to five sine light climates, each one set
to peak at maximal photon flux densities (PFDs)
of 10, 50, 100, 250, 500 umol photons m~2s7!, for 5
days (Giovagnetti et al., 2010). Growth and pho-
tosynthetic rates, together with particulate organic
carbon (POC) and nitrogen (PON) concentrations,
as well as pigment changes and non-photochemical
fluorescence quenching, were measured daily.

Materials and methods
Algal model and culture conditions

Minutocellus sp. strain RCC967 (Bacillariophyceae) was
isolated at a depth of 40 m from the upwelling waters of
the Chile coast (Pacific Ocean), while Minutocellus sp.
strain RCC703 was isolated at a depth of 100 m near the
coast in the Indian Ocean (Le Gall ez al., 2008). Both
species were provided by the Roscoff Culture Collection
(Vaulot et al., 2004). Genome sequencing of the species
Minutocellus RCC703 is currently ongoing at the
Genoscope (Centre National de Séquengage, France;
see www.sb-roscoff.fr/Phyto/RCC)).

The strains were grown non-axenically at 20°C at
100 pmol photons m~?s ™' with a 11:13 h light:dark pho-
toperiod, in f/2 medium (Guillard & Ryther, 1962) made
with locally obtained and sterilized seawater, using
225c¢m? polystyrene canted neck flasks (Corning, NY,
USA). Cells were gently aerated and maintained in
exponential phase by daily and semi-continuous dilution
(to 50% of the total volume), over a period of more than
2 weeks before the experiment started. Before perform-
ing the experiment, the pre-acclimation of the two dia-
toms to the light climate was checked by assessing the
stability of pigment content and growth rate.

Experimental design and sampling strategy

Experimental conditions and sampling strategy were as
described in Giovagnetti et a/. (2010). Once acclimation
and stability were achieved, cultures were transferred
to five sine light regimes set to peak at PFDs of 10
(LLT1=low light 1), 50 (LL2=low light 2), 100
(ML =moderate light), 250 (HL1=high light 1) and
500 (HL2=high light 2) pmol photons m s~
(Fig. 1). These conditions corresponded to a daily-
integrated PFD of 0.17, 0.86, 1.71, 4.28 and 8.55mol
photons m2d ™", respectively.
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Experiments were conducted using three flasks per
treatment during 5 days, and three samples were taken
per day. The first sampling was carried out at dawn (the
HL2 incident PFD was lower than 40 pmol photons
m s~ "), the second at the PFD peak, while the third
was taken at sunset (the HL2 incident PFD was lower
than 40 pmol photons m~2s™ ).

Light was provided by the Advanced Control
Lighting System (ACLS) and Infinity XR4 (Aquarium
Technologies, Sfiligoi S.r.I., Bassano del Grappa, Italy).
XR4 was equipped with a HQI metal halide lamp
(10000 K). The irradiance was measured using a labora-
tory PAR 4mx sensor (QSL 2101, Biospherical
Instruments, San Diego, CA, USA). Temperature and
pH were checked daily using an HI-9214-Stick pH meter
(Hanna Instruments, Woonsocket, RI, USA).

Twenty to fifty millilitres of culture were collected
during each sampling time to carry out measurements
of quantum yield of fluorescence, non-photochemical
fluorescence quenching, P-I curves, pigments, absorp-
tion spectra, cell concentration (by microscopic
counts), and size and volume (by Coulter Counter
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Fig. 1. Scheme of the five sine light conditions, peaking at maximal PFD of 10, 50, 100, 250 and 500 pmol photons m™~s
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analysis), and particulate organic carbon and nitrogen
concentration.

Growth rate was estimated from cell concentration
measurements using the following equation:

M=1H[N12/Ntl]/[f2—tl] (D

where 1 is the growth rate (day™') and N, is the mean
cell concentration at time 7, and #; and 7, correspond to
the morning sampling times of days 1 and 2, respec-
tively. From the growth rate, the number of cell divi-
sions (n) per day was estimated using the following
equation:

n = p/[In(2)] (2

where 7 is the number of cell divisions per day and u is
the growth rate.

Pigment analysis

A 10-ml aliquot of algal culture was filtered onto GF/F
glass-fibre filters (Whatman, Maidstone, UK) and
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(arrows indicate sampling times). Figs 2-8. Evolution of the growth rate (d~'; Fig. 2), photosystem (PS) II maximal photo-
chemical efficiency (Fv:Fm; Fig. 3), maximal relative electron transport rate (;qETRuax, in mol e~ g Chl «~'h™'; Fig. 4),
quantum yield of electron transport (o, in mol ¢~ g Chl ¢~ 'h™! [umol photons m~2s~!]~; Fig. 5), light saturation index (Ek,
in pmol photons m~2s~'; Fig. 6), Chl a-specific absorption coefficient (agy. in m>mg Chl a~'; Fig. 7), and chlorophyll «
cellular content (10~ '*mol Chl a cell™"; Fig. 8), over the light conditions, in the two species. Minutocellus sp. RCC703: open
circles; Minutocellus sp. RCC967: filled circles. Data are means with n=3; error bars are £SD.
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immediately stored in liquid nitrogen until further anal-
ysis. Triplicate samples were taken during each sampling
time. Analysis was carried out following the procedure
described in Dimier ez al. (2007a). The pigment extract
was injected in a Hewlett Packard series 1100 HPLC
(Hewlett-Packard, Kennett Square, PA, USA) using a
Cg BDS 3pum Hypersil, IP column (Thermo Fisher
Scientific, Waltham, MA, USA). The mobile phase
was composed of eluent A, a solvent mixture of metha-
nol and aqueous ammonium acetate (70:30, v:v), while
eluent B was methanol. Pigments were detected spectro-
photometrically at 440 nm using a Model DAD, Series
1100 Hewlett-Packard photodiode array detector.
Fluorescent pigments were detected in a Hewlett-
Packard standard FLD cell series 1100, with excitation
and emission wavelengths set at 407 and 665 nm, respec-
tively. For determination and quantification of pig-
ments, calibration curves were obtained using pigment
standards from Danish Hydraulic Institute (DHI) Water
& Environment (Horsholm, Denmark).

PAM fluorometer measurements

At the PFD peak, samples were collected for pulse
amplitude  fluorescence  (PAM)  measurements.
Photochemical efficiency of photosystem (PS) II was
estimated by a Phyto-PAM fluorometer (Heinz Walz,
Effeltrich, Germany). Triplicate variable fluorescence
analysis was performed on 15-min dark-acclimated

= O© RCC703
T:‘ 0 ® RCC967 5
E |
8
2 0.3
=
o E
2
T 5 02—
= J
s
= 0.1
O
0 J
i .
E T [ T I [ . [ ! |

0 100 200 300 400 500
PFD (umol photons m s')

O RCC703
® RCC967 7
0.05

0.04 —
0.03

0.02 —

a*ph (m* mg Chl a)

0.01

0 T T T T T 1
0 100 200 300 400 500
PFD (umol photons m s™')

411

samples, to measure the maximal photochemical effi-
ciency (Fv/Fm, dark-acclimated samples). Fm was mea-
sured after a saturating pulse of red light (2400 pmol
photons m2s7!, lasting 450 ms), causing a complete
reduction of the PSII acceptor pool.

The non-photochemical quenching of fluorescence
(NPQ) was quantified by the Stern—Volmer expression:

NPQ = (Fm/Fm') — 1 3)

Electron transport rate (ETR) vs irradiance (I) curves
were determined applying 10 increasing photon flux
densities (PFDs; from 1 to 1500 pumol photons m~?s™"
for 2min each).

The relative electron transport rate, normalized by
Chl a concentration (;ETR,,x expressed in mol e™ g

Chl ¢ 'h™") was calculated as follows:

ETRpy = (FV/Fm) -1+ (a3,2) @)

where I is the incident PFDs (expressed in umol pho-
tons m~2s~"). The mean Chl a-specific absorption coef-
ficient ay, of phytoplankton was obtained by Chl a
normalization (m’mg Chl « ') and divided by 2,
assuming that half of the absorbed light was distributed
to PSII.

The ETR-irradiance curves were fitted with the equa-
tion of Eilers & Peeters (1988) to estimate the photosyn-
thetic parameters o®, Ek and . ETRax.
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Fig. 1. Continued.
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Absorption spectrum

A 10-ml aliquot of algal culture was filtered onto
Whatman GF/F filters and immediately frozen.
Measurements were carried out following the procedure
described in Giovagnetti et al. (2010). Absorption was
measured between 280 and 800nm with 1-nm incre-
ments on a spectrophotometer (Hewlett-Packard
HP-8453E) equipped with an integrating sphere RSA-
HP-53 (Labsphere, North Sutton, NH, USA). The mean
absorption value (¢*) was thus normalized by the Chl «
concentration of the sample to obtain the Chl a-specific

absorption coefficient (aj,; m’mg Chl ¢~ ).

Particulate organic carbon and nitrogen content

Samples for the determination of particulate organic
carbon (POC) and nitrogen (PON) were filtered on
pre-combusted  (450°C, S5h) glass-fibre filters
(Whatman GF/F) and immediately stored at —20°C.
The analyses were performed with a Thermo Scientific
FlashEA 1112  automatic  elemental  analyser
(Thermo Fisher Scientific, Waltham, MA, USA), fol-
lowing the procedure described by Hedges & Stern
(1984). Cyclohexanone-2,4-dinitrophenylhydrazone was
used as standard.

Results
Growth and cell parameters

A wide range of light was suitable for growth of
both Minutocellus RCC967 and RCC703. A max-
imal mean cell concentration of 2.2640.21 x 10°
cells ml~" was reached by Minutocellus RCC967,
while for Minutocellus RCC703 the maximal mean
cell density was 4.3540.12 x 10° cells ml™".

In Minutocellus RCC967 cultures, the maximal
chlorophyll (Chl) ¢ mean concentrations were
0.11+£0.04, 0.154£0.01, 0.26+£0.08, 0.50+0.05
and 0.24+0.05pg Chl @ ml™! under LLI1, LL2,
ML, HL1 and HL2, respectively, while in
Minutocellus RCC703 cultures, they were
0.07+0.02, 0.10£0.05, 0.354+0.05, 0.39£0.02
and 0.48 £0.03 pg Chl a ml™".

Minutocellus RCC967 grew optimally under
moderate light conditions (ML), where it reached
its highest growth rate (0.82+0.02; Fig. 2); the
growth rate then decreased under high light. In
contrast, the growth rate of Minutocellus
RCC703 gradually increased over the light range,
reaching its highest growth rate (1.9740.15;
Fig. 2) at 500 umol photons m~2s~'. The growth
rate was higher in Minutocellus RCC703 than
in Minutocellus RCC967 (Fig. 2). The number of
divisions per day ranged between 0.35 and 1.18
divisions d " in Minutocellus RCC967 and between
0.65 and 2.84 divisions d~' in Minutocellus
RCC703.

Very low variability of cell size and volume was
found, without any trend related to the growth rate
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or light conditions. Cell size (considered as the
maximum cell dimension obtained by Coulter
Counter  measurements) ranged between
2.724+0.06 um and 3.124+0.24 um in Minutocellus
RCC967, and between 2.66+0.06pm and
3.11£0.27pum in Minutocellus RCC703 cultures.
Cell volumes ranged between 11.2040.24 um?
and 16.19+3.79um® (Minutocellus RCC967),
and between 9.9640.70 um® and 16.09 +4.36 um’
(Minutocellus RCC703).

Photosynthetic parameters and absorption capacity

The maximal quantum yield of fluorescence (Fv/
Fm) was stable under LL and ML conditions in
both species (Fig. 3). The decrease under HL was
stronger in Minutocellus RCC967 than in
Minutocellus RCC703.

The relative electron transport rate (;oETR jax)
of both species was lower in LL than in ML,
in which the photosynthetic rate was maximal
(Fig. 4). Under the lowest irradiance (LL1), the
photosynthetic rate mean value in Minutocellus
RCC967 was two-fold higher than in
Minutocellus RCC703, although the Ilatter
performed better under ML and HL conditions.
From ML to HL regimes, the decrease
of qETR.x was much greater in Minutocellus
RCC967 than in Minutocellus RCC703 (Fig. 4).

The quantum yield of electron transport () of
Minutocellus RCC703 was constant over the light
gradient (Fig. 5, ~0.14mol e~ g Chl ¢~ 'h™' [umol
photons m~2s™'] ') except under LL2 regime,
where it was higher (0.23£0.091mol e~ g Chl
a~"h™" [umol photons m~2s~'17"). In Minutocellus
RCC967, o® was higher under the lowest light
(Fig. 5, ~0.20mol e~ g Chl ¢~ "h™" [umol photons
m~2s~']7") while it decreased gradually from mod-
erate to high light.

The light saturation index of photosynthesis (Ek)
showed a quite opposite trend between the two spe-
cies (Fig. 6), again revealing different physiological
responses to light. The Minutocellus RCC967 Ek
was stable (at ~130 umol photons m~2s™") under
LL and ML regimes, gradually decreasing with
increasing light. In Minutocellus RCC703, Ek
increased from  67.1043.37 (LLT) to
203.64 4 26.01 pmol photons m~2s~' (HL1), only
decreasing again under the highest light
(115.47 £ 28.74 pmol photons m s~ 1).

In Minutocellus RCC967, the Chl a-specific
absorption coefficient (ay,) decreased over the
light gradient, whereas it was stable in
Minutocellus RCC703, with the exception of a
slight increase in the LL2 treatment (Fig. 7).
In both species, similar a7, values were found
under HL conditions. These results underline
that a different acclimation strategy was
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adopted by the two species in the regulation of the
light absorption capacity, under low or moderate
light.

The Chl a content per cell differed between the
two diatoms only in the HL2 treatment (Fig. 8).
Values ranged between 2.32+0.42x 107" and
3.01£0.95 x 10~"mol Chl a cell ™" in Minutocellus
RCC967 and between 1.26+£0.17x107'° and
2.2140.61 x 107"°mol Chl a cell ™" in Minutocellus
RCC703. In both species, the low variations in
Chl a cellular content were independent from
cell size or volume changes, since no significant
correlation between Chl « cell™' content and cell
size was found. In Minutocellus RCC967, the Chl
a cell™! content was stable over the whole experi-
mental light gradient, while in Minutocellus
RCC703, Chl a cell™! almost halved under HL2
(Fig. 8).
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Accessory pigments

In Minutocellus RCC703, the amounts per cell of
the main accessory photosynthetic pigments, Chl ¢;
and ¢, and fucoxanthin (Fuco), were significantly
correlated with the Chl a content per cell (data not
shown). This led to a quite stable ratio between
accessory pigments and Chl a, mainly evident
under moderate and high light (Figs 9, 11). In
Minutocellus RCC967, on the other hand, the
main accessory pigments varied independently
from the Chl a content, so that there was a
decrease in the accessory pigments: Chl « ratio in
ML and HL conditions (Figs 10, 12). These results
explain the distribution of absorption capacity of
these two diatoms over the light range (Fig. 7).
While in Minutocellus RCC967 the cis-fucoxan-
thin (cis-Fuco):Chl a ratio followed the same trend
as Fuco over the light gradient (Fig. 12), in
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Figs 9-12. Evolution of chlorophyll (Chl) ¢; and ¢, Chl a~" (Figs 9, 10), and fucoxanthin and cis-fucoxanthin: Chl « (Figs 11,
12), over the light conditions. Chl «a, chlorophyll a; Chl ¢, chlorophyll ¢;; Chl ¢,, chlorophyll ¢,; Fuco, fucoxanthin; cis-Fuco,
cis-fucoxanthin. Minutocellus sp. RCC703: open circles and triangles; Minutocellus sp. RCC967: filled circles and triangles.
Data are means with n=23; error bars are £SD.
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Minutocellus RCC703 it was much more variable,
with an opposite trend in LL and ML (i.e. rising
towards ML) relative to Fuco (Fig. 11).

In Minutocellus RCC703, the B-carotene (S-Car)
cell™' content was stable over the light gradient,
except for a decrease in the HL2 regime, while in
Minutocellus RCC967 it was higher and more vari-
able in the LL and ML regimes (data not shown).
Interestingly, together with g-Car, we detected low
quantities of a-carotene («-Car) in both diatoms
(data not shown), with its cellular content slowly
decreasing over the light gradient in both species.
Traces of a neoxanthin-like pigment were also
found, but given the uncertainty of the pigment
determination, we do not discuss this further here;
it is an interesting topic for further investigations.

Photoprotection

In both diatoms, the content of Dt + Dd increased
from low to high irradiance (Figs 13, 14), being at
least two-fold higher in Minutocellus RCC967 than
in Minutocellus RCC703. In Minutocellus RCC703,
the Dd content per cell reached a plateau under HL
conditions, while the Dt cellular content gradually
increased over the irradiance gradient (Fig. 15).
The de-epoxidation state (DPS) reached a maximal
39% in this diatom (Fig. 17).

In Minutocellus RCC967, the xanthophyll cycle
was differently regulated. Whereas the Dd cellular
content was almost stable over the light gradient
(Fig. 16), the Dt cellular content increased steeply
(almost 60-fold) from ML to HL conditions (Fig.
16). Consequently, DPS reached 80% (Fig. 18).
These results reflect a much more strongly
enhanced photoprotective state of Minutocellus
RCC967 cells compared with those of
Minutocellus RCC703.

In both diatoms, the development of non-photo-
chemical fluorescence quenching (NPQ) relied
strongly on the de-epoxidation of Dd to Dt, as
demonstrated by the significant correlation between
NPQ and Dt Chl ™' in Minutocellus RCC703
(R°=0.96, P<0.005 and in Minutocellus
RCC967 (R*=0.90, P <0.005; data not shown).
Maximal NPQ mean values of 1.15+0.13 and
0.34+0.02 were reached in Minutocellus RCC703
and RCC967, respectively (Figs 19, 20). In both dia-
toms, NPQ development was significantly corre-
lated with the decrease in the PSII maximal
photochemical efficiency with increasing light
(Fv:Fm, P <0.05; data not shown).

Another divergence between the two species con-
cerned the two photoprotective xanthophylls of
the violaxanthin cycle, antheraxanthin (Ax) and
zeaxanthin  (Zx), which were present in
Minutocellus RCC967 but not in Minutocellus
RCC703. Both pigments increased with increasing
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light in Minutocellus RCC967 and were signifi-
cantly correlated with Dt cell™' (P<0.01) and
NPQ (P <0.05; data not shown).

Organic carbon and nitrogen content

Both the particulate organic carbon (POC) and
nitrogen (PON) per cell, and the general trend in
these over the light gradient, were quite similar in
the two species (data not shown). In both diatoms,
POC per cell increased under LL and HL condi-
tions (data not shown). POC and PON per cell
were not significantly correlated in Minutocellus
RCC703 (Fig. 21) but were in Minutocellus
RCC967 (P <0.01, Fig. 22). Indeed, changes in
the POC:PON ratio were stronger and related to
the light gradient in Minutocellus RCC703
(Fig. 23) than in Minutocellus RCC967, in which
the ratio was stable (Fig. 24). In Minutocellus
RCC703, the POC:PON ratio was correlated with
the growth rate (Fig. 25), which was not the case in
Minutocellus RCC967 (Fig. 26).

Discussion

Given the similar cell size of the two Minutocellus
species and their close taxonomic relationship, the
differences in their photophysiological and growth
responses to a gradient of light intensities may
reflect adaptation to distinct ecological niches.

Minutocellus RCC703 is an oceanic species
which was isolated from 100m depth in the
Indian Ocean. Despite coming from such a depth,
this diatom appears to be a high light-adapted spe-
cies (Falkowski & Owens, 1980; Falkowski et al.,
1981), as demonstrated by the fact that the highest
growth rate was reached at the highest light.
Furthermore, this species performs better than
RCC967 under each light condition, indicating
more efficient light utilization. Since the Indian
Ocean sample from which Minutocellus RCC703
was isolated came from near the coast of South
Africa (at 35°3’S, 23°44°E), in a system character-
ized by strong coastal winds occasionally accom-
panied by extreme convective activity, such as
tornadoes during winter (Goliger & Retief, 2002),
we hypothesize that cells might have been quickly
transported downwards prior to sampling and thus
reached the depth of 100 m.

In contrast, the growth of Minutocellus RCC967
is inhibited at high light, and the two diatoms
clearly have different ecophysiological require-
ments and photoacclimation strategies to cope
with high light. In fact, RCC967 is a species iso-
lated from the Chile upwelling system, in which
turbid water masses are transported from deeper
layers to the surface.
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Intriguing is the mismatch between the maximal
relative photosynthetic and growth rates in the oce-
anic species (RCC703), contrary to what occurs in
the upwelling species (RCC967), in which the

highest ,ETR.x and growth rate are both
reached at moderate light. This might mean that
the growth rate of Minutocellus RCC703 is mainly
modulated by the maximization of the electron
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transport rate within PSII, until the PFD becomes
limiting  (photosynthetic  regulation-dependent
growth rate), after which a biochemical regulation
channels in parallel the harvested photons into
maintaining the growth rate when the PFD
becomes saturating or even over-saturating
during a portion of the day (biochemical regula-
tion-dependent growth rate). The significant corre-
lation between POC:PON ratio and growth rate
highlights how Minutocellus RCC703 is able to
maintain or increase growth under a wide range
of PFDs by tuning intracellular biochemical prop-
erties. The strategy adopted by Minutocellus
RCC967 is different, preventing the biochemical
properties of cells from changing over the light gra-
dient, while this species rearranges the PSII
antenna organization under high light, as revealed
by the changes observed in pigment content and
absorption capacity. Compared with Minutocellus
RCC703, the smaller photophysiological capacity
of Minutocellus RCC967 to face high light stress
might thus be the consequence of its low light accli-
mation, in agreement with the growth of this
diatom in highly turbid waters. We hypothesize
that the low light-adapted Minutocellus RCC967
is therefore mainly sensitive to the light experi-
enced at the midday peak, determining the regula-
tory and acclimatory state of the cells and the
quantity of energy transferred to photoprotective
processes rather than fuelling growth. On the con-
trary, Minutocellus RCC703, which is adapted to
high light, is able to cope efficiently with the
midday light energy-maximum and acclimates ade-
quately to the daily light dose experienced by cells,
hence their enhanced growth.

In Minutocellus RCC703, the lack of a signifi-
cant relationship between the POC and PON per
cell, as well as the increase of POC:PON ratio,
under high light conditions, might indicate an
imbalance in the intracellular molecular pools
toward a greater allocation of nitrogen-poor mol-
ecules, for instance with a decreasing cellular con-
tent of protein (Lynn et al., 2000) or an increase in
carbohydrates and lipids (Geider & LaRoche,
2002). The decrease of ETR,,.,x under HL
appears to represent a functional regulation of
the photosynthetic rate in response to the HL
peak, rather than a net decrease of the species’
photosynthetic capacity due to a stressful light.
This hypothesis fits the high light-enhanced
growth rate and photoacclimation strategy of this
diatom. As suggested by our results on accessory
pigments and Chl « variations, a modification in
size or number of PSII, i.e. both light-harvesting
antenna complexes and reaction centres, occurs
under the highest light tested.

The photoacclimative strategy deployed by
Minutocellus RCC703 allows this species to keep
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the quantum yield of electron transport («®) and
the Chl a-specific absorption coefficient (ay;)
almost constant over the light gradient (with the
exception of LL2 condition), ensuring an effective
photosynthetic rate under limiting light, which cor-
responds to the greatest part of the daylight period.
Both the photoacclimation strategy and the short-
term negative effect of the HL peak on ETR .«
of this species are confirmed by the increase of Ek
over the light gradient, excluding the HL2
decrease, which is related to the decrease of pho-
tosynthetic pigment content. These results show
how this species responds to the high PFD peak
with efficient physiological/biochemical variations
without compromising growth capacity, confirm-
ing the ability to integrate energy-information
and adequately respond to both high PFD peak
and daily-integrated PFD.

Our results show that Minutocellus RCC967 is
negatively affected when the light dose is higher
than ~2 mol photons m~>d~". This low value con-
firms this species as low light acclimated, in agree-
ment with its habitat (upwelling water). Moreover,
under very low light (e.g. LL1), the photosynthetic
rate of Minutocellus RCC967 is two-fold greater
than that of Minutocellus RCC703. This result
might be explained by the higher o® value in
Minutocellus RCC967 in LLI1, as well as the
higher af, values in LL1 and LL2, providing a
greater photon flux in the PSII antenna, which is
also suggested by the higher pigment content in
this species relative to Minutocellus RCC703.

Minutocellus RCC967 mainly responds to the
PFD peak, entering a photoprotective state that
lowers the photosynthetic efficiency for light har-
vesting (i.e. a decrease in «®), consequently causing
a state of light-limitation for cells growth, during
the largest portion of the day (when PFD is limit-
ing). Minutocellus RCC967 photoprotective strat-
egy probably relies on a o-type photoacclimation
strategy (Six et al., 2008; Dimier et al., 2009a;
Giovagnetti et al., 2010), regulating the energy
flux by decreasing the accessory photosynthetic pig-
ments content in the PSII antenna to achieve a
lower light-harvesting capacity. This feature is fur-
ther enhanced by the huge synthesis of Dt, which
greatly persists in cells even under low PFD. In fact,
the content of Dd and Dt measured in this species at
sunset and dawn is two-fold higher than the content
measured in Minutocellus RCC703 (1.5 -2 x 10716
vs4—5x 107" mol (Dt + Dd) cell ™!, in Minutocellus
RCC703 and RCC967, respectively), mainly due
to the strong increase in Dt (0.25 — 0.50 x 107'¢ vs
0.50 — 1.00 x 10~ '°mol Dt cell™!, in Minutocellus
RCC703 and RCC967, respectively). This photoac-
climative strategy is probably possible because of
the higher amount of Dd and g-Car molecules
in the light-harvesting complex of the PSII of
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Minutocellus RCC967, compared with Minutocellus
RCC703, as well as of the presence of the xantho-
phylls antheraxanthin (Ax) and zeaxanthin (Zx),
with a role of intermediate products during the
Dd cycle pigments biosynthetic pathway (Goss &
Jakob, 2010). Whereas Dd and Dt increased
together with increasing light intensities in
Minutocellus RCC703, their trends become oppo-
site under HL regimes in Minutocellus RCC967,
revealing that for a certain PFD and/or Dt content
threshold, Dt still increases without any replenish-
ment of Dd. A similar strategy with a very high Dt
synthesis has been observed also in the low-light
acclimated Skeletonema marinoi when subjected to
PFD increase (Dimier et al., 2007b). Such a strong
increase, together with the probable low accessibil-
ity to the Dt-epoxidase and low level of NPQ, would
be related to a photoprotective function of Dt at the
level of the thylakoid membrane lipids, against per-
oxidative stress during excess light energy exposure,
as also demonstrated for Zx in higher plants
(Havaux & Niyogi, 1999).

The two photoacclimative strategies displayed by
the two Minutocellus species differ from that
deployed by another picoeukaryote, Phacomonas
sp. RCC503, subjected to the same experimental
conditions (Giovagnetti et al., 2010). Under high
light, despite the photoprotective state of its cells,
Phaeomonas RCC503 increases the size of the light-
harvesting antenna complexes (by increasing the
content of both Chl a and accessory photosynthetic
pigments) to overcome the loss of photosynthetic
efficiency. The striking occurrence of a photopro-
tective response in synergy with the enhancement of
the light-harvesting capacity has been related to the
adaptation of this species to the coastal environ-
ment (Giovagnetti et al., 2010). The reason for
this finding might be that cells experience multiple
and rapid PFD variations in a basically low-light
climate, linked to the water column turbulence,
low depth and turbidity of the coastal ecosystem.
The comparison of the three picoeukaryotes fits
the results obtained by Dimier et al. (2009b),
comparing the ecophysiological properties of six
phytoplanktonic species, in which three photophy-
siological groups (high light-, low light-, and vari-
able light-adapted species) were discriminated on
the basis of species properties concerning the xan-
thophyll cycle functioning and photosynthetic
pigments.

Despite the ecophysiological diversity, growth
rate and ETR,,, are significantly correlated
(P <0.025) in a pooled data set of the three species
(Fig. 27). Such evidence suggests how, in these
three picoeukaryotes, growth rate is strongly
modulated by the electron transport rate driven
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by the light absorbed within the PSII, and thus
how the processes of photoregulation and photo-
acclimation are efficient in maintaining or enhanc-
ing the growth of these species, even under non-
optimal light conditions.
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