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“It is not the strongest of the species that survives,

nor the most intelligent that survives.

It is the one that is the most adaptable to change.”
(C. Darwin)



ABSTRACT

A close relationship exists between phytoplankton size-class distribution and the carbon
flow in the pelagic food webs. The smallest phytoplankton is esteemed to be responsible
for about 38% of marine primary production (Agawin et al., 2000). In spite of this, our
knowledge of diversity, physiology and distribution of this size group is extremely
fragmentary.

The broad aim of this project is a better understanding of the role of ultraphytoplankton
(<5um) in marine ecosystems. To this end, we have studied the distribution of this size
fraction over an annual cycle at a long-term sampling station in the Gulf of Naples. The
contribution to this fraction of different algal groups was evaluated by means of size-
fractionated pigment analyses (HPLC). Further, experiments on the photophysiological
responses of ultraphytoplankton (monospecific cultures and natural populations) were
carried out in order to interpret its pattern of occurrence.

The results showed that the ultraphytoplankton, mainly small eukaryotes, is an abundant
component of phytoplankton communities in Mediterranean coastal areas. The success of
small eukaryotes may be explained by their high competitiveness in exploiting the
episodic arrival of new nutrients. In addition, our observations on photoprotective
mechanisms of the ultraphytoplankton showed that they have a very adaptable
photosynthetic apparatus, where continuous regulation of antenna and reaction centers
occur in order to avoid photodamage and to maximize carbon fixation rates in spite of
both predictable (circadian cycle) and unpredictable (e.g. mixed water column) irradiance
fluctuations. Thus, their productive capacity was similar to that of large cells. All these
elements may suggest that the lower contribution of ultraphytoplankton during bloom
periods could be related to an efficient grazing pressure from the microzooplankton.
Finally, the investigated species showed different responses in their photoprotective

mechanisms, even within the same class, suggesting evolutionary constraints.
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Introduction

CHAPTER 1

INTRODUCTION

The relevance of the carbon cycle to Earth climate and “global change” is a main topic for
discussion in the scientific and social community nowadays (Hanson et al., 1999; Chisholm
et al., 2001; Falkowski, 2002). Within this context, whether the oceans and their biome are a
sink or a source for carbon dioxide is a major issue at the centre of a wide debate (Falkowski
and Raven, 1997). Hence, a reliable esteem of primary production and respiration of marine
phytoplankton over basin and regional scale are a fundamental achievement (Platt and
Sathyendranath, 1988; Behrenfeld et al., 2002).

Barber and Hilting (2002) have recently provided an exhaustive review of the available
estimates of global primary productivity in the oceans, based on physical-biological models
coupled with satellite images (CZCS, SeaWiFS). However, the need has been highlighted
for a more accurate parameterization of phytoplankton physiology (Geider and Maclintyre,
2002) and its response to physical-chemical variables (e.g. light, temperature, nutrients) in
order to improve these models (Riebesell and Wolf-Gladrow, 2002, Behrenfeld et al., 2004).
Since a close relationship exists between phytoplankton size-class distribution and the
carbon flow in the pelagic food webs, the knowledge of the structure of phytoplankton
assemblages by size is a relevant goal. In particular, the smallest phytoplankton is esteemed
to be responsible for the 38% of the whole marine primary production (Agawin et al., 2000)
and this value rises up to the 90% in the oligotrophic areas (Li et al., 1983). In spite of this,
our knowledge of diversity, physiology and distribution of this size group is extremely
fragmentary.

The broad aim of this project is a better understanding of the role of ultraphytoplankton in
marine ecosystems. Particular attention has been devoted to small eukaryotes since their
contribution would be more significant than previous suspected.

To this end, we have studied the distribution of this size fraction as compared to the rest of
the phytoplankton populations over an annual cycle at a long-term sampling station in the
Gulf of Naples. In addition, in situ and field experiments have been carried out on the
photophysiological responses of the ultraphytoplankton; in order to interpret its patterns of
occurrence. In fact, their spatial and temporal distribution could be partially explained by

their specific responses to irradiance regime.



Introduction
1.1 Ultraphytoplankton in marine ecosystems

1.1.1 Definition

As previously said, the size is a very relevant parameter in phytoplankton ecology. The cell
size not only defines phytoplankton metabolic activity, growth rates and numerical
abundance (Margalef, 1978; Falkowski et al., 2004; Jiang et al., 2005), but it also influences
phytoplankton role in the biogeochemical cycles and the characteristics of community
structure via size-dependent interactions (Kigrboe, 1993; Legendre and Michaud, 1998;
Riebesell and Wolf-Gladrow, 2002). In spite of this, there is not a standardized classification
of different dimensional classes accepted from the whole scientific community.

The term ultraphytoplankton was introduced for the first time by Nauman in the 1931 to
define phytoplankton with dimension <5um. Afterwards this definition has been used by
other authors (Debres, 1974; Brunet and Lizon, 2003). However, some authors define
ultraphytoplankton the organism <10 um (Li et al., 1993), or, on the contrary, sometimes
the fraction < 5um is called picoplankton (Stockner, 1988). In the present study | always
used the term ultraphytoplankton for the fraction <5um. This specific fraction has been
chosen in order to study small eukaryotes. A lot of species of this group, in fact, have

dimension between two and five pm (e.g. Minidiscus comicus, Imantonia rotunda).

1.1.2 Main features

The traditional fixatives such as formalin or Lugol, permit a good preservation of “robust”
phytoplankton (e.g. diatoms), while the small and fragile species are not generally detected.
As a consequence the recognition of the importance of delicates flagellates and minute
coccoid forms (<2um) in the aquatic ecosystems has come only in the 1970s when more
appropriate techniques (electron microscopy, flow cytometry, HPLC) were developed.
Explicative is the discovery of the genus Phrochlorococcus at the end of 1980s detected by
cell flow-cytometry on ship-board (Chisholm et al., 1988) and, afterwards, turned out a very
widespread group (Jeffrey and Vesk, 1997).

To date, the picture of prokaryotic classification is quite clear. Good reviews were provided
by Anagnostidis and Komarek (1990) for cyanobacteria and by Cox (1993) for
prochlorophytes. In comparison the knowledge of the diversity of small eukaryotes is still
very limited: only ~ 40 species belonging to nine classes of photosynthetic picoeukaryotes
have been formerly described (Vaulot et al., 2004). However, phylogenetic analyses have

revealed much high diversity (Moon-van der Staay et al., 2001; Zhu et al., 2005) and
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pigment signatures, electron microscopy and dilution cultures suggest that the classes
Prasinophyceae, Pelagophyceae and Prymnesiophyceae are the major groups in different
oceanic regions (Thomsen and Buck, 1998; Moon-van der Staay et al., 2000). As
consequence, to achieve a simple and reliable method to detect picoeukaryotes diversity is a
crucial goal for understanding marine ecosystems. Recently a new technique based on taxon
specific oligonucleotide probes in association with tyramide signal fluorescence in situ
hybridization (TSA-FISH) and flow cytometry seems promising for quantitative assessment
of picoeukaryotes (Biegala et al., 2003; Not et al., 2004).

As far as, the role of small phytoplankton in marine ecosystems has been recently reviewed
by Agawin et al., (2000) and by Bell and Kalf, (2001). Their data- set on abundance and
production of small phytoplankton lead to the conclusion that these organisms play a much
greater role in oligotrophic (chlorophyll a <0.3mg m™), nutrient poor (NOz+NO, < 1uM)
and warm (>26°C) waters, where they account for >50% of total biomass. This dominance
would be based on their major efficiency in nutrient uptake at low nutrient concentrations
(Chisholm, 1992; Zubkov et al., 2003) and in their rapid turnover (Raven, 1998). To
demonstrate the validity of these assumptions recently Riebesell and Wolf-Gladrow (2002)
have calculated the ratio of dissolved inorganic nitrogen (DIN) demand versus supply for
phytoplankton cells as function of cell sizes, growth rates and DIN concentrations. As a
consequence, they shown that only small phytoplankton could maintain a growth rate of 1d™
at the concentration usually present in oligotrophic waters. Agawin et al., 2000 suggest that
also temperature may favorite small phytoplankton, influencing the growth rate, but the
strong co-variation between temperature and nutrients concentration and the small number
of observation for both parameters affect the possibility to statistically separate their effects.
On the other hand, though the absolute biomass and production of the small phytoplankton
increase as total biomass increases, their relative contribution declines systematically
(Agawin et al., 2000; Bell and Kalf, 2001). Two linked hypotheses have been put forward to
explain this relationship: the high small phytoplankton loss rate essentially due to predation
by microzooplankton; the better competition of large cell in nutrient-rich waters and the
little grazing pressure on them (Stockner, 1988; Bell and Kalf, 2001).

Otherwise, differences in the distribution of the different taxa may exist. For instance, small
eukaryotes are generally more abundant in the coastal and nutrient rich waters (Courtiers et
al., 1994; Vaulot et al., 2001). Furthermore, small eukaryotes and Synecchococcus natural
field populations show a positive relationship in terms of abundance and growth rate, which
might be founded in similar response to relief from nutrient stress (Worden et al., 2004). By

3
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contrast Prochlorococcus and Synechococcus seem weak correlated. In particular,
Phrochlorococcus is generally dominant in systems based on recycled production since it
turns out more efficient in NH, and organic nitrogen compounds uptake (Zubkov et al.,
2003). Moreover, Phrochlorococcus populations extend deeper in the water column than
Synechococcus, probably since they are more efficient to absorb blue light (Ting et al.,
2002).

Obviously, to achieve a complete understanding of functional role of small phytoplankton in
marine ecosystem a more complete knowledge of their physiology is desirable. Despite that,
most of the detailed biochemical, molecular biological and physiological information about
photosynthetic processes comes from studies of higher plants and few model micro-algae
such as Phaeodactylum tricornutum for diatoms (e.g. Lohr and Wilhelm, 1999, 2001;
Lavoud et al., 2002a,b; Ruban et al., 2004) and Chlamydomonas reinhardtii for green algae
(e.g. Lin and Knox, 1991; Pineau et al., 2001), generally chosen because they are easily
grown rather than for their ecological role.

On the other hand, there is a great discrepancy in our knowledge about the different groups
of small phytoplankton. In fact, the prokaryotes, above all the cyanobacteria (e,g.
Synechococcus), have been more well studied than small eukaryotes, as it is demonstrated
by the number of publications on their biology (Carr and Whitton, 1983; Fay and Van
Baalen, 1987); molecular structure (Bryant, 1994; Jensen, 1993; Scanlan and West, 2002);
photosynthesis (e.g. Bidigare et al., 1989; Masojidek et al., 2001; Palenik, 2001) and
genomics (Palenik et al., 2003; Rocap et al., 2004).

By contrast, studies on small eukaryotes are fragmentary, probably in relation to their
complexity and diversity, which is, as previous said, largely underestimated. An interesting
exception is the small diatom Thalassiosira pseudonana (~5-7um diameter), which was
used in many physiological studies (e.g. Dortch et al., 1991; Berges and Harrison, 1993;
Thompson 1999). Further, this species was chosen as the first eukaryotic marine
phytoplankton for whole genome sequencing because not only it has served as a model for
diatom studies, but also the genus Thalassiosira is cosmopolitan throughout the world's
oceans, and its genome is relatively small (34 mega base pairs). The complete T.
pseudonana genome sequence will provide a foundation for interpreting the ecological
success of these organisms and for better understanding phytoplankton physiology. The case
of T. pseudonana, seems only the beginning of an increasing attention on small eukaryotes
physiology and molecular biology as revealed by other recent studies (e.g. Jacquet et al.,
2001; DuRand et al., 2002).
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1.2 Aims of this project

The aim of this study is focused on the role of ultraphytoplankton (<5um) in marine
ecosystems: the contribution to phytoplankton biomass and productivity in a coastal
environment and the attempt to correlate its patterns of occurrence to its photophysiology,
trough the responses to predictable (circadian patterns) and unpredictable (short term)
changes in the irradiance regime.

As outlined in the previous section, only a few studies have been performed on the
taxonomic composition and the contribution to total phytoplankton biomass of the smallest
eukaryotes (most of them flagellated cells). This study works with the seasonal (over one
year) and spatial (along the water column) ultraphytoplankton contributions (<5um) to the
entire phytoplankton biomass and productivity in a coastal environment and with the
seasonal evolution of taxonomic composition (main algal groups) of this fraction by means
of HPLC.

The use of signature pigments has be found to be very useful in outlining the main algal
groups of phytoplankton communities, including the small and fragile forms generally
underestimated by other methods (Jeffrey et al, 1997). Another advantage is the capacity of
HPLC analyses to detect pigments even when present at very low concentrations. In spite of
these facts, only a few of the HPLC-based studies have performed pigment analyses on
phytoplankton size fractions (Latasa and Bidigare, 1998; Ansotegui et al., 2003; Rodriguez
et al., 2003).

The costal study site was chosen on one hand to contribute to the knowledge of taxonomic
composition of small eukaryotes (more abundant in coastal environments); on the other
hand, the same sampling site has been sampled weekly by the researchers of the Zoological
Station “A. Dohrn” from 1984 to present. This has allowed for comparing the results with a
very reliable background of data. In particular, the role of ultraphytoplankton in this coastal
marine ecosystem is discussed in relation to abiotic (e.g. nutrients) and biotic (e.g.

“grazing”) factors, which may control its seasonal dynamics and composition.

In this context the responses to variations in light regime could be a key factor.
Ultraphytoplankton photophysiology could be different from the “model” species and
studying the characteristic of ultraphytoplankton responses to dark-light fluctuations in
natural ultraphytoplankton populations could provide an helpful instruments to working out
these aspects.

To date, very few studies have been carried out to relate the characteristics of diel
fluctuations (such as amplitude and timing) with algal size, obtaining contrasting results

5
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(Glover et al., 1985; Prezelin et al., 1986, 1987). Moreover, in spite of the widely accepted
significance of circadian cycles to phytoplankton physiology (see section 2.3.4) the
interactions of the endogenous clock with the external environment (e.g. variability in the
irradiance field) remain unclear. During the 1970-1980’ies several studies (Mac Caull and
Platt, 1977; Prezelin and Ley, 1980; Forbes et al., 1986; Vandevelde et al., 1989) were
carried out on diel rhythm in phytoplankton photosynthesis in natural populations. However,
they were aimed more at providing a good model to predict daily productivity (Vandevelde
et al., 1989; Prezelin and Glover, 1991; Lizon et al., 1995) than at understanding the
physiological regulation of these rhythms (Kana et al., 1985; Prezelin et al., 1986).

So that, the second aim of this project was centred on test daily fluctuations of
photophysiological parameters in a variety of natural ultraphytoplankton populations (where
the <5um fraction accounted for >90% of total biomass). Three experiments were carried
out over a diel cycle (24h) in different ecological contexts (a coastal site, an offshore area
and a Mediterranean lagoon), in different periods of the year (spring, early and late summer)
and at different depths (i.e. different irradiance regimes).

In particular, the experiments were designed to allow detailed assessment of the circadian
patterns not only in the photosynthetic coefficients and variable fluorescence parameters,
but also in the pigment pool (with particular attention to the photoprotective pigments). In
fact, the improvement of in vivo fluorescence techniques now permits to relate productivity
with the organization of the photosynthetic apparatus and thus to provide a detailed picture

of photophisiological regulations on a diel scale.

Finally, this work focused on the study of photoprotection mechanisms in some
ultraphytoplankton species. In fact, the spatial distribution and the contribution to primary
productivity of different ultraphytoplankton groups could be related to their capacity to
acclimate to the fluctuations of natural light fields. Until now, many efforts have been made
to understand the mechanisms of photoprotection adopted by the algae to limit the damage
of excessive light (see sections 2.3.2 and 2.3.3 for a review). As mentioned above, the
species used as a model for this type of studies were mainly large forms (> 20um), such as
P. tricornutum, while the small size groups remain quite understudied. For instance, Glover
et al. (1986, 1987) performed some comparative experiments on both small and large
eukaryotes as well as on prokaryotes (i.e. Synechoccus spp.), but these experiments were
focused in particular on the growth response to different intensities and qualities of light

than on the photoprotective mechanisms themselves.
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Thus, the third point of this project was to study the short term responses (min-hours) of five
ultraphytoplankton (i.e. small eukaryotes) species exposed to excessive irradiance. In
particular, the relationship between in vivo variable fluorescence parameters and changes in
the de-epoxidative state of xanthophyll-cycle pigments was investigated. In fact, variable
fluorescence parameters are a very reliable tool to estimate the energy distribution between
photochemical activity and thermal dissipation during high irradiance conditions (Masojidek
et al., 1999), since they provide information on the status of photosystem II, one of the
principal elements involved in photoprotection (see section 2.3 and 3.2). In addition, the role
of the xanthophyll cycle in photoprotection and its relationship with fluorescence changes
has yet to find a general consensus (Casper-Lindley and Bjorkman, 1998; Masojidek et al.,
1999; Garcia- Mendoza et al., 2002; Ruban et al., 2004) and, to date, it has not been
investigated in the smallest eukaryotic species.

The experiments were performed on five monospecific cultures of marine
ultraphytoplankton, chosen for their different pigment content (brown and green algae) and
for their patterns of occurrence. For instance, the green algae Micromonas pusilla is a very
widespread species (Not et al., 2004), while Minidiscus comicus occasionally accounted for
phytoplankton blooms in some Mediterranean areas, e.g. Northwestern Mediterranean
(Sarno et al., 2004).
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CHAPTER 2

PHOTOSYNTHESIS and CONTROLLING FACTORS

2.1 Photosynthesis

In this chapter, a brief description of the principal processes involved in aquatic
photosynthesis and its controlling factors is presented. These topics were extensively
reviewed in Falkowski and Raven, (1997) and in Williams et al., (2002).

Photosynthesis is the biological conversion of light energy to chemical bond energy that is
stored in the form of organic carbon compounds. For phytoplankton it can be written as an

oxidation-reduction reaction of the general form:
2H,0+CO;+light — (CH,0)+H,0+0, Eq. 2.1

In this case the light is described as a substrate, because the energy of absorbed light is
stored in the products. The process can be divided into two steps: the so called “light
reactions” whereby light energy is used to oxidize water and the “dark reactions” that lead
to carbon reduction. The first takes place within the thylakoids membranes and the second
in the aqueous phase of chloroplasts (stroma); these two phases are coupled by common

intermediates and by enzymes.

2.1.1 Photosynthetic pigments

The first process of light reactions is the capture and transfer of light (photons) by
photosynthetic pigments. These compounds have double bounds (n orbitals) able to absorb
the radiations by means of transitions of their electronic state. Only photons with an energy
exactly matching the difference between the ground state and excited state are absorbed.
Conversely the relaxation of an electron to the lower energy level (de-excitation) is
accompanied by the emission of energy (Falkowski and Raven, 1997). Different de-

excitation pathways may occur: non-radiative emission: the energy is dissipated as heat;

fluorescence: the transition proceeds from an excited state to a lower one, where no change
in the spin direction of the electron has been induced; reemitting light (107%);

phosphorescence: if the spin direction is reversed, the electron must change it before

returning to the ground state; excitation energy transfer: the energy is transferred to another
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molecule which absorbs the same or a longer wavelength; photoxidation: the energy of
excitation is converted in chemical energy by means of a charge separation. All these
processes are in competition one with the other. Both the velocity and the presence of
specific mechanisms will determine which de-excitation pathway will occur during
photosynthesis.

On the basis of their molecular structure the photosynthetic pigments can be distinguished
into three groups: chlorophylls, carotenoids and phycobilins.

Chlorophylls (Chls) are a group of magnesium coordination complexes of cyclic
tetrapyrroles (Fig. 2.1). All Chls contain a fifth isocyclic ring often referred to as a phorbin
(Porra et al., 1997). Two basic types of closed rings are found: chlorins and porphyrins.
Chlorins (Chlorophyll a and b) are distinguished from porphyrins (Chlorophyll ¢) by the
saturation of a single C-C bond in ring 4, which break the symmetry of the molecule and
lead to important spectral consequence (Falkowski and Raven, 1997). However, all Chls
have two major absorption bands: the Soret bands in the blue to blue-green region and the Q
bands in the red. All photochemical reactions in photosynthesis proceed from the de-
excitation of the Q transition to the ground state. To allow excitation energy to be
transferred efficiently from Chl 4 and ¢ to Chl a the Q bands of Chlorophyll b and ¢ are at
higher energy levels than that of chlorophyll a with some overlapping in the Q absorption
band of the three Chls.

Chlorophyll a Chlorophyll b

Figure 2.1 - Structure of some
Chlorophylls (from Falkowski and
Raven, 1997).

OC,gHas (fitolo)

Chlorophyll ¢
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Carotenoids are an extremely large group of pigments . The basic structural element consists
of two unsaturated, 6-carbon rings joined by an 18-carbon, conjugated double-bond bridge
(Fig. 2.2) (Porra et al., 1997). They have a remarkable range of spectral characteristics, but
always display a blue or blue green absorption bands that partially overlap the Soret bands
of chlorophyll and, depending on the nature of the overlap, either facilitate the transfer of
excitation energy to, or remove excitation energy from, Chlorophyll (Falkowski and Raven,
1997). The Xanthophylls are a family of carotenoids, where oxygen is bound to the ring
forming an alcohol or epoxide (Young and Frank, 1996). Despite their role in
photoprotection, knowledge about xanthophyll biosynthesis is still scarce. Recently Lohr
and Wilhelm (1999, 2001) proposed an interesting pathway where violaxanthin is an

intermediate in both Diadinoxanthin and Fucoxanthin synthesis.
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Figure 2.2 — Some molecular structures of the principal carotenoids in algae (from
Falkowski and Raven, 1997).
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Phycobilins are open chain tetrapyrroles with extensive conjugated bond system and no
associated metal (Fig. 2.3). These molecules absorb either blue-green, green, yellow, or
orange light. Generally they are organized in poly-aggregates of phycobilin-protein
complexes (phycobilisomes) attached to the outer face of the thylakoids of cyanobacteria
and red algae. Three major phycobiliprotein families — the phycoerythrins, phycocyanins
and allophycocyanins —are present in red algae and cyanobacteria, but only the first two are
present in cryptomonads. However phycobilins are the major light harvesting pigments in

these phytoplankton groups (Tandeau de Marsac, 2003).

OH OH OH _OH
Co. L Ca. B
| 0 0 8] Q
CH; CH; CH, CHa CHy CH; CH; CH;
H CH CHy; CHy I?H_ CHs CHs CH; CH CHy CH; CH; CH; CHa CH
H5C i "l‘ e — = HiC | I| = —
N R N e N N P RN N S
0 H H 2 H = “ H H H; H o
Phycocyanobilin Phycoarythrobilin

Figure 2.3 —Structure of some phycobilins (from Falkowski and Raven, 1997).

Photosynthetic pigments can be used as markers for a chemotaxonomic assessment of
natural phytoplankton populations. Some of them, as a matter of fact, are taxon-specific
(Table-I in appendix). For example, Alloxanthin is found only in Cryptophyceae and
Divinyl-Chlorophyll a and b are specific for Prochlorophyceae (Goericke and Repeta,
1992). Other pigments are recommended as markers of a certain taxon, only on the basis of
the analysis of few species, but the pigment composition within the group may be more
complex. One example is provided by the prymnesiophytes: the analyses of 50 strains
clearly show four types of pigment distribution within the class (Jeftrey, 1997). Thus, some
caution is needed when using marker pigment schemes to relate any particular pigment to an
algal class. Some limitations have been recently resolved by means of a matrix factorisation
program (CHEMTAX), which also allows for a quantitative estimation of algal class
abundance (Mackey et al., 1996). However, this approach is still controversial (Zapata et al.
2004; Wright, 2001), actually, pigment content can change, in relation, for example, to

physiological conditions or light regime. As a consequence, a better knowledge of the

11
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influence of light intensity and nutrient limitation on the Pigment/Chl a ratios of different
species, is needed before CHEMTAX can be extensive applied (Schliiter et al., 2000).

Jeffrey et al., (1997) have published a comprehensive monograph in which both
photosynthetic pigment analysis methods and their application to biological oceanography

were reviewed.

2.1.2 Photosynthetic unit

Pigments will function in photosynthesis only when associated with specific apoproteins as
Chl- and carotenoid-containing pigment-protein complexes. Their properties, above all their
absorption spectra, are strongly modified by this association. The pigment-protein
complexes are further organized into two photosystems, which span the thylakoid
membrane from stroma to lumen. Each photosystem is made up of a Light Harvesting-

Complex (LHC), a Core Protein (CP) and a Reaction Center (RC) (Fig. 2.4).

Electron transfert

Photon Reaction center Primary electron acceptor

7L
4

Transfer of energy Light-harvesting

pigments

Figure 2.4 — A schematic representation of photosystem organization (from
www.uqtr.ca/labcarpentier/eng/research.htm).

The former contains both chlorophyll and carotenoids, and play a central role in light
absorption and transfer to the CP (chlorophyll a binding to proteins), which surround the
RC. The Reaction Center contains essentially one molecule of chlorophyll a, which is
different in the two photosystems. In the Photosystem I (PSI) the chlorophyll (P700) absorbs
wavelengths longer than 700 nm, while in the Photosysthem II (PSII) chlorophyll (P680)

12
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absorbs at shorter wavelengths. These photosystems are not homogenously distributed in the
thylakoids: PSI is located in the membranes, while PSII is on the face exposed to the stroma
(Porra et al., 1997). Very recently, multiple types of PSII were found (Adir et al., 2003):
PSIla, located in the grana and PSIIf in the stroma lamella, with a limited antenna size. The
concept of photosynthetic unit, introduced for the first time by Emerson and Arnold in 1932,
involves both PSI and PSII as responsible of O, production (Falkowski and Raven, 1997) as

described in the next section.

2.1.3 Electron transport chain

Hill and Bendel (1960) proposed for the first time that two photoreactions operate in series,
with an electron transport between them (Z-scheme) (Fig. 2.5). Photons absorbed by PSII
oxidize water and produce a weak reductant that is in turn oxidized by PSI, which produces
a second stronger reductant. Based on this scheme, the photosynthetic electron transport
chain (PET) can be divided into three segments: the donor side of PSII, which includes the
reactions responsible for the transfer of electrons from water to PSII; the intersystem
electron transport chain, which includes all the carriers between PSII and PSI; the acceptor
side of PSI, in which the primary reducing agent, NADPH, is formed and exported to the
carbon cycle (Falkowski and Raven, 1997).
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Figure 2.5 — A schematic representation of electron transport chain, Z-scheme (from
www.ugqtr.ca/labcarpentier/eng/research.htm).

Specifically, oxidation of 2H,O molecules, catalyzed by the S enzymatic complex, produces

one molecule of O, and 4H" are released into the thylakoid lumen. The electrons produced
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are donated to the P680, which in turn reduce an intermediate acceptor (Phacophytin a). The
life time of Phaeophytin a radicals is very short, thus its electron is rapidly passed on to a
secondary acceptor, Qa (a quinone). This stable acceptor is called “fluorescence quencher”,
because when it is in the reduced state (Q) the reaction center cannot use the photons
absorbed for electron transfer (photochemistry), but the energy will be reemitted as
fluorescence. It follows that the maximum quantum yield for photochemistry occurs when
all Q molecules are oxidized and the maximum quantum yield for fluorescence occurs when
all molecules are reduced. Thus, to a first order, the quantum yield of photochemistry and
fluorescence are reversely related to each other. All the modern in vivo fluorescence
techniques (see section 3.2) are based on this assumption.

In the electron chain an important step is the reduction of plastoquinone to PQH,;
(plastochinol). Actually PQH, re-oxidation by cytochrome by/f is the slowest step (107s) of
the electron transport chain, so it can affect the efficiency of the photosynthetic machinery
and regulate pigment synthesis (Durnford and Falkowski, 1997). Furthermore, this process
requires the extraction of 2H™ from the stromal fluid, which results in an increase in the
protonic gradient. The last acceptor of PSII is a plastocyanin or a cytochrome c¢, which
reduces P700. The electron produced by the photoreaction in PSI is transferred from one
carrier to the other and NADP" is the terminal acceptor of the entire electron transport chain.
NAPH is one of the principal stable products of photosynthesis (Geider and Maclntyre,
2002). Another one is ATP, formed by ATP synthase complex, utilizing the electrochemical
gradient (ApH) between lumen and stroma of the thylakoids (photophosphorylation).
Photophosphorylation can affect photosynthetic rate, because photons can be involved in a
cycle around PSI to synthesize additional ATP (Falkowski and Raven, 1997). Such cyclic
electron flow disconnected from the linear pathway apparently includes also PSIla, located

in the grana (Adir et al., 2003).

2.1.4 Carbon organication

Approximately 95% of the photosynthetically generated in the cell NADPH, and more than
60% of ATP, are used to assimilate and reduce inorganic carbon (Falkowski and Raven,
1997). Net photosynthetic carbon fixation involves a cycle of reactions named the
photosynthetic carbon reduction cycle or Calvin Cycle. Carbon enters the cycle as CO, and
leaves it as sugar phosphate (Fig. 2.6). The energy is provided by ATP and the reducing
form by NADPH. The central passage of the Calvin cycle is the carboxylation of ribulose
1,5-bisphosphate (RuBP) to form two molecules of glycerate 3-phosphate (G3P),
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subsequently reduced to glyceraldehydes 3-phosphate (GA3P). The remaining steps of the
cycle serve to regenerate RuBP (Geider and MaclIntyre, 2002). The carboxylation of RuBP
is catalysed by the enzyme RUBISCO. The rate of carbon fixation depends on the amount of
RUBISCO in the cell, the proportion of active enzyme and on the intracellular concentration
of CO; at the active site of RUBISCO. Therefore the enzyme plays a crucial role in
maintaining a balance between the generation of NADPH and ATP and the synthesis of
organic compounds. The active site of RUBISCO can also promote the oxygenation of
RuBP (photorespiration) with formation of phosphoglycolate. Clearly the competition
between O, and CO, may limit the carbon fixation rate. By contrast, the glycolate
metabolism may provide a safety valve against photo-oxidative stress. A review of the
mechanisms of regulation of RUBISCO activity in vivo is provided by Geider and
Maclntyre (2002).
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Figure 2.6 — A schematic representation of Calvin cycle (from Geider and Maclntyre,
2002).

In a recent review of variability encountered in P-E experiments (see section 2.3)
Behrenfeld ef al. (2004) suggest that as growth rates decrease (e.g. due to nutrient stress)
reductants, formed trough photochemistry, are increasingly used for simple ATP generation
through a fast (<ls) respiratory pathway involving mitochondrial metabolism, that skips the
carbon reduction cycle. More generally they assert that the fundamental products of

photosynthesis (ATP and NADPH) are available for the photoautotroph to spend on a
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variety of secondary pathways (e.g. nitrogen assimilation and ATP production) in response
to the changes in the cell’s metabolic demands and coordinated by sophisticated regulatory

mechanisms.

2.2 Controlling factors

Due to its unicellular structure phytoplankton is very vulnerable to bio-physical fluctuations
in the environment. The cell is forced to continuous adjustments involving biophysical,
biochemical, physiological, ecological and evolutionary components on very different time
scales. As a consequence the spatial and temporal dynamics of environmental variables can
provide crucial information on phytoplankton distribution and vice versa (Harris, 1986). The
main factors controlling phytoplankton growth are common to all photosynthetic organisms:
light, nutrients, temperature and grazing. A brief description of them is given in the

following sections.

2.2.1 Light

According to their pigment composition, photosynthetic organisms are able to absorb only
the part of the solar spectrum between 400 and 700nm, called Photosynthetically Available
Radiation (PAR), i.e. about 50% of the total irradiance at the Earth’s surface.

The total solar irradiance (solar constant), which arrives outside the Earth, is significantly
reduced during its passage through the atmosphere. This reduction is due partly to scattering
by air molecules and partly to absorption by water vapour, oxygen, ozone and carbon
dioxide. The proportion of incident light removed by the atmosphere will change according
to solar elevation, cloud cover and particle concentration. Solar irradiance is clearly
influenced by diurnal and seasonal variations as well as by latitude (Kirk, 1992; Kirk, 1994).
Furthermore the downward irradiance (Eq) in a water body diminishes in an approximately

exponential manner as described by the equation:
InEy(z)= InEy(0) - Kez Eq. 2.2

where Eq4(z) and E4(0) are the values of downward irradiance at z depth and just below the
surface, respectively, and Kgz is the vertical attenuation coefficient of downward irradiance,
due to the sum of absorption and scattering coefficients.

Except for a relatively small amount of light scattered back from the water surface,
attenuation of PAR in water bodies is above all due to absorption. The relative contribution
of the different components (water itself, particles and dissolved yellow substance) to light
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absorption at any given wavelength is in proportion to their absorption coefficients (Kirk,
1992). A widely used albeit controversial rule in biological oceanography is that significant
phytoplankton photosynthesis takes place only down to that depth, (z.,), at which the
downwelling irradiance is 1% of PAR at surface (Kirk, 1994). Z. is also called
compensation depth and represents the depth at which gross photosynthesis and respiration
loss are equal, while the euphotic zone is the portion of water column that supports net
primary production. However it is now acknowledged that net photosynthesis may occur at
depths down to 0.1% of incident PAR (Sakshaug et al., 1997). Clearly the depth of the
euphotic zone changes according to different inherent properties of waters, such as the
absorption coefficient. Modelling in detail the underwater light field is a crucial challenge of
modern oceanography, because of its application in primary production models (Mobley,
1994).

The effects of irradiance level and its variations on photosynthesis will be discussed more in

details in the section 2.3.

2.2.2 Nutrients

The main building blocks (macronutrients) for the production of organic matter are the
elements C, H, O, N, P, K, Na, Ca, Mg, Cl and Si (in species with a silica frustule or
skeleton). In addition to these bulk elements, photoautrophs have an absolute requirement
for trace elements such as Fe, Mn, Cu, Zn (micronutrients) as well as for a few essential
vitamins which some species are unable to synthesise themselves. Among the
macronutrients only N and P (and at times Si) may be depleted through biological utilization
and become limiting. However, inorganic carbon has also been suggested to potentially limit
phytoplankton growth. Although its concentration in sea water by far exceeds phytoplankton
carbon requirement, its biological availability can become rate-limiting under slow
conversion between HCO; and CO; (Geider and Maclntyre, 2002; Riebesell and Wolf-
Gladrow, 2002; Reinfelder et al, 2000). Some of the micronutrients are also present at
critically low concentrations and may become limiting in certain areas of the oceans.
Interesting is the case of High Nutrient Low Chlorophyll (HNLC) areas, such as the Eastern
Equatorial Pacific, where inorganic nitrogen and phosphate are in excess throughout the
year, and the mixed layer is shallower than the critical depth, but the extremely low flux of
aeolian iron limits phytoplankton production (Behrenfeld et al., 1997).

Phytoplankton stoichiometry is generally considered to be rather uniform. For the major

elements C, N, and P, it is defined by the Redfield ratio: C:N:P: = 106:16:1 (Redfield et al.,
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1963). Despite the large variability in phytoplankton elemental composition, there appears
to be a remarkable uniformity in this ratio across time and space. Differences in elemental
composition between major taxonomic phytoplankton groups originate essentially from the
production of different cell coverings such as silica frustule, carbon platelet and organic
walls. On the other hand, the composition of phytoplankton groups may have major effects
on large scale elemental cycling.

On the size scale of microalgae, nutrient supply occurs primarily by means of molecular
diffusion. The rate of diffusive transport thereby depends on the diffusion coefficient of the
nutrient, the concentration gradient from the bulk medium to the algal surface and the
thickness of the diffusive boundary layer (DBL) surrounding the alga. Phytoplankton cells
are able to affect the flow of inorganic carbon and nutrients through the DBL in at least two
ways. By controlling nutrient concentrations at the cell surface, phytoplankton determine the
concentration gradient and thus the rate of diffusive transport across the DBL. Furthermore,
the thickness of the DBL is to a certain extent under the influence of the organism (size, cell
shape, motility). A review of processes of nutrient supply and their quantification is
provided by Riebesell and Wolf-Gladrow, (2002). Nutrient replenishment in the
microenvironment of the microalgal cell can also occur by advective transport due to water
motion (Mann and Lazier, 1991).

A general feature of aquatic environments is that the pool of inorganic nutrients increases
with depth, while light availability decreases. Therefore the inputs of “new” nutrients in the
euphotic zone from the deep ocean (e.g. mesoscale activity, upwelling), the atmosphere,
terrestrial run-off or biological N, fixation (cyanobacteria) are crucial for phytoplankton
primary production (Mann and Lazier, 1991; Lewis, 2002). In the surface layer of a
stratified water column the major source of nutrients is the local regeneration resulting from
metabolic activity and microbial degradation (recycled production). Moreover the form of
inorganic nitrogen (NOj;™ in case of new production, NH," in recycled production) may
affect the photosynthetic rate. In fact, nitrogen reduction involves oxidation of ferrodoxin

and hence competes with the carbon pathway (Behrenfeld et al. 2004).

2.2.3 Temperature
Temperature affects phytoplankton productivity in at least two ways. First, the thermal
vertical structure of the water column, such as the presence of a thermocline, regulate

nutrient availability in the photic zone and the thermal exchanges with the atmosphere or
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with other water masses drive ocean circulation, especially at mesoscale (Mann and Lazier,
1991).

On the other hand, temperature may also have a direct effect on photosynthesis. As a matter
of fact, it influences the kinetics of reactions and enzyme activities, and, consequently,
affect several processes such as nutrient uptake, growth rate (Harris, 1986), or electron
transport rate (Geider and Maclntyre, 2002). For instance, at low temperatures the
maximum rate of electron transport is generally lower and cells became photoinhibited at
lower irradiance levels (Falkowski and Raven, 1997). A marked dependence of Chla:C ratio
on temperature was also found in some species such as Chaetoceros calcitrans, but not in
Phaeodactylum tricornutum. Therefore a general assumption can not be made.

Furthermore, temperature affects the fluidity of cellular membrane; at low temperatures the
membranes become rigid and there is a reduction of movement of the protein complexes
through them. On the other hand, high temperatures make the membranes so fluid that the
complexes lose their position and function. Phytoplankton species have evolved adaptative
mechanism such as optimal temperatures for growth approximates the in situ temperatures.
For instance, Crysophyceae are preferably found at temperatures around 15°C (Jeffery and
Vesk, 1997). Clearly, more work is needed to unravel temperature acclimation of the
photosynthetic apparatus, in particular in natural populations. This is important, since
temperature is one of the variables that provide some power in predicting photosynthesis

rates (Geider and Maclntyre, 2002).

2.2.4 Grazing

The predation of micro- and meso-zooplankton on phytoplankton, “grazing”, exerts the so
called “top-down control” on phytoplankton abundance and composition (Banse, 1992).
Until the early 1970s, the view was widely held that the plankton had a relatively simple
pyramidal structure with phytoplankton being exploited by zooplankton which in turn
provided an energy source for fish or other predators. The introduction of the “microbial
loop” concept (Azam et al., 1983) expanded this traditional view of the pelagic ecosystem
structure to include more trophic levels in which microrganism play a very important role.

A very significant portion of primary production is not consumed directly by zooplankton,
but is instead channelled through the carbon pool. It is estimated that up to 50% of primary
production is released in form of Dissolved Organic Carbon (DOC) and is used by bacteria.
Other sources of DOC include excretion by zooplankton and viral lysis of bacterial cells.

Production by heterotrophic bacteria averages around 20% of primary production and is
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about twice that of mesozooplankton (Laybourn-Parry, 1992). It appears that a major part of
the bacterial production is exploited by heterotrophic flagellates and ciliates, which provide

an important energy source for the metazoan organisms of the zooplankton (Fig. 2.7).
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Figure 2.7 — A schematic representation of microbial loop (modified from Lally and Parson,
1997).

Clearly the importance of the microbial loop may vary throughout the seasonal cycle or in
relation to phytoplankton community structure. For example, where large cells are dominant
(e.g. spring bloom in temperate areas) the food web is very simple (three-four trophic levels)
and similar to the classic food chain. On the other hand, the microbial loop is a fundamental
component in oligotrophic warm areas, where the small phytoplankton is dominant. An
assemblage of small autotrophs is expected to leak more exudates than a community
dominated by large cells, enhancing bacterial production; e.g. flagellate grazing on bacteria
resulted in the remineralization of orthophosphate (Laybourn-Parry, 1992). Thus, the
dominance of small phytoplankton cells will play a crucial role also for nutrient recycling.

In spite of the importance of microzooplankton in the pelagic food web, its role in nutrient
recycling as well as its productivity, particularly on a seasonal basis, are still poorly

understood.

2.3 Phytoplankton responses to light variability

As irradiance regimes are continuously changing (see section 2.2.1), photosynthetic
organisms have evolved mechanisms (such as biochemical feedback) to acclimate, insofar
as possible, to such variability. Therefore the rate of photosynthesis is controlled by the

efficiency of light utilization. To achieve a good parameterization of this light dependency
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remain one of the most important goals of biological oceanography. The sections below

provide a picture of the actual background.

2.3.1 Photosynthesis-Irradiance curve

To a first order the light dependency can be described as:

Pr=E,®g Eq. 2.3

Where Py is a photosynthetic rate at any incident irradiance E, E, is the light absorbed by the
organism and ®g is the quantum yield at irradiance E. The absorbed light is measured from
the incident spectral irradiance Egg) in conjunction with the spectrally averaged optical
absorption cross-section a*:

E.= Eop) a* Eq. 2.4
The optical cross-section, a*, describes the spectrally averaged target for the absorption of
photons by all pigments in the photosynthetic apparatus.
At present, radioactive carbon incubation is the most commonly used method to determine
photosynthesis-irradiance (Pvs.E) relationships. It is preferred to oxygen measurements
because of its higher sensitivity. On the other hand, the radiocarbon method gives an
ambiguous estimate between net and gross photosynthetic rates and, depending on the
length of incubation, acclimations may occur (Falkowski and Raven, 1997; Sakshaug ef al.,
1997). Furthermore, the interpretation of Pvs.E curves depends critically on the currency in
which mass is expressed (Maclntyre et al., 2002). For these reasons, much attention is now
focused on improving in vivo fluorescence approaches, which permit new insights into the
physiology of PSII.
Independently from the parameters measured, a typical photosynthesis —irradiance curve
may be divided into three distinct regions: a light-limited region, a light saturated region,

and a photoinhibited region (Fig. 2.8) (Sakshaug et al., 1997).
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Figure 2.8 — Scheme of a typical photosynthesis irradiance-curve (modified from Falkowski
and Raven, 1997).

At low irradiance levels, photosynthetic rates are linearly proportional to irradiance and the
rate of photon absorption determines the rate of steady-state electron transport (light-limited
region). The initial slope of the Pvs.E curve is often denoted by the symbol a and is related
to the maximum quantum yield ®,; B is added to denote the normalization to chlorophyll
biomass:
O, = a°/a* Eq2.5
From Eq. 2.5 through a series of mathematical correlations (see Falkowski and Raven,
1997) we obtain the following relationship:
o= nopsiy Egq2.6

Eq. 2.6 reveals that the initial slope of the Pvs.E curve is directly proportional to the
functional absorption cross-section of PSII (ops) and the numbers of photosynthetic units
(n). However, proper estimation of @, remains still controversial. In a recent study, Johnson
and Barber (2003) showed that reductions in ® at low irradiances may occur that are not
observable using conventional P-E analyses and hence they suggest to determine ®,, by
directly estimating the true maximum of an ®-E curve.
At increasing irradiance levels, the increasein photosynthetic rate becomes non linear up to a
saturation level (light-saturated region). By definition, at light saturation the rate of photon
absorption exceeds the rate of steady-state electron transport. Therefore the maximum
photosynthetic rate normalized to chlorophyll biomass (P® ) is:

P® = n(1/7) Eq. 2.7
Where 1/t is the maximum rate at which electrons are transferred from H,O to the terminal

electron acceptor in the steady state (Sakshaug et al., 1997).
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The intersection of o® and P® .« gives Ex (light saturation index):
Ex = PP / 0° Eq. 2.8

At irradiance levels lower than Ej, the rate of photon absorption is less than 1/t and the
quantum yield is higher but absolute photosynthetic rate is less than maximal. At higher
irradiance levels, the rate of photon exceeds 1/t and the quantum yield decreases. Hence, the
optimum photosynthetic rate is achieved at Ex even if the quantum yield may not be
maximal (Falkowski and Raven, 1997). The light saturation index is a very important tool in
understanding phytoplankton physiology. For example, Behrenfeld ez al. (2004) proposed to
separate the variability of Pvs.E curves into two categories:

- “Ex dependent group”, associated with variations in Eyx and mainly a result of

photoacclimation;
- “Ex independent group”, where o and PBmaX co-varied in relation to alternative
metabolic pathways (see section 2.1.4).

In the photoinhibited region the further increase of irradiance leads to a reduction in
photosynthetic rate, dependent on both light intensity and duration of exposure. This
reduction often called photoinhibition (PI) is due to lower efficiency of PSII. There are two
types of photoinhibition: acceptor side induced PI, characterized by an over reduction of the
plastoquinone pool and a donor side induced PI. In this case the potential of PSII leads to
the formation of a number of transiently short-lived radical species, which could oxidize the
RC II either directly or by the production of singlet oxygen or hydroxyl radicals (Adir et al.,
2003). However, the efficiency of photosynthetic electron transfer decreases markedly only
when the rate of damage exceeds the rate of its repair, which requires de novo PSII proteins
synthesis, especially D1 protein. Adir et al., (2003) provided a good review, and a historical

perspective, of over a century of studies on photoinhibition.

2.3.2 Photoprotection

Photosynthetic organisms have developed pathways to re-equilibrate imbalances between
absorption and utilisation of light to cope with the effect of short- and medium-term
irradiance fluctuations. A brief description of the major ones is given in this section.

Cyclic electron pathways

Photo-oxidative damage of both acceptor and donor side of PSII might be prevented by an
electron transfer cycle around PSII (chlororespiration) involving the plastoquinone pool and
the donor side of PSII. This cycle, found for example in diatoms, (Lavaud et al., 2002a) is

insignificant at limiting light intensity but it is becomes important at excessive light
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intensity. Another pseudo-cyclic electron pathway (Mehler reaction) is proposed by
Behrenfeld ef al. (2004) to play a protective role at very high levels.
State transition
A redistribution of excitation energy between the photosystems probably occurs as a first
line of regulation to small changes in irradiance level (such as the passage of a cloud). A
state transition leads to changes in effective absorption cross-sections of PSII of about 10%
to 20% and simultaneously affects the PSI cross-section in the opposite way. Such changes
would produce a corresponding shift in Ex and thus help to balance light absorption with
electron transport. The changes in the effective cross-sections appear related to
phosphorylation of pigment-protein complexes of LHC, which consequently detach from
PSII and migrate to PSI (Falkowski and Raven, 1997, Garcia-Mendoza et al., 2002).
Non photochemical Quenching (NPQ) - Xanthophyll cycle
An alternative mechanism for altering the effective absorption cross-section of the antennae
is to dissipate absorbed excitation energy thermally. It is called non photochemical
quenching (NPQ) as it is accompanied by a reduction of chlorophyll fluorescence that is not
due to photochemical reactions. The change in PSII absorption cross-section due to the non
photochemical quenching can approach 50% and results in an increase in Ex (Falkowski and
Raven, 1997). The most common mathematical expression of NPQ is the Stern Volmer
equation:
NPQ=Fn/Fi’-1 Egq. 2.9
Where F,, and F,,’ are the maximum fluorescence of PSII in the dark adapted state and in
the light adapted state, respectively.
NPQ is a complex phenomenon that involves the formation of a transthylakoidal proton
gradient (ApH) and xanthophyll cycle activity (Garcia-Mendoza ef al., 2002). Two different
xanthophyll cycles (Fig. 2.9) were found in photoautotrophic organism, both involving an
enzymatic de-epoxidative reaction:
“Violaxanthin cycle”: at high light the epoxidated xanthophylls (Violaxanthin) is de-
epoxidated to Zeaxanthin through an intermediate form (Antheraxanthin). This cycle
is present in all higher plants (Young and Frank, 1996) and in chlorophytes (Casper-
Lindley and Bjorkman, 1998; Garcia-Mendoza et al., 2002), and has been reported
also in some golden- brown algae (Lohr and Wilhelm, 1999).
- “Diadinoxanthin cycle”: the monoepoxide Diadinoxanthin is converted to the de-
epoxidated form Diatoxanthin. It is typical of cromophyte algae (Olaizola et al.,

1994; Casper-Lindley and Bjorkman, 1998).
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Fig. 2.9- A schematic representation of xanthophyll cycles (modified from Young and
Frank, 1996).

In both cases, the de-epoxidation occurs at high light and very rapidly (min), while the
inverse reaction is enzymatically catalyzed in the dark. However, the kinetics of the
Diadinoxanthin cycle is very fast as it is a one-step reaction (Lohr and Wilhelm, 1999).

The exact molecular mechanism involved in the energy dissipation is still not clear. Two
hypotheses have been proposed: a direct de-epoxidated pigment-chlorophyll interaction,
involving singlet-singlet energy transfer and resulting in a direct quenching of Chl
fluorescence, or, alternatively, an indirect process where xanthophyll formation promotes
the aggregation of light-harvesting pigment-protein complexes (Young and Frank, 1996).
Furthermore, the relationship between changes in NPQ and in xanthophylls is still disputed.
In fact, while a linear relationship appears to occur in higher plants (Young and Frank,
1996; Demming-Adams, 2003), experiments on different phytoplankton classes gave
controversial results, especially on the role of the proton gradient (Casper-Lindley and
Bjorkman, 1998; Garcia-Mendoza et al., 2002; Lavoud et al., 2002b; Ruban et al., 2004).
To this end, the exact determination of the binding sites of each xanthophyll species on LHC
polipeptides will be helpful, as NPQ is strictly related both to the position of xanthophylls
within the light harvesting complexes (Young and Frank, 1996; Pineau et al., 2001) and to
the size and stability of the antenna (Lokstein et al., 2002).

2.3.3 Photoacclimation
It is generally accepted that the term photoacclimation refers to phenotypic adjustments

(macromolecular composition and ultrastructure of the photosynthetic apparatus) in
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response to variations of environmental factors, above all light (Falkowski and La Roche
1991). By contrast, the term photoadaptation is reserved for changes in the genetic
structure, which clearly occur on long temporal scale (Falkowski and Raven 1997).
Typically photoacclimation involves changes in the pigment content. In particular, the
chlorophyll a content per cell or per unit surface area increases with irradiance reduction;
the opposite is clearly observed at increasing irradiance (Falkowski and Raven 1997;
Maclntyre et al., 2002). Also the cell content of accessory photosynthetic pigments (PSP)
declines at high irradiance. This pattern is observed in all phytoplankton groups, but appears
more marked in cyanobacteria (Maclntyre et al., 2002). The decline in accessory pigments
may be parallel to the decline in Chl a, so that there is a limited variability in the PSP: Chl a
ratios. However, the overall decrease in cellular pigment content with irradiance is due to a
decrease in the number of PSI and PSII reaction centers and in the ratio of light-harvesting
antennae and reaction centers. Furthermore, the proportion of photoprotective carotenoids
(PPC) is high in cells acclimated to high irradiance levels. The term photoprotective
pigments is applied to carotenoids which do not transfer (B-carotene and Zeaxanthin) or
transfer with reduced efficiency (Lutein) excitation energy to the reaction center, thus
protecting it from excess light (Falkowski and Raven 1997). As these carotenoids absorb
light without a corresponding increase in the functional absorption cross-section of PSII a
decline of quantum yield may occur.

Another central point is the so called package effect that reduces the effectiveness of
increased pigmentation in light harvesting at low irradiance (Kirk, 1994). In fact, as cells
accumulate chlorophyll each chlorophyll molecule become less effective in light absorption
due to self-shading and to the increase in the number of thylakoid membranes. Package
effect is also a function of cell size: the larger the cell the more important this effect
(Falkowski and Raven 1997).

Understanding the physiology of photoacclimation is central to aquatic primary production
models. To date, two different approaches have been explored: the determination of
acclimation kinetics (e.g. Cullen and Lewis, 1988; Geider et al., 1996) and the direct
measurements of photoacclimation states in variable light regime (e.g. Fietz and Nicklish,
2002; Havelkova-Dousova et al., 2004). A good review of the models based on the first
approach is proposed by Maclntyre et al, 2002. The authors assume light-limited
photosynthesis rates to be proportional to the cellular Chl a content, whereas light-saturated
rates are proportional to cellular carbon content. In addition, their analysis indicates that

maximizing the rate of carbon assimilation is not the only criterion governing
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photoacclimation, but costs associated with photoinhibition and photooxidative stress and

their repair may also play an important role.

2.3.4 Circadian cycles

Circadian or diel cycles, i.e. periodical variations occurring in the 24 hour period (day/night
alternation), involve essentially all the principal activities of the organism (e.g. cell division,
nutrient uptake, metabolic pathways) (Sournia, 1974). Some of these processes, such as
cellular cycle or chlorophyll a content, appear to be under endogenous control (genetically
encoded). In fact, circadian rhythms are expressed for some time even in constant
illumination or darkness (Owens et al., 1980). One adaptive advantage of such internal
control is the temporal separation of incompatible processes (i.e. nitrogen fixation and
oxygen evolution in cyanobacteria) or the possibility to synchronize physiological activities
in order to match the optimal use of resources according to their availability. An outstanding
example is photosynthetic capacity that is elevated during the photoperiod and decreases at
night (Kaftan et al., 1999). The higher diurnal photosynthetic capacity may be related to an
increase in the number of active reaction centers and/or to a change in the ratio of Rubisco
to reactions centers. Circadian variations in photosynthesis occur in all major taxonomic
groups (see Prezelin, 1992 for a review), but are particularly pronounced in diatoms
(Harding et al., 1981). In addition to species-specific differences, the amplitude of diel
photosynthetic oscillation is correlated with nutrient avaibility and growth rate (Behrenfeld
et al. 2004).

Furthermore, circadian oscillations of pigment content have been observed in different
phytoplankton groups, such as diatoms (Marra and Heinemann, 1982; Post et al., 1984);
prasinophytes (Kohata and Watanabe, 1988) and dinoflagellates (Latasa et al., 1992).
Experiments performed on prasinophytes have shown that pigments are synthesized at
different times, in order to maintain an optimal amount of each pigment pool during the day
(Kohata and Watanabe, 1988). For instance, chlorophyll a content is generally highest at the

end of photoperiod (Post et al., 1984), presumably in relation to the cell division cycle.
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CHAPTER 3

MATERIALS and METHODS

In this chapter a general description of the procedures used for samples collection and
analyses is provided, both for in situ and culture measurements. Instead, the scheme and
relative sampling strategies of each experiment is explained more in details at the beginning

of the following chapters.

3.1 In situ profiles

Hydrology

Down- and upwelling profiles of the most important chemical-physical parameters were
performed at the stations of the in situ experiments, utilizing a SBE 911plus CTD equipped
with salinity, temperature and oxygen sensors as well as a SCUFA fluorometer. The data
were processed (mediated to one meter) using the SeaSave Data Processing Software. The
CTD was connected to an automatic Carousel sampler of SeaBird Electronics, equipped
with 12 Niskin bottles (12L); water samples for salinity and oxygen analyses were drawn
from the Niskin bottles.

Irradiance

Supporting primary production measurements, up- and downwelling profiles of underwater
PAR (Photosynthetically Active Radiation) were obtained utilizing a photoprobe equipped
with three underwater quanta meters (Chelsea Instrument Itd). Moreover, incident PAR had

been recorded during the entire day by means of a LI-COR quanta meter (mod. 1400).

3.2 Treatment and analyses of samples

Nutrients

Discrete samples for nitrate (NO3’), nitrite (NO"), ammonium (NHy), orthophosphate (PO,
%) and silicate (SiOs) determination were collected in high density polyethylene vials
directly from Niskin bottles and immediately stored at -20°C until the analysis. The analyses
were performed by technicians of Zoological Station “A. Dohrn” of Naples utilizing an
Autoanalyzer Technicon Il series (five continuous flux channels), according to Scotto et al.
(1985).
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Spectrofluorimetry

For determination of total chlorophyll a (as a proxy for phytoplankton biomass), an aliquot
of water sample was filtered on glass-fibre filters (GF/F, & 25mm) of Whatman. In
addition, to determine the contribution of the <5um chlorophyll fraction, water samples
were filtered sequentially on polycarbonate membrane (porosity of 5um, & 47mm) and on
glass-fibre filters (GF/F, & 25mm). The filters were immediately stored in liquid nitrogen
until the analysis. In the laboratory the samples were extracted in 90% neutralized acetone
and analyzed utilizing a Spex Fluoromax spectrofluorometer, according to Holm-Hansen et
al., (1965). The instrument was calibrated daily with a solution of pure chlorophyll a,

extracted from Anacystis nidulans (Sigma).

High pressure liquid chromatography (HPLC)

The major photosynthetic pigments were determined using High Performance Liquid
Chromatography (HPLC). For natural samples a variable aliquot of seawater (depending on
phytoplankton concentration) was collected from the Niskin bottles at each sampling depth
and filtered sequentially on polycarbonate membrane (porosity of 5um, & 47mm) to
determine the fraction > 5um and on glass-fibre filters (GF/F, & 47mm) for the fraction <
5um. For culture samples a small volumes (20-30 ml) was filtered directly on glass-fibre
filters (GF/F, & 25mm) of Whatman. In both case filters were immediately stored in liquid
nitrogen until analysis. Filters were subsequently extracted in methanol and analysed
according to Vidussi et al. (1996) with a Hewlett Packard HPLC 1100 Series. The
instrument was supplied of a spectrophotometer with diodes array detector (DAD) and a
fluorometer (Fig. 3.1). The column was a reverse phase column Hypersil MOS C8 (Sigma-
Aldrich, 3 um, 100x4, 6mm). For pigments quantification the instrument was calibrated
with external standards according to Mantoura and Repeta (1997). The 20 different
pigments utilized were provided by the International Agency for **C Determination, VKI

Water Quality Institute.
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Figure 3.1 - Scheme of HPLC phases.

Caey

29



Materials and methods

In vivo fluorescence

In vivo variable fluorescence techniques allow obtaining rapid, real-time and non-invasive
measurements of photosynthetic characteristics of phytoplankton. In this study, they were
carried out with an FRRF (Fast Repetition Rate Fluorometer) and a Phyto-PAM (Pulse
Aplitude Modulated). The first was used essentially in a profile mode for in situ
measurements during circadian experiments while the Phyto-PAM was used both in the
photoacclimation and in the circadian experiments. For each of the two instruments,
particular attention was placed to work out suitable protocols, before routine measurements.
FRRF

This technique induce a saturation profile of PSII variable fluorescence and its following
decay (Fig. 3.2), by exposing the sample to a series of short (microseconds) sub saturating
flashes of blue light. The parameters measured are the minimal (Fp) and maximal (Fp)
fluorescence, the functional absorption cross-section of the PSII (ops;;) and a time constant
of the Qa™ reoxidation (t). During the experiments these parameters were measured both on
dark adapted and ambient irradiated samples. The adopted protocol planned two acquisitions
for each measurement, delayed by 5 minutes one from another. Moreover the number of
sequences for each acquisition was 10 (1 second delay between each) and each sequence
was made up of about 100 flashes of 1.10us, and an interval of delay of 2.8us. The
instrument utilized was a Fast Tracka FRR fluorometer (Chelsea Instruments Ltd) and the
data were elaborated using the Frs software (version 1.8) provided by the same Chelsea and
according to Kolber and Falkowski (1993) and Kolber et al. (1998).
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Figure 3.2 — Example of variable fluorescence profile obtained with FRRF.

30



Materials and methods

Phyto-PAM

The Pulse Amplitude Modulated (PAM) technique use a more intense and longer pulse
(45us) as compared to the FRRF. The pulse is generated by an array of light-emitting diodes
(LED) in 4 different colours: blue (470 nm), green (520nm) light red (645nm) and dark red
(665nm). The induced fluorescence signal is detected by a photomultiplier. For each
measurement 3 ml of sample were injected into a quartz cuvette (10mm) and dark adapted
for 5 minutes, before the saturation pulse. In this way the maximum quantum yield (F./Fr)
of photochemical energy conversion in PSII was determined. The product of quantum yield
and quantum flux density of absorbed PAR provides a relative measurement of the electron
transport rate (rETR) in the electron transport chain. In addition, light response curves were
performed, increasing progressively the light intensity to predefined levels (up to 10). The
sample was illuminated by each background irradiance for a fixed time (2 minutes for
natural samples, 1 for cultures) and after that a new saturation pulse permitted to determine
the quantum yield. At the end, a light response curve of rETR and of quantum yield was
obtained (Fig. 3.3). The first have a shape similar to PvsE curves and in analogy with them
the following coefficients can be determined:

- apam, the slope of rETR vsE curves

- TETRmax the value of rETR at saturating light

- Expam (compensation irradiance), the ratio between rETRmax and apam.

The coefficients derived fitting the data with a theoretical light response function according

to the photosynthesis model of Eilers and Peeters (1993):

ETR= PAR Eqg. 3.1
a*PAR*+b* PAR?+c

Where a, b, c are coefficients fitted for least square deviation.
The instrument used was a Walz Phyto-PAM provided with PhytoWIN software for data

elaboration and fitting.
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Figure 3.3 — Example of light response curves obtained with the Phyto-PAM.

Photosynthetic parameters

PvsE experiments were performed in order to determine the main photosynthetic
parameters. For each sampling depth, twelve subsamples were pored in 50-ml Pyrex bottles,
inoculated with 1 ml of NaHCO3 (10-15 pCi) and incubated for 1h, utilizing a radial
incubator (photosynthetron), according to Babin et al. (1994). The light source was a HQI-T
250W/D lamp (Osram) and the light extinction curve was determined with a PAR 4w sensor
of Biospherical Instruments (mod. QSL-101). The circulating water was temperature
controlled. Filtration on 25 mm Whatman GF/F filters was carried out immediately after
incubation under dim light conditions. Radioactive content of each sample was measured,
after acidification with 200 pl of HCL 0.1 N, in a Packard Tricarb (mod.2100TR) liquid
scintillator, using 10 ml of Aquasol 11 scintillation cocktail.

The data were fitted with the model of Platt et al. (1980):

PB(E) = P® [1- exp (-aE/ Ps)]exp (-BE/ PBs) Eq. 3.2

Where:

P is the potential light-saturated Chl-specific rate of photosynthesis in the absence of
photoinhibition (photosynthetic capacity), in mgC (mgChla)™*h™;

a is the initial slope of PvsE curves, in mgC (mgChla)*h™*(umol photons m2s™)™;

B is the index of photoinhibition (same units of o).
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From the Eq.3.2 we also obtain other important photosynthetic coefficients:

Em= P25 /aloge [(a+B)/B], in umol photons m?s™

Ex= P, /o in pmol photons m?s™*

The first is the optimal irradiance for photosynthesis (saturation irradiance); the second is

the index of photoacclimation.

Primary Production measurements

For primary production measurements sampling depths were selected according to optical
levels equivalent to 100%, 65%, 33%, 20%, 12%, 9%, 5%, 3%, 1.3% and 0.6% of incident
irradiance. The measurements were performed under in situ simulated conditions. Each
sample was poured into polycarbonate (Nalgene) 300 ml bottles, inoculated with 1-2 ml of
NaH'"CO; (10-20 uCi) and incubated for 4-6 h. Incubations were made on deck in
incubators cooled by circulation of temperature controlled water. The different light levels
were obtained by means of neutral light screen (Veco Int. Co. USA). After incubation,
differential filtration was realized in order to separate size fractions (total, >5um). To this
end, sub-samples of 150 ml were filtered on Nucleopore polycarbonate membranes
(porosity of 5um, & 25mm) for the >5um fraction and on GF/F filters (<& 25mm) for the
whole sample (total). Radioactive content of each sample was measured according to the

procedure described above for the PvsSE experiments.

Flow cytometry (FCM)

For flow cytometry determination of cell counts, one ml of each sample was fixed in a
mixture of paraformaldehyde and glutaraldehyde (1% and 0.05% final concentration
respectively) for 15 minutes according to Biegala et al.(2003). Samples were stored in liquid
nitrogen and analysed a few days after the experiments utilizing a FACS calibur flow-

cytometer (Becton-Dickinson) according to Marie et al., (1999).

A list of the principal used symbols and abbreviations was provided in the Tab. | and Tab. Il

of Appendix.
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CHAPTER 4

Seasonal dynamics of fractionated phytoplankton pigments

In a coastal environment

The temporal variations in the abundance, production and taxonomic composition of two
phytoplankton size classes (<5pm and > Sum) was investigated at a coastal site in the Gulf
of Naples during one year (July 2004-July 2005). A chemotaxonomic approach based on
HPLC analysis was applied on a weekly time scale, whereas primary production
measurements were carried out monthly. The study area and the sampling strategies are

described in section 4.1, while the results are presented in the following sections.

4.1 Study area

4.1.1 Gulf of Naples

The Gulf of Naples (Southern Tyrrhenian Sea) is a SW oriented coastal embayment with a
very complex morphology, an average depth of 170 m, an area of ~ 870 km® and a
surface/volume ratio of 5.8 (Fig.4.1). From the environmental point of view, the Gulf can be
subdivided into two subsystems: a coastal and an “open water” one (Carrada et al., 1980).
The former occupies the eastern and north-western shores and is heavily influenced by land
runoff (urban and industrial discharges) from an overpopulated region (Carrada et al., 1981;
Ribera d’Alcala et al., 1989). In addition, the Northern part is sometimes affected by the
diluted waters of the Volturno River and by the sewage plumes of Cuma, while the polluted
Sarno river flows in the Southern part of the Gulf. The open water system, located in the
central part of the Gulf, is strongly influenced by the oligotrophic Tyrrhenian waters
entering through Bocca Grande. In particular, the Gulf is characterized by the mixture of
four different water masses: The Coastal Surface Water (CSW), The Tyrrhenian Surface
Water (TSW), The Tyrrhenian Intermediate Water (TIW) and the Levantine Intermediate
Water (LIW). The properties and dynamics of these water masses are described in details by
Carrada (1983), Carrada et al. (1980) and Hopkins (1986).

As a result of the general topography, the inner shelf and the offshore areas are strictly
coupled, the boundary between these two subsystems being variable in location and
extension; no stable frontal structure has been observed between the two subsystems

(Modigh et al., 1996). Thus, the Coastal Surface Waters present a wide range of values for
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physical and chemical parameters (salinity, temperature, nutrients) due to changes in land

run-off and exchange with oft-shore waters.
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Figure 4.1 — Sampling site (st. MC) in the Gulf of Naples (Tyrrhenian Sea).

Biological studies have been carried out in the Gulf of Naples since the end of the
nineteenth century at the Zoological Station “A. Dohrn, yet it was not until the 1980’s that
an ecological approach was applied, essentially focused on plankton communities (e.g.
Carrada et al., 1981; Marino et al., 1984, Ianora et al., 1985; Zingone et al., 1990; Modigh,
2001). To this end, a coastal long-term station, called Marechiara (st. MC), is regularly
sampled since January 1984 (Ribera d’Alcala et al., 2004) for plankton and associated
environmental variables. This station has also been chosen for the present investigation in
order to exploit the base of knowledge accumulated over the years and better interpret the

data obtained in this project.

4.1.2 Sampling strategies

The sampling site, st. MC, is located at 40°48.5°N and 14°15’E, two nautical miles from the
coastline, in proximity of the 80m isobath (Fig. 4.1). Sampling was carried out weekly
between July 2004 and July 2005. Profiles of physical parameters (temperature, salinity,
density, oxygen) and fluorescence were determined with a CTD (see section 3.1), while

water samples for nutrient determinations were collected at 0.5, 2, 5, 10, 20, 30, 40, 50, 60,
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70 m. The water samples for the determination of pigment content in the fractions < Spm
and > Sum, were collected at four depths: 0-10-20-40m.

Fractionated primary production measurements (total and > Sum) were carried out monthly,
from March 2004 to May 2005. The sampling depths were selected each time according to
optical levels as determined by means of underwater irradiance profiles. In addition,
incident PAR irradiance was recorded over the sampling days (see section 3.1).

All the analytical procedures are reported with more details in the section 3.2 of the previous

chapter.

4.2 Hydrology

The vertical distribution of salinity during the investigated period showed the presence of
fresher waters in the surface layer especially during spring, probably in relation with rain
and land-runoff (Fig. 4.2a). Low-salinity water came from the coast by means of lateral
advection and determined a sharp halocline. In particular, the salinity minimum (36.204)
was recorded on 14 October 2004 at Om, and the maximum (38.124) on 2 February 2005 at
20m.

The vertical distribution of temperature was similar to that of a typical temperate region: a
pronounced thermocline in summer and a homothermal water column in winter (Fig. 4.2b).
The lowest annual value (12.36 °C) was recorded on 8 March 2005 at 6m, and the highest
(26.65 °C) on 20 August 2004 at Om.

The vertical distribution of density indicated the driving role of temperature in the
alternation of stratification and mixing of the water column (Fig. 4.2c). The seasonal
stratification started at the end of March, and was completely disrupted in December.
However, the pycnocline recorded at the end of March 2005 was probably more related to
the low salinity than to the temperature increase. The stratification reached the maximum in

August, when density values along the water column ranged between 23.63 and 28.41 kg m’
3
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Figure 4.2 — Vertical distribution (0-40m) of salinity (a), temperature (b) and density (C) at
st. MC during the sampling period.

The annual cycle of stratification can be represented as the depth of the mixed layer (Fig.
4.3), here defined as the thickness of the layer down to an anomaly in density > 0.01 Kgm™
in one meter. The amplitude of the standard deviation between weekly records averaged
over one month, reflected the presence of episodic input of less dense waters especially in

November and March.
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Figure 4.3 — Monthly averages and standard deviation of the upper mixed layer depth at st.
MC for the sampling period.
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4.3 Nutrients

All the analyzed nutrients presented the highest values in the first 10 meters of the water
column (Fig. 4.4- 4.6) and their variations in time showed a pattern quite similar to that of
salinity, thus confirming their terrestrial origin. For instance, nitrate (NOs’) showed a
significant correlation with salinity in winter and spring (r = 0.64, P<0.05, n=200).

The vertical distribution of nitrate (NOs") and ammonium (NH,") during the sampling period
is shown in Fig. 4.4. These nutrients displayed a quite similar pattern, with maxima in

spring and minima in summer.

Figure 4.4 — Vertical distribution (0-40m) of nitrate (a), and ammonium (b) at st. MC
during the sampling period.

Nitrate concentrations were below detection only occasionally (in summer), while the
highest value (8.64 pmol 1) was recorded on 8 March 2005 at surface. Ammonium was
never below the detection limit, ranging between 8.24 and 0.05 pmol I"'. The maximum
value was recorded at surface on 15 March 2005 and the minimum also at surface on 8
August 2004.

The variations in time of phosphates (PO4) displayed the same patterns as that described for
the nitrogen compounds (Fig. 4.5). The concentrations reached the highest value (0.43 pmol
1"") at surface on 10 May 2005, while they decreased below the detection limit in a few

occasions (generally in summer).
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Figure 4.5 — Vertical distribution (0-40m) of phosphate (PO,) at st. MC during the

sampling period.

Silicate (SiO4) concentrations also confirmed the importance of terrestrial run-off at the
station Marechiara, their maximum occurring mainly in correspondence with salinity
minima. The highest value was recorded at surface in May 2005, along with the phosphate

maximum, while the lowest was found on 27 July 2004 again in the surface layer (Fig. 4.6).
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Figure 4.6 — Vertical distribution (0-40m) of silicate (SiO4) at st. MC during the sampling
period.

39



Results — Seasonal dynamics

4.4 Phytoplankton Biomass

Chlorophyll a is used as index of phytoplankton biomass and the total chlorophyll a content
(TChl a) is given by the sum of Chl a and div-Chl a.

The seasonal changes of TChl a of the whole phytoplankton community (sum of the >5um
and the < Spum fractions) showed two main periods of high concentrations, in autumn 2004
and spring 2005, as well as sporadic peaks in summer. The highest value of the whole
sampling period was recorded: 7.59 mg m™ at Om on 20 July 2004 (Fig. 4.7a).

The thickness of the layer affected by the biomass increase seems to depend on the mixed
layer depth. The peak in July 2004 only affected the water layers over 10 m, wheraes the

blooms in the following autumn reached down to about 20 m depth.
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Figure 4.7 — Vertical distribution (0-40m) of total TChl a (a), TChl a >5um (b), TChl a
<Sum (c) at st. MC during the sampling period.
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The March bloom in 2005 occurred over the entire water column. The maximum was
recorded at surface (5.45mg m™), but the values remained high down to 40 m (1.88 mg m™).
In relation to seasonal thermal stratification of the water column, the layer with high
phytoplankton biomass became thinner in May and June. This pattern was reflected also in
the time distribution of integrated TChl a (Fig.4.8), which showed the highest values (88.5
mg m™) in March 2005, while in July 2004 in spite of the chlorophyll maximum recorded in
the surface layer, the integrated TChl a was only 55.10 mg m™.

The vertical distribution of TChl a for the fraction >5um followed that of total TChl a, in
particular during bloom periods (Fig. 4.7b). In fact, the average value was 0.53+£1.15 mg m’
3 while the maximum (6.45 mg m™) was recorded on 14 October at surface and the
minimum (0.01 mg m~) on 7 December at 40m. Variations in the concentrations of
ultraphytoplankton TChl a were instead much less pronounced over the annual cycle,
ranging between 0.050 and 1.98 mg m™ (average value 0.31+0.29 mg m™). The highest
values were reached in surface layers during TChl a peaks in July 2004 and in late spring-

summer 2005, whereas value increased only slightly during the autumn 2004 peak of the

TChl a (Fig. 4.7¢c).
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Figure 4.8 — Seasonal distribution of integrated TChl a (0-40m) for the fraction <5um (blue
area), and the fraction >5um (red area) at st. MC during the sampling period.

41



Results — Seasonal dynamics

An opposite trend between the two size fractions was evident along the water column,
whereby the contribution of ultraphytoplankton was higher in the 20-40m layer than in the
upper, 0-10m layer, which was interested more frequently by the biomass increase (Table
4.1). Therefore, despite the conspicuous blooms of larger cells, the ultraphytoplankton

contributed on average ~50% to the total TChl a recorded over the year (Fig. 4.9; Tab. 4.1).
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Figure 4.9 — Vertical distribution of the relative contribution of ultraphytoplankton to total
Chl a at st. MC during the sampling period.

The highest contribution of the ultraphytoplankton fraction (99.01%) was found on 21 June

2005 at 40m, while the minimum one (5.20%) was recorded on 14 October at Om.

! 0-40m ! 0-10 m ! 20-40 m

%<5 | 51.4+19.4 | 44.7+£19.67 | 63.1+20.0
%>5 | 48.61+19.3 | 55.3+£19.52 | 36.9+20.0

Table 4.1 - Average percentage values of the two size fractions for the layer 0-40m, 0-10 m
and 20-40m at st. MC, during the sampling period.
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4.5 Primary production
Some interesting features emerged as to the annual cycle of phytoplankton productivity at
Station Marechiara, though the monthly measurements (see section 4.1.2) did not allow for a
very detailed reconstruction.

Integrated carbon assimilation in the 0-40m layer is reported in Fig. 4.10.
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Figure 4.10 — Evolution in time of integrated primary production (0-40m) for the fraction
<Sum (blue area), and the fraction >5um (red area) at st. MC during the sampling period.

The average integrated carbon assimilation value was 1307+766 mgC m™ d', with the
highest values (up to 2624 mgC m™ d”', May 2005) recorded in spring and summer and the
lowest in winter (92 mgC m™ d™', February 2005).

In Fig. 4.11 four primary production profiles are showed. They have been chosen since
representative of different situation occurring trough the seasonal cycle, such as summer
bloom (Fig. 4.11a) or winter condition (Fig. 4.11c).

Generally, highest carbon assimilation rates were recorded in the surface layer (first 10
meters). These maxima were again related to the >5um fraction, but especially in summer
and in autumn, also the ultraphytoplankton fraction showed high surface values: 58.5 mgC
m~ d" at 5m in July 2004 and 45.1 mgC m™ d”' at 10m in September 2004 (Fig. 4.11a,b).
On the other hand, in winter, when the carbon assimilation values were lower the
ultraphytoplankton productivity was slightly higher than that of the >5um fraction (Fig.
4.11c). Moreover, the carbon assimilation rate of the ultraphytoplankton fraction was always

higher than the fraction>5pum at depth.
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Figure 4.11 — Vertical profiles of daily primary production on 27 July 2004 (a), 28
September 2004 (b), 12 February 2005 and on 14 May 2005 for the <5um fraction (e), and

the >5um fraction (@) at st. MC.

The average contribution of ultraphytoplankton to the integrated total primary production
was more than 50% (see Tab. 4.2); this contribution, however, was lower in the surface

layer (0-10m): 38.7£13.8 %, while it reached 71.3+£14.3% in the layer 20-40m.

| 0-40m | o10m | 20-40m
55.8+13.0 | 41.5+13.8 | 71.3+14.3
44.2+414.0 | 58.5+13.8 | 28.7+14.3

%<5
%>5

Table 4.2 - Average contributions of the two size fractions to total primary production for
the 0-40m, the 0-10 m and the 20-40m layers at st. MC, during the sampling period.
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4.6 Pigments

The HPLC data of the main diagnostic photosynthetic pigments showed notable differences
between the two size fractions during the seasonal cycle. The percentage of each pigment
found in the two fractions was quite variable too. However, some pigments (e.g. Div-chl a)

were exclusive of a size class (Tab. 4.3).

Pigments | % >5pum | % <5um SD
19°Bf 8.7 91.3 14.4
19°Hf 27.0 73.0 18.2
Allo 7.1 92.9 16.1
Chl b 8.9 91.1 0.263
Chl cs 30.2 69.8 0.135

Chl ¢+ ¢ 49.8 50.2 0.261
Diado 53.1 46.9 21.7
Diato 49.2 50.8 0.030

Div- Chl a 0 100 -
Fuco 63.3 36.7 19.9

Lut 5.9 94.1 13.9
Neox 10.2 89.8 232
Perid 91.5 8.5 13.9

Prasino 0 100 -
Viola 9.7 90.3 19.7
Zea 6.2 93.8 14.0
P - carot 56.1 43.9 30.5

Table 4.3— Average percentage and standard deviation (SD) of main pigments in the >5um
and <Sum fraction, at st. MC.

In Tab. 4.4 the average, minimum and maximum concentration values of the principal

diagnostic  pigments are reported for the > Sum and <Sum fraction.
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AVG MIN MAX
Pigments >5um <5pum >5um <5pm >5um <5um
19°Bf 0.004£0.010 | 0.024+0.021 | 0.000 0.000 0.072 0.174
19°Hf 0.040+0.106 | 0.066+0.0566 | 0.000 0.000 1.259 0.359
Allo 0.003£0.010 | 0.013+0.020 | 0.000 0.000 0.100 0.199
Chlb 0.006+0.021 | 0.028+0.032 | 0.000 0.000 0.158 0.263
Chl ¢c3 0.021£0.039 | 0.031+0.021 | 0.006 0.000 0.394 0.135
Chlci+c, | 0.120+0.238 | 0.044+0.040 | 0.000 0.000 1.809 0.261
Diado 0.051+0.132 | 0.021+0.032 | 0.000 0.000 0.862 0.241
Diato 0.005£0.013 | 0.002+0.024 | 0.000 0.000 0.112 0.030
Div- Chl a 0.000 0.004+0.007 | 0.000 0.000 0.000 0.050
Fuco 0.293+0.524 | 0.071+0.084 | 0.005 0.000 3.533 0.866
Lut 0.001+0.003 | 0.001+0.004 | 0.000 0.000 0.027 0.045
Neox 0.003+0.015 | 0.004+0.005 | 0.000 0.000 0.150 0.032
Perid 0.016+0.053 | 0.001+0.007 | 0.000 0.000 0.407 0.085
Prasino 0.000 0.001+0.005 | 0.000 0.000 0.000 0.047
Viola 0.001+0.004 | 0.003+0.006 | 0.000 0.000 0.032 0.032
Zea 0.002+0.007 | 0.023+0.024 | 0.000 0.000 0.052 0.177
B - carot 0.020+0.037 | 0.008+0.012 | 0.000 0.000 0.283 0.101

Results — Seasonal dynamics

Table 4.4 — AVG, MIN and MAX pigments concentration (mg m™) of the <5pum and <5pum fractions at st. MC, during the sampling period.
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Golden-brown algae pigments

The vertical distribution of Fucoxanthin (Fuco) concentrations, a diagnostic pigment of
diatoms, showed maximum values at surface in correspondence with blooms (Fig. 4.12a). A
positive correlation was found between Fuco and TChl a both in the > Sum (r = 0.97,
P<0.01, n=200) and in the ultraphytoplankton fraction (r = 0.81, P<0.01, n=200).

Fuco was always the most important carotenoid in the >5um fraction. It was not detected
only in rare occasions (e.g. July 2004). The high standard deviation on the mean value
reflects the considerable temporal variability of phytoplankton populations at st. MC (Tab.
4.3).

On the contrary, the changes in Fuco concentrations in the ultraphytoplankton fraction were
less pronounced and the pigment was always detected in this fraction (Tab. 4.4). The
minima values were recorded in the layer 20-40m and in winter, while the maxima were

associated with the summer bloom in July 2004(Fig. 4.12b).
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Figure 4.12 — Vertical distribution (0-40m) of the Fuco concentration (mg m™) for the
fraction >5um (@), and <Spm (b) at st. MC during the sampling period.

On average ~ 60%, of Fuco was found in >5um fraction, in all samples (Tab. 4.5). In the 0-
10m layer this percentage reached 80-90%, during phytoplankton blooms, by contrast in the
20-40m layer, ~60% of Fuco was in the ultraphytoplankton fraction.

The variations in time of Chlc;+c, pigments, which are typical of golden-brown algae, were
significantly correlated with Fuco in both the ultraphytoplankton (r = 0.83, P<0.01, n=200)
and the >5um fraction (r = 0.95, P<0.01, n=200) (data not shown).
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Results — Seasonal dynamics

The vertical distribution of 19’Hexanoylfucoxanthin (19°Hf) concentrations during the
sampling period is shown in Fig. 4.13. This pigment is considered diagnostic of
prymnesiophytes, though it may be lacking in some species of this group and present also in
other golden-brown algae (see section 2.1.1).

In the fraction >5 pum, 19’Hf distribution showed the highest values during bloom periods.
In contrast to the observations on the vertical distribution of Fuco, this pigment was often
not detected below 20m in late summer and early autumn 2004 (Fig. 4.13a),

In the ultraphytoplankton fraction, the 19’Hf concentrations were quite constant from
August 2004 to March 2005 (average 0.042+0.018 mg m™), thereafter an increase in this
pigment was recorded throughout the 0-40m layer in spring and early summer 2005

(average 0.12+0.07 mg m™) (Fig. 4.13b).
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Figure 4.13 — Vertical distribution (0-40m) of the 19°Hf concentration (mg m™) for the
fraction >5um (@), and <Spm (b) at st. MC during the sampling period.

Again in contrast to the occurrence of Fuco, the 19’Hf was essentially found in the
ultraphytoplankton fraction (Tab. 4.5). However, during the autumn bloom ~80% of this
pigment occurred in the >5um fraction at surface.

The variations in time of Chlcs concentrations (data not shown) were significantly correlated
with 19’Hf both in the ultraphytoplankton (r = 0.91, P<0.01, n=200) and in the >5um
fraction (r = 0.72, P<0.01, n=200).
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Peridinin (Perid), a marker of autotrophic dinoflagellates, did not occur in either size
fractions for most of the sampling period (Fig. 4.14). This pigment was not detected in the
>5um fraction in ~70% of the samples and in ~90% of the samples as regards the
ultraphytoplankton fraction. When present, Perid was essentially associated with the >5um
fraction. In this size-fraction, high concentrations of Perid occurred in summer 2004, when
the highest TChl a value was recorded. A second peak, up to 0.26 mg m™, occurred in early
spring 2005 again within the first 10 meters. Finally, during the late spring-early summer
bloom higher Perid values showed a wide vertical extension and persisted for several

months, (Fig. 4.14a).

J A 8 0
0
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Figure 4.14 — Vertical distribution (0-40m) of Perid concentrations (mg m™) for the fraction
>5um (a), and <5um (b) at st. MC during the sampling period.
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19°Butanoiloxyfucoxanthin (19’Bf) is a diagnostic pigment of pelagophytes, but it may also
occur in some species of prymnesiophytes. Low concentrations of 19°Bf, occurred in the
>5um fraction during the spring-summer blooms (April-June 2005) and the highest value
was found at surface. However, this pigment was often not detected at all in the >5um
fraction during the sampling period (Fig. 4.15a).

In the ultraphytoplankton fraction 19’Bf concentrations were low and fairly constant
throughout the sampling period (Tab. 4.5). This pigment was not detected between October
and November 2004 in the surface layer, while a small peak was recorded in summer 2005
(Fig. 4.15b). In contrast to the other pigments, the 19°Bf maxima were not correlated with

maximum TChl a concentrations.
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Figure 4.15 — Vertical distribution (0-40m) of 19’Bf concentrations (mg m'3) for the >5um
fraction (a), and the <5um fraction (b) at st. MC during the sampling period.

Essentially all of the 19°Bf was detected in the ultraphytoplankton fraction (Tab. 4.5).
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Alloxanthin (Allo) is a specific marker of cryptophytes. Its vertical distribution during the
sampling period is shown in Fig. 4.16. In the >5um fraction Allo was only occasionally
detected. This pigment was recorded in summer 2004 (up to 0.1 mg m™), in correspondence
to the maximum TChl a value. A second peak, which lasted for several weeks, occurred in
spring 2005. The extension of the presence of Allo along the water column was apparently
related to the depth of the mixed layer, as already observed for the distribution of
phytoplankton biomass (Fig. 4.16a). Since Allo is also present in the ciliate Mesodinium
rubrum, a species frequently recorded with high numbers at st. MC (Modigh, 2001), a
certain amount of the Allo recorded in the larger size fraction may be due to this ciliate.
However, no significant correlation was found between Allo concentrations and M. rubrum
cell numbers during the sampling period (Modigh personal communication).

Allo was generally present, though at low concentrations in the ultraphytoplankton fraction;
with the highest values in the spring-summer 2005 (Fig. 4.16b). Allo did not occur only in
8% of the samples and similarly to the findings reported for 19°Bf, it was almost exclusively

recorded in the ultraphytoplankton fraction (Tab. 4.5).
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Figure 4.16 — Vertical distribution (0-40m) of Allo concentrations (mg m™) in the >5um
(a), and in the <5Sum fraction (b) at st. MC during the sampling period.
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Green algae pigments

Chlorophyll b (Chl b) is a pigment diagnostic of the group of green algae. In the >5um
fraction Chl b was detected albeit in low values in summer-autumn 2004, associated with
episodic increments in TChl a concentrations, always limited to the surface layer. Slightly
higher Chl b concentrations were recorded in spring and early summer 2005 (Fig. 4.17a). In
the ultraphytoplankton fraction, Chl b displayed quite low and uniform values (0.018+0.015
mg m™) between July 2004 and February 2005, while values exceeding 0.15 mg m™ were
recorded in March and in June 2005 (Fig. 4.17b).

Chl b was a pigment of the ultraphytoplankton fraction. In this fraction, it was not detected

in only 11% of samples; while it was often absent in the fraction >5um (73% of samples).
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Figure 4.17 — Vertical distribution (0-40m) of Chl b concentrations (mg m'3) in the >5um
(@), and in the <5um fraction (b) at st. MC during the sampling period.

Violaxanthin (Viola) is another diagnostic pigment of green algae; in fact, its distribution
was strongly correlated with Chl b in both the ultraphytoplankton (r = 0.86, P<0.01, n=200)
and in the >5 pm fraction (r = 0.84, P<0.01, n=200). The vertical distribution of Viola
concentrations shows that Violaxanthin occurred only between May and July 2005 in the >5
pm fraction at very low concentrations (Fig. 4.18a). Similar concentrations (average
0.003+0.006 mg m™) were found also in the ultraphytoplankton in spring-summer 2005
(Fig. 4.18b). Viola was never detected below 20 m in either of the two size fractions,

probably because of its role as a photoprotective pigment.
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Figure 4.18 — Vertical distribution (0-40m) of the Viola concentration (mg m?) for the
fraction >5um (a), and <Sum (b) at st. MC during the sampling period.

In March 2005 Prasinoxanthin (Prasino), a diagnostic pigment of prasinophytes, was
recorded in the ultraphytoplankton fraction throughout the 0-40m layer, associated with the
first phytoplankton spring bloom (Fig. 4.19).
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Figure 4.19 — Vertical distribution (0-40m) of the Prasino concentration (mg m™) in the
<Sum fraction, at st. MC during the sampling period.

2004 2005

Finally, small amounts of Neoxanthin, another pigment that is typical of green algae, were
only occasionally recorded, generally in samples where Chl b was also recorded (data not

shown).
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Prokaryotes pigments

Zeaxanthin (Zea) is a marker of prokaryotes; it is synthesized by both cyanobacteria and
prochlorophytes. In order to estimate the contribution to total Zea concentrations of these
two groups, we calculated the content of Zea in the prochlorophytes using the
Zeaxanthin/Divinyl Chl a ratio of 0.32 as suggested by Barlow et al., (1999) and Marty et
al. (2002). The Zeaxanthin due to cyanobacteria (Zeasyn) was obtained by subtracting this
portion from the Zea concentration measured. Vertical distributions of Zea and Zeagy,
concentrations in the ultraphytoplankton fraction clearly show that the major part of
Zeaxanthin was associated to cyanobacteria during the entire sampling period (Fig. 4.20).
The highest concentrations of Zea were recorded in summer, while the lowest occurred in

winter. This pigment was not detected only in 3% of the samples.
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Flgu re 4.20 — Vertical distribution (0-40m) of Zea (a), and of Zeasy, () concentrations (mg
m™) in the <5pm fraction at st. MC during the sampling period.

Zea was detected in the >5um fraction only on a few occasions in summer and spring
generally at surface and associated with Chl b (data not shown). Thus, the presence of
Zeaxanthin in the larger size fraction may be related to its role as a photoprotective pigment
in green algae. The same hypothesis may also explain the presence again in the >5um

fraction of small amounts of Lutein (data not shown).
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Figure 4.21 — Vertical distribution (0-40m) of div-Chl a concentration (mg m™) in the
fraction <5um at st. MC during the sampling period.

Div-Chl a is a specific marker pigment of prochlorophytes and, in agreement with the small
size of this group, this pigment was found exclusively in the ultraphytoplankton fraction
(Tab. 4.4). In particular, the highest values of div-Chl a were recorded in summer and
autumn 2004 in the 20-40m layer, with a vertical distribution opposite to that of Zeaxanthin.
In contrast, div-Chl a was recorded along the entire water column during winter and
subsequently disappeared at the onset of the spring bloom (Fig. 4.21).

Photoprotective carotenoids

The vertical distribution of Diadinoxanthin (Dd) concentrations of the two size fractions
showed the highest values at surface during the spring and summer bloom, while the lowest
values where recorded in winter and at depth (Fig. 4.22). These results were well in
agreement with the role of Diadinoxanthin in the photoprotection of golden-brown algae. A
strong positive correlation was found between Fucoxanthin and Diadinoxanthin both in the
ultraphytoplankton (r = 0.84, P<0.01, n=200) and in the >5 pum fraction (r = 0.78, P<0.01,
n=200).
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Figure 4.22 — Vertical distribution (0-40m) of Dd concentration (mg m™) for the fraction
>5um (a), and <5um (b) at st. MC during the sampling period.
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The seasonal occurrence of B-carotene, another photoprotective carotenoid, was similar to
that described for Diadinoxanthin. Highest concentrations of B-carotene were recorded at
surface in spring and summer in both studied fractions; in winter this pigment was often not

detected at all or occurred at very low concentrations (data not shown).

In order to investigate the seasonal patterns of the photoprotective pigments, we considered
a ratio between photoprotective and photosynthetic pigments, according to Gibb et al.,
(2000), the PPC/(PPC+PSP) ratio. PPC is the sum of the photoprotective carotenoids Diado,
Allo, Zea and [3-carotene, while PSP is the sum of the photosynthetic pigments Perid, 19°Bf,
19°Hf, Fuco and Prasino. The PPC/ (PPC+PSP) ratio showed a seasonal pattern, with the
highest values recorded in summer in the surface layer (Fig. 4.23). This pattern was more
evident in the ultraphytoplankton fraction (Fig. 4.23b), where the highest value (0.47) was
recorded at Om on 14 June 2005, and the lowest (0.003) at 40m on 12 November 2004.
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Figure 4.23— Vertical distribution (0-40m) of the PPC/(PPC+PSP) ratio
(photoprective/photoprective carotenoids+ photosynthetic pigments see text) in the >5um
(a), and in the <5um fraction (b) at st. MC during the sampling period.
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The relative contributions of pigments (except Chl a) in the two sampling fractions were
showed in Fig. 4.24 (layer 0-10m) and in Fig. 4.25 (layer 20-40m). The six sampling dates
were chosen as significant of different situations, occurring at MC during the seasonal cycle:
a summer bloom (20 July 2004), summer oligotrophic conditions (9 August 2004), autumn
bloom (14 October 2004), winter condition (11 January 2005), late-winter bloom (22 March
2005) and a late-spring early summer bloom (1 June 2005), see Fig. 4.7 for TChl a
distribution.

The >5um fraction displayed a quite constant pigment composition trough the year, with
Fuco as main pigment in the two layers. The only exception was recorded in summer
oligotrophic condition (on 9 August 2004), when 19’Hf and Fuco showed quite similar
values (Fig. 4.24b, 4.25b). In the two layers the Perid contribution was quite low (<8%) and
limited to the spring-summer blooms.

The ultraphytoplankton fraction showed a more variable pigment composition. The Fuco
was the main pigment during the bloom periods in the layer 0-10m (e.g. on 20 July and 14
October 2004), while in summer oligotrophic condition 19Hf and Zea were well represented
(Fig. 4.24D). In winter, instead the main pigments were 19°Hf, Chl b and 19°Bf (Fig. 4.24d).
In the late-winter bloom (22 March 2005) the Fuco was again the main pigment, but
followed by Allo, more than by 19’Hf.

In the layer 20-40m the pigment composition of ultraphytoplankton fraction showed a high
diversity, with clear changes in time. The 19’Hf was generally the main pigment (>20%),
with the only exception of early —spring bloom, when the Fuco was by far the dominant
pigment (Fig. 4.25e). In summer, the 19°’HF, Zea, 19°Bf and div-Chl a were the well
represented pigments, in both high-biomass and oligotrophic conditions (Fig. 4.25a,b).
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Figure 4.24 — Average relative contribution of HPLC pigments (except Chl a) on 20 July 2004 (a,), on 9 August 2004 (b), on 14 October 2004 (c),
on 11 January 2005 (d), 22 March 2005 (e) and 1 June 2005 for the two sampling fraction, in the layer 0-10m at st. MC.
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Figure 4.25 — Average relative contribution of HPLC pigments (except Chl @) on 20 July 2004 (a), on 9 August 2004 (b), on 14 October 2004 (),
on 11 January 2005 (d), 22 March 2005 (e¢) and 1 June 2005 for the two sampling fraction, in the layer 20-40m at st. MC.

59



Results — Seasonal dynamics

4.7 Discussion

The mean both TChl a (0.83+1.15 mg m™) and integrated daily primary production
(1307766 mg C m™ d') values indicated the general mesotrophic conditions of the area.

On the other hand, they were within the ranges reported for this area in previous studies
(Marino et al., 1984; Scotto di Carlo et al. 1985; Modigh et al., 1996; Zingone et al. 1995;
Ribera d’Alcala et al., 2004). In particular during summer, these values were higher than
those reported for the Western Mediterranean (Moutin and Raimbault, 2002) and similar to
those of eutrophic coastal environments, such as the Northern Adriatic Sea (Mangoni et al.,
2004; Pugnetti et al., in press).

The ultraphytoplankton accounted on average for ~50% of both phytoplankton biomass and
primary production. So, it turned out a fundamental component of phytoplankton
community, although seasonal differences in ultraphytoplankton contribution to total
biomass were also evident. In terms of both chlorophyll a concentration and carbon
assimilation rate, the highest values recorded during the sampling period were associated to
the >5um fraction. In fact, as showed in Fig. 4.26a, when TChl a increased, the >5um
fraction increased quite at the same level (slope =0.80; r = 0.98, P<0.01, n=200), while the
ultraphytoplankton fraction also increased, but increased slower (slope =0.23; r = 0.86,
P<0.01, n=200). This indicated that the mean percentage contribution of ultraphytoplankton

to total phytoplankton biomass decreased significantly during bloom conditions.
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Figure 4.26 — Correlation between total TChl a and TChl a of >5um (e) and <5um (e)
fraction (&) and correlation between daily primary production total and of the >5um (e) and
<5um (@) (b) at st. MC, for all the sampling dephts.

In fact, ultraphytoplankton accounted for 80£10.8%, when tot TChl a concentration was
lower than 0.1 mg m~, while the percentage decreased to 23.7+13.4% when tot TChl a

concentration was higher than 1 mg m™.

60



Results — Seasonal dynamics

The same relationship was found for the primary production measurements (Fig. 4.26b):
>5um fraction increased when total carbon assimilation increased (slope =0.72; r = 0.96,
P<0.05, n=90) on the contrary ultraphytoplankton did not change so much (slope =0.28; r =
0.81, P<0.05, n=90).

These results were in agreement with the general trend described by Agawin et al. (2000)
and Bell and Kalff (2001) for the picoplankton (<2pum) on world data sets.

As reported in section 1.1.2, two main hypotheses have been proposed to explain the lower
increase of small phytoplankton in area with high chlorophyll values: a) the faster up-take of
large cells at high nutrient concentrations; b) the grazing pressure on small ones (Bell and
Kalf, 2001).

During the bloom phases (tot TChl a > 1 mg m™) our results showed a mean ratio between
carbon assimilation and biomass (P/B) quite similar in the two fractions (9.3 and 10.9 mg C
(mg Chl a)" h''in the >5um fraction and ultraphytoplankton respectively) in the surface
layer. Though we did not performed estimate of phytoplankton growth rate, the P/B seems
to indicate a virtually identical growth capacity. On the other hand, at surface a positive
correlation between TChl a and microzooplankton cell number (Modigh personal
communication) was found during the sampling period for both fractions (r = 0.72, P<0.05,
n=42 for ultraphytoplankton). In addition, studies on surface microzooplankton community
at st. MC indicated that phytoplankton cells <10 um are the favourite preys of
microzooplankton groups (e.g. ciliate and tintinnids), and there is no lag in the time
response of microzooplancton to variations in chlorophyll a concentration (Modigh 2001;
Modigh and Castaldo, 2001). Although our data did not permit to exclude that the success of
large phytoplankton cell was partially due to their faster growth capacity in responses to
nutrient pulses, however they suggest a crucial role of microzooplankton grazing in
controlling ultraphytoplankton growth. The impact of size-selective microzooplankton
grazing on small cells was demonstrated in recent studied in different costal sites (Jochem
2003; Mousseau et al., 1996). For the Mediterranean Sea an interesting study of Bec et al.,
(2005) found that microzooplankton grazers removed on average 71% of picoplankton
production throughout the year, suggesting a high transfer efficiency to higher trophic
levels. In line with these observations and confirming the importance of grazing to define
phytoplankton size structure are the results of simulations of an Evolutionary Nutrient-
Phytoplankton-Zooplankton (ENPZ) model proposed by Jiang et al. (2005). They showed
that increasing nutrient flux tends to increase phytoplankton cell size in the presence of

phytoplankton-zooplankton coevolution, but have no effect in the absence of zooplankton.

61



Results — Seasonal dynamics

The seasonal phytoplankton dynamics at st. MC was clearly influenced by the input of
fresher waters with their load of nutrients, as demonstrated by the negative correlation of
salinity with both biomass and primary production (Fig. 4.27). In particular, according with
its lower increase compared with the total phytoplankton community, ultraphytoplankton,
showed lower yet significant correlations with salinity (r= -0.62, P<0.01, n=198 for the

biomass and r=-0.69, P<0.01, n=90 for primary production).
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Figure 4.27 — Correlation between TChl a of >5um () and <5um (e) fraction (a) and daily
primary production and of the >5um (e) and <5um (e) (b) with salinity at st. MC.

As reported in the section 1.1.2, a positive correlation between small phytoplankton and
temperature was found both for the Mediterranean Sea (Agawin et al., 1998) and world data
set (Agawin et al., 2000). By contrast, our data did not show a positive correlation between
ultraphytoplankton contribution and temperature. In our opinion, an explanation of this
discrepancy is the presence at st. MC of episodic and variable arrivals of new nutrients even
in summer. As a consequence warmer temperatures often do not coincide with low nutrients
concentrations and, more in general, oligotrophic conditions; instead blooms may occur
with a dominance of large cells. This hypothesis further highlights the importance of
nutrients in organizing the phytoplankton community at st. MC.

To obtain a rough estimate of the frequency of sampling where nutrient concentrations may
have controlled phytoplankton biomass, we calculated the number of samplings in which
each nutrient was below a threshold chosen within the range of half saturation constants (Kj)
reported in literature (e.g. Goldman et al., 1983, Ragueneau et al., 2000). As a consequence
of their terrestrial origin, the nutrient concentrations were only occasionally under the

saturation level in the layer 0-10m, with the only exception of nitrates (51.0%) (Tab. 4.5).
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On the other hand, TChl a of both studied fractions did not show direct significant

correlations with the nutrients analyzed.

NO; NO, NH, PO, SiO4
Ks 0.5 0.03 0.3 0.03 0.5
% Samplings (0-10m) 51.0 8.2 16.3 10.2 10.2
% Samplings (20-40m) 73.5 32.7 26.5 30.6 6.1

Table 4.5 - Half-saturation constant (K;) for phytoplankton uptake and percentage of
sampling when depth integrated (0-10m and 20-40m) concentrations of each nutrient was
lower than K.

Phytoplankton composition

The seasonal cycle of phytoplankton biomass at st. MC was quite different from the
“classical scheme” proposed for the temperate area, since it was characterized by four main
“bloom” periods. We have just widely pointed out that the >5um fraction was dominant in
these conditions and that the pigment composition indicated Fuco as the main pigment of
this fraction. On the other hand, the previous microscopic studies (Marino et al., 1984,
Zingone et al., 1990) indicated that diatoms were the dominant group of these blooms.
Hence, using a Fuco/Chl a ratio of 0.75, chosen within the range reported in literature (e.g.
Schliiter et al., 2000; Ansotegui et al., 2003; Rodriguez et al., 2003) we estimated roughly
the diatoms contribution to total biomass (TChl @) during blooming conditions. The results
showed that this group may account for >80% of TChl a.

However, the composition of large phytoplankton at st. MC has been widely explored and to
date well known (Marino et al., 1984, Scotto di Carlo et al., 1985; Zingone et al., 1990;
Zingone et al., 1995; Ribera d’Alcala et al., 2004) while it is more interesting to explore the
composition, even for main groups, of ultraphytoplankton fraction, trying to single out
possible patterns of occurrence. In particular, one of the aims of this project was to
determine the role of small eukaryotes within the ultraphytoplankton community. So, in
order to estimate the contribution of small eukaryotes to ultraphytoplankton TChl a, we
considered the prokaryote proportion as the sum of div-Chl a- and Chl agy,- containing
microalgae. Chl asy, was calculated using a Chl a/Zeasy, ratio of 1.65 according to Kana et
al., (1988), Morel et al., (1993) and Marty et al., (2002).

Then, we calculated the eukaryote proportion by the difference between TChl a and
prokaryote Chl a, as suggested by Marty et al., (2002).
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The eukaryotes accounted on average for 84.1+11.0% of the ultraphytoplankton biomass,
ranging between 35.42% and 98.6%. The minimum value was recorded at 40m on 13 July
2004, while the maximum at 10m on 22 March 2005 (Fig. 4.28). Clearly the highest values
were recorded during blooming conditions, while the prokaryotes proportion was more
important in the “oligotrophic“ones, such as summer. In particular, the percentage of
prokaryotes decreased at higher nitrate concentration as showed in Fig. 4.29. This
relationship highlights that prokaryotes more than eukaryotes are favoured at low nutrient

concentrations, probably due to a higher efficiency in nutrient up-

take.
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Figure 4.28 — Percentage of eukaryote contribution to ultraphytoplankton TChl a, at st. MC
during the sampling period.
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Figure 4.29 - Relationship between percentage of prokaryotes contribution to
ultraphytoplankton TChl a and nitrate concentration, at st. MC, during the sampling period.

Secondly, in order to estimate roughly the contribution of main groups to
ultraphytoplankton TChl a, we used diagnostic pigment/Chl a ratios, chosen within the
range reported in literature (Ansotegui et al., 2003; Rodriguez et al., 2003).

In particular, we calculated the Cyanobacteria and Prochlorophytes contributions as
previous described. The cryptophytes, the Perid-containing dinoflagellates, the

prasinophytes and the all green algae contribution were calculated using the following ratio:
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Allo/Chl a =0.19; Perid/Chl a = 0.32 Prasino/Chl a = 0.20, Chl b /Chl a = 0.84.

The green algae Chl a contribution, except the prasinophytes, was calculated by the
difference between all green algae and prasinophytes.

Since the difficulty of recognize a precise rule in 19Bf, 19’Hf and Fuco distribution within
diatoms, prymnesiophytes and pelagophytes (see section 2.1.2) we simply calculated the
contribution of these golden-brown algae by the difference between TChl a and the sum of
all the other groups. Although the results are clearly a simplification, some interesting

feature in ultraphytoplankton seasonal dynamic emerged (Fig. 4.30).

— cyanobacteria - - dinoflagellates
prasinophytes - - other golden brown algae

Figure 4.30 — Main algae groups contribution to ultraphytoplankton TChl a at surface (a)
and at 40m (b), at st. MC during the sampling period.

During the sampling period a first peak was recorded on 20 July 2004, confined to the layer

0-10m. The lateral transport of nutrients from land was one of the mechanisms invoked to
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explain these summer blooms (Modigh et al., 1985; Zingone et al., 1990). At surface,
ultraphytoplankton fraction (accounting for only 20% of TChl a) was made up mainly of
golden-brown algae (55%) and cryptophytes (25%), while the contributes of Cyanobacteria
and procholorophytes were inconsistent. In particular, div-Chl a was never recorded under
high TChl a concentrations (>1 mg m™), according with the results of other areas (Gibb et
al., 2000; Marty et al., 2002). By contrast, these two groups became more important at 40m.
Excluding these episodic events, the TChl a in summer was low and ultraphytoplankton
dominant (on average 75.2 £18.1% of the total TChl a). The composition of this fraction
was quite similar trough the water column. The other golden brown algae remained the most
important group, accounting on average for >50%, while cyanobacteria and prochlorophytes
were the other components. As just showed in Fig. 4.20 and 4.21 cyanobacteria (Zeasyn) and
prochlorophytes (div-Chl a) presented an opposite distribution in summer. In fact, the
prochlorophytes were almost all absent in the surface layer, while they accounted on
average for 10+8% of the ultraphytoplankton TChl a in the layer 20-40m. On the other
hand, the contribution of cyanobacteria to TChl a, was on average 22.2+10.3% and slight
decrease in the 20-40m layer. A similar pattern of occurrence with cyanobacteria at surface
and prochlorophytes placed deeper was reported in the Gulf of Naples by Casotti et al.,
(2000) and also in other different ecological contests (Ting et al., 2002; Worden et al.,
2004) (see section 1.1.2). This distribution is partially explained by the higher sensitivity of
prochlorophytes to UV radiations, as Sommaruga et al., (2005) demonstrated with a series
of short experiments on picoplankton population of Mediterranean coastal waters.
Furthermore, our data were within the range of prochlorophytes contribution to
phytoplankton biomass reported in the Western Mediterranean (Bustillos-Guzman et al.,
1995; Barlow et al., 1997; Marty et al., 2002).

The match between stable meteorological conditions (the so called “St. Martin’s summer”)
and nutrient made available by seasonal rains and consequent runoff would be responsible
for biomass increase in autumn (Zingone et al., 1995), as observed on 14 October 2004.
Again the thickness of the layer involved in the bloom depended on water column
stratification. Some differences were noticed in the ultraphytoplankton compared with the
summer blooms. At first the biomass increase of this fraction was less pronounced and a
change there was in the composition: cryptophytes accounted alone for ~40% of
ultraphytoplankton biomass at surface, while the other golden-brown algae made up the

remaining part. These data were partially in agreement with the results of Zingone et al.

66



Results — Seasonal dynamics

(1995), which showed the presence of small flagellates (<10pum) and coccolithophorids in
the Gulf of Naples in autumn blooms. On the other hand, the autumnal peak of small
cryptophytes was unknown.

Except the peaks episodes, in autumn the values of TChl a and the average
ultraphytoplankton composition were very similar to that found in “oligotrophic” summer

conditions throgh the whole 0-40m layer.

In winter, the lowest biomass (mean 0.29+0.11 mg m™) and primary production (mean
405.7+255.6 mg C m™ d') values were recorded, in relation to both weather conditions (low
light availability) and structure of the water column (deep mixed layer). Hence,
ultraphytoplankton accounted for 67.0+£10.6% of the total biomass. According with the
homogeneity of the water column no significant differences were recorded in the
ultraphytoplankton composition of the whole 0-40m layer and a high diversity was found:
green algae, except prasinophytes (not detected), accounted for ~ 20 % of the TChl a, while
the cryptophytes contributed to ~ 25%. Instead, the contribution of cyanobacteria and
procholorophytes decreased in winter, accounting for ~ 8% and 4% of the TChl a
respectively. However, in this season the prochlorophytes were recorded also at surface, in
relation to the homogeneity of the water column. The winter presence of prochlorophytes in
coastal site was previously recorded by Vaulot et al., (1990) and seems a recurrent feature in
the Mediterranean distribution of this group (Marty et al., 2002). Also the other golden-

brown algae in winter were less important, especially in the 20-40m layer.

A late winter-early spring (March 2005) biomass increase, involving almost all the 0-40m
layer, was recorded. This occurred later as compared to the phytoplankton growth phase
preceding the spring startification which is a recurrent feature at MC site (Ribera d’Alcala et
al., 2004) as well as other sites of the Mediterranean Sea coasts (Mura et al., 1996; Caroppo
etal., 1999; Psarra et al., 2000).

The golden-brown algae were the most important group in the ultraphytoplankton fraction.
Cryptophytes accounted for 40% of the TChl a. These data were in agreement with the
previous studied on cryptophytes carried out at st. MC, which indicated peaks of this group
in early spring-summer (Cerino, 2004). Small green algae accounted for ~13% of TChl a in
this fraction. Furthermore, as showed in the results (section 4.6) only in March the Prasino,
marker of Prasynophiceae was recorded. Small amounts of some carotenoides of uriolide
serie, generally found in the order Mamiellales, which included the specie Micromonas

pusilla (Egeland and Liaaen-Jensen, 1995; Egeland et al., 1995), were always associated to
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Prasino. Since peaks of M. pusilla were frequently recorded at st. MC in this period
(Zingone et al., 1999a), we determine the M. pusilla contribution using a Prasino/Chl a ratio
of 0.20 (derived from our cultures). On 8 March 2005, M. pusilla accounted for 30% of the
TChl a at surface and for 25% at 40m. These value is considerable lower that the values
(>50% of total phytoplankton biomass) calculated based on MPN counts (Throndsen &
Zingone, 1994). This difference could be due to the different method used or to a different
dynamics of M. pusilla in the two years under investigation (1990 vs 2005). However, these
results confirms that M. pusilla can play a key role in the ecology of coastal waters, as
revealed by studied in other areas (Not et al., 20004, 2005). The prochlorophytes practically

disappeared with this bloom and remained undetected until the summer.

The last bloom period (tot TChl a = 2.4+1.5 mg m™) was recorded in late spring-early
summer (May and June 2005), probably in relation with the load of nutrients of terrestrial
origin. The duration of this bloom was probably related to a continuous arrival of newland
inputs. The thickness of water column involved became thinner as the thermal stratification
proceeded. Again, the cryptophytes and the other golden-brown algae were the most
important ultraphytoplankton groups at surface (Fig. 4.29a). In May also dinoflagellates and

green algae, except prasinophytes were present, accounted for ~6% and 10% respectively.

Summarizing, ultraphytoplankton results a structural elements of phytoplankton community
of coastal areas, even in sites subjected to important land run-off as the case of st. MC. Its
lower contribution during bloom periods seems related more to the grazing control than to a
less productivity capacity.

On the other hand, small eukaryotes are the dominant part of ultraphytoplankton. We may
hypothesize that these small eukaryotes are more competitive in exploiting the episodic
arrivals of new nutrients as compared to prokaryotes. Further, the eukaryotes may have a
more adaptable photosynthetic apparatus (e.g. xanthophylls cycle), which is more successful
in a water column subjected to alternation between stratification and mixing (e.g. in spring
and autumn) as it will point out in the chapter VI.

The ultraphytoplankton fraction showed a higher diversity than the >5um fraction. In fact, it
presented almost the main diagnostic pigments (especially in the layer 20-40m and in the
oligotrophic period), while in the other fraction the Fuco was by far the dominant pigment.

On one hand, this richness may be related to a complex and stable community based on
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microbial loop, on the other one the changes in light quality and intensity at depth may
create new niches requiring different pigment assemblage (e.g. capacity of use blue light).
On a methodological point of view, the use of fractionated pigments HPLC method turned
out to be a good and rapid tool to outline the phytoplankton assemblage of smallest size
class. For instance, it has been possible to exploit the fundamental contribution of
cryptophytes to this fraction at different moments of the seasonal cycle.

On the other hand, the HPLC remains quite inadequate to explore and correctly separate the
high diversity of diatoms and prymnesiophytes. The situation found at Mc on 20 July 2004
was clarifying: the Fuco accounted for the 40% of total ultraphytoplankton pigment at
surface, while the 19°Hf for the 9%; but the microscopic analysis showed a large numbers of
small flagellates and no diatoms (Sarno, personal communication). Hence, these results
suggested the presence of small flagellates containing as main carotenoid Fucoxanthin
rather than 19’Hf. Alternatively, as proposed by Not et al., (2005), the high Fuco values
found in the ultraphytoplankton fraction could be partially due to cell debris, induced by
zooplankton grazing. Actually, during the bloom recorded on 20 July 2004, high levels of
phaeophorbides, which are known to be a marker of grazing activity, were detected in the
surface layer.

Further, the application of size-fractionated HPLC has highlighted that the use of pigments
as size indicators can imply significant errors in the estimate of size-classes contribution,
since they are generally not confined in a specific size-class. Indeed, ~ 60% of total
Fucoxanthin was found in the ultraphytoplankton fraction in the 20-40m layer, in contrast
with its common use (Gibb et al., 2000) as a marker of microphytoplankton (cells >20um).
Being able to improve HPLC techniques and realizing comparing studied with other
methods, such as the use of molecular marker is a very deliverable achievement of modern

oceanography.
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CHAPTER 5

Circadian Patterns in Natural Ultraphytoplankton Populations

In order to test the occurrence and the characteristics of circadian patterns in
photophysiological parameters of natural ultraphytoplankton populations, three in situ
experiments were carried out in different ecological contexts (Fig. 5.1). The first experiment
was carried out in a coastal site in spring (TRI-1), the second in an oligotrophic area in late
summer (TRI-2) and the third in a Mediterranean lagoon in early summer (TRI-3). In all
three experiments the percentage of ultraphytoplankton (fraction < Spm) was >90% of total
biomass. The most relevant results are presented in the following sections, while the

sampling and analytical procedures were reported in the Chapter I11.

12°90 E 14° 50 E

41°35N

40° 20N

Figure 5.1 — Location of sampling stations of the three TRI experiments.

S1TRI1

The first experiment TRICICLO 1 (TRI-1) was carried out from 9:00 AM of 22 April to
9:00 AM of 23 April 2004, on board the ship “Coopernaut Franca”, in coastal waters of the
Gulf of Salerno (South Tyrrhenian Sea); the sampling station (Lat. 40° 33.95 N, Long.
14°47.83 E) was 70 meters deep. The weather was clear and sunny throughout the period of
investigation. The natural light:dark cycle was 14:10 and the maximum incident irradiance

was 1690 umol photons m?s” recorded at 1:00 PM (local time).
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Water samples were taken from two depths: 5 and 42 meters. The choice of the sampling
depths was aimed at studying the effect of sun light on populations exposed to very different
irradiance: ca 30% of the solar incident PAR at 5m (ranging between 0 and 450 pmol
photons m™s™") and ca 1% at 42m (ranging between 0 and 15 pmol photons m™s™). The

sampling strategy and the parameters recorded are reported in Tab. 5.1.

Parameters Sampling Depth | Sampling interval
Incident solar irradiance (PAR) surface Smin over 24h
Underwater irradiance (PAR) 0-50 m (profile) 2h
CTD parameters 0-50 m (profile) 2h
Nutrients 5 and 42m 6h
Pigment composition (HPLC) 5and 42 m 2h
Fractionated HPLC (< and > 5um) 5and 42 m 4h
Spectrofluorometric Chl a 5and 42 m 6h
(<and > 5um)
In-vivo fluorescence -FRRF S5and 42 m 2h
In-vivo fluorescence —Phyto-PAM 5and 42 m 2h
Pvs.E curves 5 and 42m 6h

Table 5.1 — Sampling strategy during TRI 1 experiment.

5.1.1 Physical parameters
The water column showed a typical spring condition with an initial stratification in the first
meters (average Ac= 0.13 at Sm). The lowest values of density recorded in the afternoon

were due to an increase in temperature in the upper layer of the water column.

ez rasd

22 April 23April

Figure 5.2 — Variations in density (o) over the 24h of the TRI-1 experiment.
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The resolution of nutrient sampling during the TRI-1 experiment did not allow to test for the
presence of circadian patterns in nutrient concentrations. However, it is important to note

that NOs+NO, and PO4” concentrations were never limiting at the two sampling depths (Fig.
5.3).
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Figure 5.3 — Variations in incident solar irradiance ( area), NO3;+NO; concentration (a)

and POy concentration (b) at 5Sm (e) and at 42m (A) over the 24h of the TRI-1 experiment.

5.1.2 Pigments

Total TChl a concentrations were similar at the two sampling depths; the mean value was
0.26 mg m~ at 5m and 0.27 mg m™ at 42m. The ultraphytoplankton fraction (< 5um)
accounted for = 90% of total biomass in both cases.

Golden-brown algae dominated the ultraphytoplankton as well as the > Sum fractions at
both sampling depths as shown by the pigment spectra (Fig. 5.4). Moreover, the same
pigments were recorded at surface and at depth for the ultraphytoplankton fraction
suggesting a similar algal assemblage.

In particular, the 19°’Hf-containing algae were the most abundant ultraphytoplankton group
(average 19°Hf=25% at 5m and 30% at 42m), followed by 19’Bf-containing (average
19°’Bf=10% at 5Sm and 13% at 42m) and Fuco-containing (average Fuco=8% at both 5m and
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42m). The average value of Zea (8% and 7% at Sm and 42m respectively) revealed the
presence of cyanobacteria, while prochlorophytes were not detected. Finally, Allo (5% at
5m and 1% at 42m) and Chl b (5% at 5m and 7% at 42m) indicated the presence of

cryptophytes and small green algae, respectively.
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Figure 5.4 — Average contribution of HPLC pigments (except Chl a) at the two sampling
depths during the TRI-1 experiment.

On the other hand, the pigment composition of the > Sum fraction (ca 10% of total biomass)
was slight different at the two sampling depths. Fuco containing algae dominated at 5Sm
(average Fuco=31%) followed by 19’Hf containing (average 19°Hf=15%), and
dinoflagellates (average Perid=7%). At 42m, Fuco containing algae were still the most
abundant phytoplankton group (average Fuco=29%), but as compared to the surface layer,
the contribution of 19°Hf containing algae (average 19°Hf=22%), and of dinoflagellates
(average Perid=7%) was higher; crysophytes and the green algae were practically absent.

The results presented in Fig. 5.5 and 5.6 refer to the entire phytoplankton population (TChl
a, as the sum of the ultraphytoplankton and the >5um fractions); the ultraphytoplankton

fraction always accounted for ~90% of total chlorophyll a concentrations.
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Only minor variations occurred in TChl a concentration (Chl a+div-Chl a) at both sampling
depths over the diel cycle, from 0.17 to 0.36 mg m™ at 5m and from 0.23 to 0.31 mg m™ at
42 m (Fig. 5.5). In addition, the ratios between the major accessory pigment and chlorophyll

a did not show any clear pattern of variation during the 24h experiment (data not shown).
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Figure 5.5 — Incident solar irradiance ( area), and Chl a concentration at Sm (e) and at

42m (A)over the 24h of the TRI-1 experiment.

As expected, differences between the surface and the deep populations occurred in the ratio
between photoprotective and photosynthetic carotenoids (PPC/PSP). Higher PPC/PSP ratio
was recorded at Sm from 8:00AM to 12:00 AM and thereafter slightly lower values were
recorded, while an invariably low ratio occurred at 42m (Fig.5.6a). In addition, the
contribution of Diadinoxanthin (Fig.5.4) was higher at surface (on average 14% for the
ultraphytoplankton fraction) than at 42m (3%).

Furthermore, the evolution in time of the Dt/Dd+Dt ratio showed a clear circadian pattern
(Fig. 5.6b). This ratio provides information on the photoacclimation of phytoplankton
populations, since it indicates de-epoxidation state of the xanthophylls. In particular, at Sm,
the maximum value (0.44) was recorded at 10.00 AM, and the minimum (0.001) at 5.00
AM, just before dawn. Again, at 42m the Dt/Dd+Dt ratio did not show any significant
variability; very small amounts of Dt were detected only around midday.

No particular pattern of variation could be found for the other photoprotective pigments,

such as B-carotene (data not shown).
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Figure 5.6 — Incident solar irradiance ( area), PPC/PSP ratio (a) and Dt/Dd+Dt ratio (b)
at Sm (e) and at 42m ( A )over the 24h of the TRI-1 experiment.

5.1.3 Pvs.E parameters

Pvs.E experiments were performed on both surface and deep populations four times during
the TRI-1: dawn, midday, dusk, night (Table 5.1). The coarse resolution of the Pvs.E
measurements did not allow for a detailed reconstruction of the circadian variability, even
though some interesting features emerged.

The curves constructed for the two sampling depths displayed clear differences as related to
the different light history of the two populations (fig.5.7). In particular, the photosynthetic
capacity (P®na) was higher at surface than at depth, while the opposite occurred for the

photosynthetic efficiency (a”) that was higher at depth.
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Figure 5.7 — Pvs.E curves and photosynthetic parameters at 5m (a) and 42m (b) during the
TRI-1 experiment.

On the other hand, the evolution in time of P®, was similar in the two populations: highest
values occurred at midday, lowest at night and intermediate as well as practically identical
values were recorded at dawn and dusk (Fig. 5.8a). However, the amplitude of PBmax
variations was considerably higher at surface ranging from 10.6 to 1.9 mgC mgChl a” h™
than at depth where P®,, varied between 3.7 and 1.6 mg C mg Chla™ h™.

The photosynthetic efficiency (o) did not show any circadian pattern at 5m, while at 42m
higher values occurred during daytime as compared to the evening and night (Fig. 5.8b).

The photoacclimation index (Ey) showed the same diel pattern of variation as P®.y at 5m,

while Ex was fairly constant at depth (Fig. 5.8¢).
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Figure 5.8 - Incident solar irradiance ( area), P" . (a), a” (b) and E; (¢) at 5m () and

at 42m (A )over the 24h of the TRI-1 experiment.

5.1.4 Phyto-PAM coefficients

The evolution in time of the photosynthetic coefficients as derived from the Phyto-PAM
measurements at the two sampling depths are reported in Fig. 5.9.

As already reported for the PvSE experiments, all the Phyto-PAM coefficients displayed
higher variability at Sm as compared to the 42m samples. In particular, rTETR.x values (Fig.
5.9a) were higher during daytime (maximum 60.6 pmol em?sat 7:00 AM of 23 April) and
decreased during the night (minimum 11.9 pmol em? s’ at 03:00 AM of 23 April) in the

surface layer.
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Figure 5.9 — Incident solar irradiance(

area),rETRyax (), apam (b), Fy/Fr (¢) and Expam

(d) at 5Sm (e) and at 42m ( A )over the 24h of the TRI-1 experiment.
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The pattern was the same for the sample at 42m, but the amplitude of variation was less
pronounced, ranging between 26.9 and 19.1 pmol ¢ m™ s

In contrast, opam and F./F,, (Fig. 5.9b,c) showed minimum values at maximum sun
irradiance and the maxima at night in the surface layer, while the opposite was found for the
samples at 42m.

As in the case of the Pvs.E parameters, the Expam (Fig. 5.9d) followed the time distribution
of TETR nax ranging between 296 and 49pumol photons m™ s at 5m and between 50 and 100

pmol photons m™s™ at 42m.

5.1.5 FRRF parameters

In vivo fluorescence measurements were performed also in situ with a Fast Repetition Rate
Fluorometer (FRRF) at both sampling depths. Unfortunately, data are available only until
00:00 AM of 23 April, due to a technical problem that occurred during the recordings.
However, variations in time of F,/F,, were similar to that observed with Phyto-PAM: a
daylight depression, though less marked, was recorded at 5Sm and no diel pattern could be
described at 42m (fig. 5.10a).

The absorption cross-section of PSII (cpg);) displayed a diurnal depression and higher values
during the night at both sampling depths, but the pattern was more evident in surface
sample: the lowest value (645 m™s™) occurred under maximum irradiance, while the highest
value (755 m™s™") was recorded at midnight (Fig. 5.10b). This pattern was to a certain extent
in phase with apam and F/Fy,, suggesting that the energy dissipation of excess light involved

also the light harvesting complexes.
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42m (A) over the 24h of the TRI-1 experiment.
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52TRI2

The second experiment, TRI-2, was carried out from 9:00 PM of August 3 to 9:00 PM of
August 4, 2004, on board the ship “Urania”, in the Gulf of Naples (South Tyrrhenian Sea)
(Lat. 40° 29°.52 N Long. 14°17°.01 E). The sampling station, 2000 meters depth, was
located in offshore waters. The weather was clear and sunny; the natural light:dark cycle
was 15:9 and the maximum incident irradiance, 1880 pmol photons m?s” , was recorded at
1:30 PM (local time).

Water samples were taken from two depths: 5 and 80 meters. As in the case of TRI-1, the
choice of the sampling depths was aimed at studying populations exposed to very different
irradiance regimes: ca 40% of the incident PAR at 5m (ranging between 0 and 800 umol
photons m™s™) and ca 0.1% at 80m (ranging between 0 and 2 pmol photons m™s™). In
particular, the population at 80 m was located within a Deep Chlorophyll Maximum (DCM)),
indicated by the CTD fluorescence profiles (data not shown).

The sampling strategy and the parameters recorded are reported in Tab. 5.2.

Parameters Sampling Depth | Sampling interval
Incident solar irradiance (PAR) surface Smin over 24h
Underwater irradiance (PAR) 0-90 m (profile) 2h
CTD parameters 0-90 m (profile) 2h
Nutrients 5 and 80m 2h
Fractionated HPLC (< and > 5um) 5 and 80 m 2h
Spectrofluorymetric Chl a 5 and 80 m 4h
(<and > 5pm)
In-vivo fluorescence -FRRF 5 and 80 m 2h
Pvs.E curves 5 and 80m 4h

Table 5.2 — Sampling strategy during TRI-2 experiment.

5.2.1 Physical parameters
The water column profiles showed a marked pycnocline in the upper layer (Fig. 5.11) due to
summer thermal stratification; temperature and salinity remained fairly constant during the

diel cycle.
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Figure 5.11 — Density (o;) over the 24h of the TRI-2 experiment.

Nutrient concentrations did not display any systematic variations. In particular, NO3+NO,
concentrations ranged between 0.05 and 0.1 uM at Sm and between 0.95 and 2.38 uM at
80m (Fig. 5.12a). Inorganic phosphate concentrations were very low and ranged between

0.03 and 0.07 pM at 5m and between 0.04 and 0.05 pM at 80m (Fig. 5.12b).
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Figure 5.12 — Incident solar irradiance ( area), NO3;+NO; concentration (a) and PO,

concentration (b) at Sm (@) and at 80m (A ) over the 24h of the TRI-2 experiment.
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The data of NO3+NO, concentrations indicated the presence of a nutricline at depth, though

the PO, values were low also at 80m.

5.2.2 Pigments

The total Chlorophyll a concentration was relatively higher at 80m than at 5m, the mean
value was 0.07 mg Chla m™~ at 5m and 0.27 mg Chla m~ at 80m. However, also in this
experiment, the ultraphytoplankton fraction (<5um) accounted for = 90% of total biomass
at Sm and 88% at 80m.

As shown in Fig. 5.13, the pigment composition was very different at the two sampling
depths and the contribution of prokaryotes to the ultraphytoplankton fraction was more

relevant than during the TRI-1 experiment.
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Figure 5.13 — Average contribution of HPLC pigments (except Chl a) for the two sampling
depths during the TRI-2 experiment.

In particular, ultraphytoplankton pigment composition displayed a dominance of 19’Hf-
containing algae (average 19°Hf=24%) and cyanobacteria (average Zea=18%) at Sm.

However, other groups, such as small green algae (average Chl b=7%), Fuco-containing
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algae (average Fuco=6%). The prochlorophytes were present at S5m, but their contribution to
the ultraphytoplankton community was very small (average div-Chl a=1%). On the
contrary, small green algae (average Chl b=26%) and prochlorophytes (average div-Chl
a=20%) were the dominant groups of the ultraphytoplankton fraction at 80 m. Further, the
golden-brown algae were represented essentially by 19’Hf-containing groups (average
19°’Hf=11%) and 19’Bf-containing groups (average 19°’Bf=10%) and the contribution of
cyanobacteria was relatively small (average Zea=5%).

Clearly the golden-brown algae groups were the most abundant in the fraction >5um, but
also in this case the two sampling depths were quite different. The Perid-containing
dinoflagellates were dominant (average Perid=28%) at 5m, followed by 19’Hf-containing
groups (average 19°’Hf=13%) and Fuco containing groups (average Fuco=9%). At 80m, on
the other hand, these two groups were relatively more abundant (average Fuco=22% and
average 19°Hf=16%).

The results presented in Fig. 5.14 and 5.15 refer to the entire phytoplankton populations
(sum of ultraphytoplankton and >5um fraction); the ultraphytoplankton fraction accounted
for ®90% of total TChla concentrations at the two sampling depth throughout the
experiment.

Also in this experiment, the time distribution of TChl a concentration (Fig. 5.14) did not
show any significant diel fluctuations at the two sampling depths, ranging between 0.07 and
0.10 mg m™ at 5m and between 0.19 and 0.34 mg m™ at 80 m.

Again, no clear diel trend was found in the ratios between the major accessory pigment and

chlorophyll (data not shown).
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Figure 5.14 — Incident solar irradiance ( area), and Chl a concentration at 5m (e) and at

80m (A )over the 24h of the TRI-2 experiment.

The ratio between photoprotective and photosynthetic carotenoids (PPC/PSP) differed

between the two sampling depths in relation to the different irradiance regimes (Fig. 5.15a),
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as already observed in the TRI-1 experiment. However, the PPC/PSP ratio was higher in this
experiment as compared to the values recorded in TRI-1, probably due to both a longer
photoperiod and to higher irradiance values in August than in April. In particular, a clear
circadian pattern could be described in the PPC/PSP ratio at 5Sm; highest values occurred
during daytime and the lowest during the night. Again, no diel pattern was found to occur in
the population at 80m.

The contribution of Diadinoxanthin (Fig. 5.13) was higher at surface (12% for the
ultraphytoplankton fraction) than at 80m (1%) and the diel periodicity in the Dt/Dd+Dt ratio
was very pronounced (Fig. 5.15b) in the surface layer: the maximum value (0.26) was
recorded at 3:00 PM, and the minimum (0.02) occurred at 9:00 PM. A slight increase in the
Dt/Dd+Dt ratio during daytime was recorded also at 80m. However, the concentrations of
Dd and Dt were always very low throughout the sampling period (Dd+Dt ranged between
0.006 and 0.009 mg m™), due to the very low abundances of golden-brown algae.
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Figure 5.15 — Incident solar irradiance ( area), PPC/PSP ratio (a) and Dt/Dd+Dt ratio
(b) at Sm (e) and at 80m (A ) over the 24h of the TRI-2 experiment.
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As already observed in the TRI-1 experiment, the concentrations and ratios of other
photoprotective pigments, such as p-carotene, did not display any particular pattern of
variation neither along the water column nor in time (data not shown).

5.2.3 Pvs.E parameters

Pvs.E experiments were performed on both surface and deep populations approximately
every four hours, in order to obtain a more accurate reconstruction of circadian variability
(Table 5.2). The characteristic features were similar to those described for the TRI-1
experiment, with differences between Pvs.E curves for the two depths (Fig. 5.16), clearly
related to the different light regimes. Also in the TRI-2 experiment, the photosynthetic
capacity (P®mna) was higher at 5m than at depth, and an opposite pattern was found for

photosynthetic efficiency (a°).
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Figure 5.16 — Pvs.E curves and photosynthetic parameters at 5m (a) and 80m (b) over the
24h of the TRI-2 experiment.

For the population at 5m, the variation in time of the photosynthetic capacity, P®ax, showed
the minimum value (2.0 mgC mgChl a' h™) at 11:00 PM of the 3" August; maximum
photosynthetic capacity (5.3 mgC mgChl a’ h'l) was recorded at 1:00 PM and at 05:00 PM
of the 4™ August (Fig. 5.17a). The high value in the afternoon may be related to the length of

the photoperiod. As compared to the recordings in the surface population in the TRI-1
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experiment, the amplitude of oscillation was considerably smaller, which may be related to
the low nutrients concentrations that characterized the site of theTRI-2 experiment.
The circadian pattern at 80m was less evident than at surface: P® .y ranged from 1.7 mgC

mgChl a” h™'and 1.0 mgC mgChl a™ h™ at 1:00 PM and 11:00 PM, respectively.
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Figure 5.17 — Incident solar irradiance ( area), P’ pax (a), a” (b) and Ey (c) at 5Sm (e) and

at 80m ( A)over the 24h of the TRI-2 experiment.

The photosynthetic efficiency, a®, ranged between 0.018 and 0.32 mgC mgChl a™' h™' (umol
photons m™?s™)" at 5m and between 0.049 and 0.065 mgC mgChl a' h™ (umol photons m™

s"y! at 80m (Fig. 5.17b). Thus, only minor variations occurred in a® at the two sampling
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depths, and although a diel pattern could not be discerned, a slight decrease in o was
observed during daytime in the surface population.
The variations in the photoacclimation index, Eix, followed that of PBax at 5m, showing

maximum values during daytime and minimum values at night, while it was lower and quite

constant at 80m (Fig. 5.17¢).

5.2.4 FRRF parameters

During the TRI-2 experiment, in vivo fluorescence measurements were performed every 2h
at both sampling depths, by means of a Fast Repetition Rate Fluorometer (FRRF) The
variations in time of F,/F,, and of the absorption cross section cpgy indicated, as in the first
circadian experiment, the presence of a diel periodicity at 5Sm. During daytime, a decrease in
F,/F,, was recorded that was very pronounced at 5m and much less so at 80m; ops;; showed
a slight increase at Sm but remained constant throughout the diurnal cycle (Fig. 5.18 a, b).
Some caution must be taken, however, when interpreting the data recorded in the surface
layer as the FRRF measurements might be partially invalidated due to technical problems

when performed at high irradiance levels.
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Figure 5.18 — Incident solar irradiance ( area), F./Fy, (a) and opsir (b) at Sm (@) and at

42m (A) over the 24h of the TRI-2 experiment.
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5.3 TRI-3

The third experiment, TRI-3, was carried out from 8:45 AM of June 29 to 6:00 AM of June
30 2005, in the Sabaudia lagoon (Tyrrhenian Sea) (Lat. 41° 16°.05 N, Long. 13° 01°.27 E).
The weather was clear and sunny; the natural light:dark cycle was 16:8 and the maximum
incident irradiance was 1830 pmol photons m™s™ recorded at 1: 10 PM (local time).

Water samples were taken at 0.5m. The choice of the sampling depth was aimed on one
hand at studying phytoplankton population exposed to very high irradiance, and, on the
other hand, at avoiding the problem of fitobenthos suspension during sampling; the
Sabaudia lagoon is only ~ 4m deep.

The sampling strategy and the parameters recorded are reported in Tab. 5.3.

Parameters Sampling Sampling interval
Depth

Incident solar irradiance (PAR) surface Smin over 24h
salinity, temperature 0.5m 2h
Nutrients 0.5m 2h
Fractionated HPLC (<5um and > Sum) 0.5m 2h
Spectrofluorometric Chl a 0.5m 2h

In-vivo fluorescence —Phyto-PAM 0.5m 2h

Pvs.E curves 0.5m ~2h

Table 5.3 — Sampling strategy for the TRI-3 experiment.

5.3.1 Physical parameters
Temperature (Fig. 5.19) varied between during the night 29.0 °C and 32.2 °C in the

afternoon; salinity remained constant, 35.04 to 35.06, throughout the sampling period (data

not shown).
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Figure 5.19 — Incident solar irradiance( area) and temperature at 0.5m (@) over the 24h

of the TRI-3 experiment.
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Nutrient concentrations were low, NO3;+NO, ranged between 0.09 and 0.61 uM (Fig.
5.20a), PO4 ranged between 0.01 and 0.08 uM (Fig. 5.20b) and the oscillations did not
seem related to the L:D cycle.
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Figure 5.20 — Incident solar irradiance( area), NOs;+NO, concentration (a) and POy

concentration (b) at 0.5m (e)over the 24h of the TRI-3 experiment.

5.3.2 Pigments

The total Chlorophyll a concentration, 7.62+0.93 mgm’3, was very high as compared to the
other two experiments. Such values are typical for a Mediterranean lagoon in summer. Yet
the ultraphytoplankton fraction (< 5um) accounted for =~ 95% of total chlorophyll
concentrations.

The average pigment composition of the ultraphytoplankton and the >5um fractions during
TRI-3 experiment are shown in Fig. 5.21.

The ultraphytoplankton population was strongly dominated by cyanobacteria (average Zea=
71%), with only minor contributions of small green algae (average Chl b= 4%) and Fuco-
containing algae (average Fuco= 3%). On the other hand, this group was the most abundant
in the >5um fraction (average Fuco= 37%), followed by Perid-containing dinoflagellates

(average Perid= 9%) and green algae (average Chl b= 4%).
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Figure 5.21 — Average contribution of HPLC pigments (except Chl a) at the two sampling
depths during the TRI-3 experiment.

As already underlined for the other circadian experiments, the results presented in Fig. 5.22
and Fig. 5.23 refer to the whole phytoplankton populations, but it should be kept in mind
that the ultraphytoplankton fraction accounted for c.a. 95% of the phytoplankton in terms of
chlorophyll.

A circadian pattern in TChl a concentration was not found; the values ranged between 6.10
and 8.32 mg m” (Fig. 5.22). Also the ratios between the major accessory pigments and

chlorophyll did not show any diel pattern of variation (data not shown).
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Figure 5.22 — Incident solar irradiance( area), and Chl a concentration at 0.5m (e)over

the 24h of the TRI-3 experiment.

As regards the photoprotective pigments, the Dt/Dd+Dt ratio (Fig. 5.23b) showed a slight
increase at maximum irradiance. In this experiment, the concentrations of Dd and Dt were
related essentially to the golden-brown algae in the >5um fraction. Further, the Zea/Chl a
ratio increased during the daytime, though the maximum value was recorded in the

afternoon. However, the HPLC method used in this study did not separate the phycobilins,
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the main pigments of cyanobacteria, thus there is a gap in the information on the pigment

pool of this group.
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Figure 5.23 — Incident solar irradiance( area), Dt/Dd+Dt ratio (a) and Zea/Chl a ratio
(b) at 0.5m (@) over the 24h of the TRI-3 experiment.

5.3.3 Pvs.E parameters

To allow for a detailed reconstruction of the diurnal cycle of photosynthetic parameters,
Pvs.E experiments were performed every two hours between 8:45 AM and 8:00 PM of 29
June and two PvsE experiments were performed during the dark hours, at midnight and at
dawn.

In spite of the very different environmental conditions, the family of Pvs.E curves (Fig.
5.24) showed the same circadian patterns observed in the surface populations of the TRI-1
and TRI-2 experiments.

The photosynthetic capacity, PPpa., (Fig. 5.25a) was higher during daytime than at night.
The maximum value (8.7 mgC mgChl a™' h™) was found at 2:10 PM of the June 29, and the
minimum (5.8 mgC mgChl a' h™) was recorded at midnight. Notably, the night minimum
was higher than the minima recorded in surface populations in the TRI-1 and TRI-2

experiments (1.9 and 2.0 mgC mgChl a h™', respectively).

92



Results — Circadian patterns

10 5
£
ta
5
£
0
E
i
n- T T Y T T T Y 1
1] 400 2o 1200 1600
pmol photons mes-
0.5m P max a® Ek
8:45 AM 6.6 0.026 254
10:45 AM 7.2 0.030 238
12:45 AM 8.6 0.024 358
2:10 PM 8.7 0.022 396
7.7 0.019 407
6:00 PM 6.4 0.022 293
6.0 0.020 300
12:00 PM 5.8 0.026 224
7.3 0.028 260

Figure 5.24 — Pvs.E curves and photosynthetic parameters at 0.5m during the TRI-3
experiment.

The photosynthetic efficiency, o® (Fig. 5.25b), ranged between 0.019 and 0.030 mgC mgChl
a' h' (umol photons m'zs'l)'1 and the slightly lower values were recorded at maximum
irradiance levels as observed also in the TRI-2 experiment at Sm.

The pattern of variation in time of the photoacclimation index, Ex was similar to that
recorded for PP .y; very high values occurred during daytime reaching 407 pmol photons m’

%5 in the afternoon. (Fig. 5.25¢).
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Figure 5.25 — Incident solar irradiance( area), P% .« (a), o® (b) and E; (c) at 5m (@) and

at 80m (A )over the 24h of the TRI-3 experiment.

5.3.4 Phyto-PAM coefficients

The circadian pattern of all the Phyto-PAM derived coefficients (Fig.5.26) was similar to
that observed during the TRI-1 experiment at Sm, though the amplitude of the oscillations
was less pronounced.

In particular, the rETR . values (Fig. 5.26a) were higher during daytime (maximum 32.45
pmol em™ s 'at 8:45 AM) and decreased during the night (minimum 23.25 pmol em™ s™ at
00:00 AM).
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Figure 5.26 — Incident solar irradiance( area), TETRax (@), apam (b), Fy/Fy (¢) and
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On the contrary, apam and F,/Fy, (Fig. 5.26b,c) showed minimum values at maximum sun
irradiance and the highest values at night. In particular, apam ranged between 0.11 and 0.17
electrons photons™, and F,/Fy, ranged between 0.28 and 0.42.

As in the case of the Pvs.E parameters, the Expam, (Fig. 5.26d) showed the same variation in
time as that recorded for rETR .y with the maximum value (368 pmol photons m™ s™)
registered at 00:45 PM of the June 29 and the minimum, 146 pmol photons m™ s, at
midnight.
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5.4 Discussion

The phytoplankton assemblages were very different in the three experiments, though the
ultraphytoplankton fraction was by far the dominant component. In the TRI-1 experiment,
where the station was located in a costal area, small golden-brown algae were the most
abundant at both sampling depths, revealing a condition similar to that found in spring at
MC, when the TChl a was quite low (see chapter V). These results again confirm the
importance of small eukaryotes in coastal sites. The situation was quite different in the TRI-
2 experiment, when the prokaryotes dominated the phytoplankton populations at both
sampling depths. In particular, cyanobacteria and 19’Hf-containing golden-brown algae
were the most abundant groups at surface (5m), while prochlorophytes and small green
flagellates dominated in the Deep Chlorophyll Maximum (80m). This opposite distribution
between cyanobacteria and prochlorophytes, also recorded at MC in summer, was in
agreement whit the hypothesis that prochlorophytes will prevail over the cyanobacteria at
depth, probably because they are more efficient in absorbing blue light (Ting et al., 2002).
Finally, the HPLC pigment analyses in the third experiment (TRI-3) showed the presence of
a cyanobacteria bloom. A summer bloom of cyanobacteria is a recurrent feature in the

Sabaudia lagoon, as observed by our group in previous years (unpublished data).

Despite these differences in the composition of the phytoplankton community, some general
features emerged in the diel variability of the physiological response of the algae during the
three experiments.

First of all, the circadian patterns were much more pronounced in the surface samples, in
almost all the photophysiological parameters studied though a linear relationship between
the amplitude of the oscillations of cellular response and the diel excursion of irradiance did
not occur. That is, the widest range in photophysiological parameters was not recorded in
TRI-3 where extremely high irradiance levels were encountered. On the other hand, only
minor oscillations were encountered for these parameters in the deeper phytoplankton
populations that experienced much less variation in the irradiance regime (e.g. the irradiance

ranged between 0 and 2pmol photons m™s™ during TRI-2).

Photoprotective pigments
The higher values of photoprotective/photosynthetic carotenoids (PPC/PSP) at surface in all
the three experiments, indicated that the phytoplankton was “ready” to deal with excessive

light; however, different photoprotective mechanisms could be described.
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In the TRI-1 experiment, carried out in April 2004, golden-brown algae dominated the
phytoplankton assemblage. The photoprotection mechanism of these algal groups is based
on the Diadinoxanthin cycle that provides prompt changes, within minutes, in pigment
composition thus switching between transfer of excitation energy to the reaction centers and
photoprotection, when needed. In particular, a high proportion of Diadinoxanthin would
allow for a rapid transformation in the de-epoxidated form (Diatoxanthin) and, therefore an
almost immediate protection, thus reducing the photodamage. The increase in the de-
epoxidative state of the Diadinoxanthin cycle during daytime (Fig. 5.6 and 5.15) clearly
confirm this hypothesis. This flexibility in the function of pigments is particularly needed in
spring, when weather conditions might change rapidly. The Diadinoxanthin cycle of golden-
brown algae may be one explanation for the spring bloom in temperate waters being
generally dominated by diatoms.

In the TRI-2 experiment, carried out in august 2004, photoprotection was more due to
pigments, such as Zeaxanthin and [-carotene that do not transfer the excitation energy to the
reaction centers, than to xanthophylls-cycle-pigments. Also in this case, phytoplankton
adopted the solution that appears better suited the mean weather conditions.

The TRI-3 experiment was carried out in end June 2005 in shallow waters and thus at
extremely high irradiance and long photoperiod. A cyanobacteria bloom was observed and,
unfortunately, the main pigments (phycobilins) of this taxon were not eluted by the HPLC

method employed in this study as already explained in section 5.3.2.

Photosynthetic machinery

In all the experiments, evidence of diel fluctuations in the photosynthetic capacity, P
were recorded both in the surface and in the deeper phytoplankton populations. A similar
pattern was often reported in the study on diel periodicity of Pvs.E response in natural
phytoplankton populations (MacCaull and Platt, 1977; Gargas et al., 1979; Kana et al.,
1985; Prezelin et al., 1986, 1987; .Putt et al., 1988; Lizon et al., 1995).

However, the amplitude of oscillations differed significantly between the phytoplankton in
the upper and in the deeper layer; at surface the maximum value of P®,,, was on average 3.2
fold higher than the minimum value, while at depth was 1.9.

Furthermore, the amplitude of diel fluctuations in PP values at surface was probably
influenced also by other environmental factors in addition to the irradiance regime. In
particular, during the TRI-1 experiment the ratio between maximum and minimum
PBmaX,waS 5.4, while during the TRI-2 experiment only a 2.8 fold change in PBmax was

recorded. In the latter experiment the low nitrate concentrations (see section 5.2.1) suggest
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that nutrient limitation may have affected the photosynthetic capacity. An impact of the
nutritional status on diel fluctuations of photosynthetic parameters was already hypothesized
by Malone (1971) and by Kana et al., (1985).

During the third experiment (TRI-3) the maximum photosynthetic capacity exceeded by 1.5
fold minimum, in fact in this case PPy, remained quite high also during the night (see Fig.
5.25a). It may be hypothesized that the cyanobacteria population maintained always “ready”
their photosynthetic machinery, in relation to the length of photoperiod and the very high
irradiance level that they experienced (e.g. the incident irradiance was 1000 umol photons
m?s” already at 8:00 AM).

As diel oscillations in photosynthetic efficiency (o) were small compared with the
photosynthetic capacity, P2, these two parameters did not covaried. As a consequence,
the photoacclimation index, Ey, showed a positive correlation with PBmax (Fig. 5.27) in all
the three experiments (r = 0.94, p<0.05, n=28). Behrenfeld et al. (2004) suggest that the lack
of covariance between o and PBmaX in the Pvs.E response (the so-called “Ex dependent”

group) is mainly a result of photoacclimation.

n=28
r=0.94
8
=
[a1]
[a R
500

Ex

Figure 5.27 — Correlation between PBmaX and Ey from all the Pvs.E experiments.

By contrast, experiments carried out in our laboratory (Ragni, 2005) on cultures of
Phaeodactylum tricornutum, grown under constant irradiance (“block mode”) showed a co-
variation between o and P® . In our opinion, this discrepancy further highlights the role
of field irradiance variations in tuning the diel responses of photosynthetic machinery of

natural phytoplankton populations.

The coefficients obtained by means of the Phyto-PAM, apam and F./Fp,, showed, especially

in the surface samples, a depression in the central part of the day (i.e. under the maximal
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irradiance). This finding indicates the action of light dissipation processes involving the
Photosystem II. Furthermore, the changes in time of the absorption cross-section of PSII
(opsir) during TRI-1 was to a certain extent in phase with apam and F/Fy, suggesting that
non photochemical quenching (NPQ) occurred both in the antenna and in the reaction
center. The role of the antenna is also confirmed by the increase of de-epoxidation state of
the xantophyll pool, discussed above. Further, the photosynthetic apparatus was brought
back in the second part of day and, in particular, at night.

However, these patterns were less pronounced during the TRI-3 experiment, probably in
relation to phytoplankton composition (i.e. a cyanobacteria bloom). In fact, the state
transitions are the most rapid and effective light adaptation processes in cyanobacteria
(Masojidek et al., 2001). As described in section 2.3.2, these mechanisms provide a
redistribution of excitation energy between the photosystems to avoid imbalance in the
photosynthetic electron transport.

The electron transport rate derived from Phyto-PAM measurements, TETR,,x, showed the
highest values in the first part of the day both in the TRI-1 and the TRI-3 experiments. In
particular it dramatically increased at dawn during TRI-1, suggesting that the presence of
light, even at low levels, acts as a signal for the “wake up” of the photosynthetic machinery.
This hypothesis is partially confirmed by experiments on monospecific culture. In fact, the
same pattern was observed in a culture of Phaeodactylum tricornutum exposed to natural
light (Ragni, 2005).

Furthermore, in phase with the depression of quantum yield (F\/Fy), TETR,x showed a
slight decrease under maximum irradiance levels. On the contrary, the photosynthetic
capacity, P®pa, presented maxima rates around noon (Fig. 5.28). The data available in
literature on diel oscillation of P®,,,x in some cases showed a similar pattern (e.g. Prezelin
and Ley, 1980; Beherfield et al., 1998), while in other cases (e.g. Kana et al., 1985; Lizon et
al., 1995) the photosynthetic capacity showed a decrease in the central part of day, the so
called midday depression. In our opinion, high P®.. at noon indicated an efficient
photosynthetic machinery in which the above described changes in antenna and reaction
center were able to maintain high carbon assimilation levels as well as to minimize
photoinhibition, even under excessive irradiance. Beherfield et al. (1998) suggest that, under
excessive irradiance, compensatory changes in the electron turnover rate may occur too. By
contrast, the midday depression indicated that the answers of photosynthetic machinery
were not sufficient to prevent photodamage. The reason would be clearly various: from

physiological conditions (e.g. nutrient stress) to pigment composition.
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Figure 5.28 — Incident solar irradiance ( area), TETR nax (@) and P2y (¢) over TRI-1
(a) and TRI-3 (b) experiments.

As said in the chapter 1, the second aim of this project was focused on study the
ultraphytoplankton photophysiology in order to interpret its patterns of occurrence and the
possible differences compared to the “model” species. During our experiments on circadian
cycles the ultraphytoplankton fraction always accounted for > 90% of total phytoplankton
biomass; it was thus not possible to discern directly any differences in photophysiological
response as related to cell size. However, our data compared to the circadian fluctuations of
photosynthetic parameters reported in literature (Prezelin et al., 1987; Putt et al., 1988) do
not suggest the presence of differences related to the size. In addition, the observed diel
fluctuations of in vivo fluorescence and photoprotective pigments pool are quite similar to
that found in Phaeodactylum tricornutum (Ragni, 2005). For instance, the pattern of
Diadinoxanthin — Chlorophyll a ratio in P. tricornutum cultures indicated that the pigment

synthesis is modulated b variations in light intensity. P. tricornutum cultures grown under

101



Results — Circadian patterns

low light intensities did not show diel variations in Diadinoxanthin content as the deeper
ultraphytoplankton natural populations.

As a general future, all the photophysiological parameters studied showed circadian patterns
more pronounced in the surface samples than the deeper ones, during the three TRI
experiments. The experimental evidence suggests that the irradiance regime experienced by
ultraphytoplankton populations is the most important factor to trigger the cellular response;
however other parameters, such as nutrient limitation, may have an impact modulating the
circadian patterns, as in the case of photosynthetic capacity.

Ultraphytoplankton populations in the surface layer showed a photosynthetic machinery
“ready” to answer to environmental changes, trough the regulation of both antenna and
reaction center systems. As a consequence, they were able to avoid photodamage and to
maximize carbon fixation rates also at excessive light levels. Further, the organization and
timing over the day of the different cellular activities (such as pigments synthesis) not only
would increase the efficiency in responding to environmental perturbation but in the use of
the resources too. Clearly this efficiency and flexibility could be ones of the elements to
explain the observed importance of ultraphytoplankton in the coastal areas, such as st. MC.
On the other hand, it again suggest that a biotic control (such as grazing) more than a physic

one is responsible of the less contribution of this fraction during the bloom periods.
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CHAPTER 6

Photophysiological responses of five ultraphytoplankton species

exposed to high irradiance

The mechanisms of photoprotection were investigated on five ultraphytoplankton
monospecific cultures, with different pigments content (i.e.golden-brown and green algae),
in order to explore their characteristics and possible peculiarities related to the size (see
section 1.2). The selected species were: two Bacillariophyceae (Papiliocellulus simplex,
Minidiscus comicus), two Prymnesiophyceae (Imantonia rotunda and Phaeocystis sp.) and a
Prasinophyceae (Micromonas pusilla), chosen for their ecological relevance and/or their
pattern of occurrence.

Two short experiments (CULT-1 and CULT-2) were carried out to test photoprotective
pigments (e.g. xanthophylls cycle) changes under high irradiance and their relationship with
variable fluorescence parameters. Since the adopted frequency of sampling did not permit to
determine contemporary the photosynthetic coefficients (e.g. electron transport rate) and
non-photochemical quenching (NPQ) we chose to focus our attention on the first ones. This
choice was aimed at outlining the changes in the photophysiological state of the cells more
than the extent of dissipative processes, making the most of the improvement in the new
Phyto-PAM technique (see section 3.2).

In the first experiment CULT-1, we investigated the answers of cultures grown at different
irradiance regimes when they are exposed to excessive light. In the second (CULT-2), we
studied the possible differences in photoprotection occurring in culture pre-adapted to
variable light-regime.

A short description of the morphological and ecological characteristics of the five studied
species is provided in the section below, while the experimental protocol and the most

relevant results were presented in the sections 6.2 and 6.3.

6.1 Species description

Unialgal cultures of each species were obtained from Serial Dilution Cultures (SDC) of
natural samples collected during the cruises Norbal4 and Norbal5 (March -April 2003; NW
Mediterranean Sea). The list of species and the location of the stations where the samples

were collected are shown in Table 6.1. The isolation of the five monospecific cultures was
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performed by the researchers of the Marine Botany laboratory of the Zoological Station “A.

Dohrn” of Naples.

Species Class Station Location
Papiliocellulus simplex Bacillariophyceae Lat. 41°27 N Long. 5° 22 E
Minidiscus comicus Bacillariophyceae Lat. 41° 10 N Long. 5° 15 E
Imantonia rotunda Prymnesiophyceae Lat. 41° 35 N Long. 4° 09 E
Phaeocystys sp. Prymnesiophyceae Lat. 41° 40N Long. 4° 86 E
Micromonas pusilla Prasinophyceae Lat. 41° 35 N Long. 4° 09 E

Table 6.1 — List of species cultures used for experiments.

Papiliocellulus simplex

This small diatom (family Cymatosiraceae) was described for the first time by Gardener and

Crawford (1992) from British coastal waters. The cells are elliptical in valve view (about

2um wide and Spm long) and rectangular in girdle view (about 4um thick) (Fig. 6.1a). They

are heterovalvate for the presence of a tubular process at the centre of one valve only. The

frustule is siliceous and at each apex there is an ocellulus with 4-5 porelli. The girdle bands

lacks pores. Non-dividing cells present only one plastid partly against valve face, partly

against the girdle surface. The ecology and distribution of this species is basically unknown.

The light harvesting complexes (LHC) of P. simplex have Chlorophyll ¢;+c,, Fucoxanthin

(the principal carotenoid), B-carotene and xanthophylls cycle containing Diadinoxanthin and

Diatoxanthin.

Figure 6.1 — Transmission Electron Micrographs (TEM) of P. simplex (a) and M. comicus

(b) - Valve view.
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Minidiscus comicus

The genus Minidiscus (family Thallassiosiraceae) include the smallest centric diatoms of
marine phytoplankton, with diameters ranging from 1.90 to 7.5 pm. Minidiscus comicus was
first observed in Japanese waters by Takano (1981). The cells are circular in valve view
(diameter 2-3.5 pm) and possess three satellite pores (Fig. 6.1b). The cribrum is scarcely
perforated. Each cell has one or two chloroplast. M. comicus usually consists of a single
cell, but it can form aggregate flocks (Takano 1981). This species has a wide distribution in
subtropical-temperate waters (Ake-Castillo et al., 2001). For instance, it may be very
important in phytoplankton blooms, occurring in the North-Western Mediterranean (Sarno
et al., 2004) as well as in the coastal area of the Gulf of Naples (Ribera d’Alcala et al.,
2004). M. comicus have almost the main pigment composition of the other diatom species,

P. simplex.

Imantonia rotunda

This species was described for the first time by Reynolds (1974). The cells are motile, more
or less spherical, diameter 3-4pm (Fig. 6.2a). The two flagella are smooth and equal, a
haptonema is absent. The chloroplasts are parietal and usually two in young cells,
sometimes four-five in older ones. Opposite to the flagellar pole there are two or three
vesicles containing leucosin. Little is know about the ecology and distribution of this small
flagellate. The light harvesting complexes (LHC) of I. rotunda have again chlorophyll ¢;+c;,
but also chlorophyll c3. On the other hand, 19’Hexanoylfucoxanthin is the main carotenoid,
though Fucoxanthin and 19’Butanoiloxyfucoxanthin are even present. The other pigments

are: B-carotene, Lutein and xanthophylls cycle containing Diadinoxanthin and Diatoxanthin.

a)

Figure 6.2 — Transmission Electron Micrographs (TEM) of I. rotunda (a) and Scanning
Electron Micrographs (SEM) of Phaeocystys sp.(b).
Phaeocystys sp.
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Phaeocystis is recognized both as a nuisance and as an ecologically important phytoplankter
species. Its polymorphic life cycle with both colonial and flagellated cells causes many
taxonomic problems.

This taxon includes strains isolated from the North-Western Mediterranean Sea during the
Norbal cruise of spring 2003. It is very similar to strains MEDNS2 and MEDNS3 (Zingone
et al. 1999b) isolated by Natalie Simon in the same area. Being single-celled and similar in
scale morphology, it was preliminarily attributed to P. cordata, but it has morphological
differences that were initially unappreciated. As compared to P. cordata, Phaeocystis sp. is
somewhat larger, has a rounded body, shorter flagella and the larger body scales are circular
rather than oval. In addition, it forms huge amounts of mucus that have so far hindered
molecular analyses.

Phaeocystis sp. has a pigment composition similar to I. rotunda, except that the main

carotenoid is Fucoxanthin.

Micromonas pusilla

It is one of the smallest known flagellates, described for the first time by Butcher (1952)
with the name of Chromulina pusilla. The actual name is due to Manton and Parke (1960),
who described more in details the cell ultrastructure. The cells are 1-3 pm long, with a
single posterior flagellum divided into a very short basal part and a longer hairpoint which
contains only the central pair of flagellar axoneme microtubules. There is a single
chloroplast with a pyrenoid, while an eyespot is lacking. Both the flagellum and the cell
wall are naked. M. pusilla is distributed in all seas and often occurs in very large numbers

(Guillou et al., 2004).

Figure 6.3 — Scanning Electron Micrographs (SEM) of M. pusilla.
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M. pusilla has a light harvesting complex similar to plants, containing Chlorophyll b, -
carotene, Lutein and a xanthophylls cycle with Violaxanthin, Antheraxanthin and
Zeaxanthin. Furthermore, this species contains Prasinoxanthin, Neoxanthin, a Chlorophyll
c-like (MgDVP) and small amounts of urolide serie pigments just reported by Egeland et al.,
1995.

6.1.1 Culture conditions

The cultures were grown in Nalgene sterile square media bottles, bubbled with filtered air.
The medium was 0.22 um-filtered and sterilized seawater, enriched with /2 Guillard
nutrients for diatoms (Guillard, 1983) and with K for the other species (Keller et al., 1987).
All cultures were frequently examined by means of light microscopy to exclude the
presence of contaminating algae and sterile technique was employed to minimize bacterial
contamination. Cultures of each species, kept in turbidostat-like conditions, were generally
pre-adapted to experimental settings for at least three weeks in controlled culture chambers
with a temperature of 20°C and a 14:10 LD cycle. Growth irradiance was provided by
fluorescing lamps and dosed to the cells as a “block” regime (i.e. a rectangular on/off light
climate). The photon flux density (PFD) was measured inside the Nalgene bottles filled with
filtered seawater, utilizing a PAR 4n sensor of Biospherical Instruments (mod. QSL-101).
The “block” mode, which we used to light supply, may affect the photoprotective
carotenoids content, as recently showed in some studies, comparing different ways of light
supply (Garcia-Mendoza et al., 2002). For instance, it is probably responsible for the high
DPS state found in the ML cultures before CULT-1 experiment started. On the other hand,
we can reasonably exclude interference in the CULT-2 experiment, since HPLC samples
taken immediately before and after the on/off switch show negligible variations in
xanthophylls pool content and DPS state.

Notwithstanding the care to homogenize the culture suspensions during the experiments and
to dilute them, when working in turbidostat-like mode, we can not rule out errors in the
estimates of pigment content and cell concentration due to an inefficient mixing or inexact
dilution. However, some replicate samples of HPLC and FCM were taken, revealing
relatively low variance in pigments content and cells number, so that we can at least exclude
large errors due to sampling or analytical procedures. Furthermore, the pigments content
was averaged over the Chlorophyll a and/or cells number to mitigate the eventual

differences between sub-samples.

107



Results-Short term responses

6.2 CULT-1

The CULT-1 experiment was carried out on cultures grown at different irradiance regimes.
In particular, for each studied species, one culture, called Low Light (LL), was acclimated at
a PFD of 80pmol photons m™ s, the other one, called Medium Light (ML), was acclimated
at a PFD of 300 pmol photons m™ s for at least three weeks. When the experiment started,
the two cultures were exposed for 4 hours to a high light (PFD = 1200pumol photons m™ s™),
provided by a HQI-T 250W/D lamp (Osram). The temperature was kept constant (20 £0.1°
C) by a controlled water bath and the cultures were under aeration. No further dilution
(batch mode) was provided when the experiment took place. Samples for pigment
determination (HPLC) and for in vivo variable fluorescence measurements (Phyto-PAM)
were taken at 0, 5, 15, 60, 120, 240 min. Sampling and technical procedures were described
in detail in the section 3.2. During the experiment the de-epoxidation state of the
xanthophylls cycle (DPS) was calculated as the ratio between Diatoxanthin and the sum of
Diadinoxanthin and Diatoxanthin, Dt/(Dd+Dt), for the golden-brown algae and as the ratio
between the sum of Zeaxanthin and 0.5* Antheraxanthin and all the xanthophyll cycle pool,
Z+0.5A/(V+A+Z), for the green algae, according to Casper-Lindley and Bjorkman, (1998).
The photoprotective carotenoids (PPC) were calculated as the sum of the pigments of

xanthophyll cycle (Dd, Dt, V, A, Z), B-carotene and Lutein.

6.2.1 Pigments
Before the high-light treatment, all the five species showed, a higher photoprotective
carotenoids (PPC)/ Chl a ratio in the ML cultures than in the LL ones (Table 6.2). The

lowest difference was recorded between the two cultures of P. simplex and the highest in I.

rotunda.
Species LL ML
P. simplex 0,19 0,25
M. comicus 0,23 0,49
I. rotunda 0,22 0,55
Phaeocystis sp. 0,21 0,41
M. pusilla 0,22 0,35

Table 6.2 — Photoprotective carotenoids / Chlorophyll a ratio (PPC/Chl a) in the LL and
ML cultures, before CULT-1 experiment.
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These differences were essentially due to an increase of xanthophyll cycle pigments in the

ML cultures (Fig. 6.4).
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Figure 6.4 — Pigments /Chlorophyll a ratio (Mpig/MChl a) 1 in the LL and ML cultures of
P. simplex (a), M. comicus (b), I. rotunda (c), Phaeocystis sp. (d) and M. pusilla (e), before

CULT-1 experiment.

The highest increase was observed in I. rotunda, where Diatoxanthin (Dt) content per Chl a

in the ML culture exceeded by ~ 10 fold that of LL culture (Fig. 6.4c) and the lowest

increment was observed in P. simplex (only 20% of increase in the ML culture) (Fig. 6.4a).

In M. pusilla, the de-epoxidezed form (Zeaxanthin) showed the highest increase (0.04 and

0.10 in LL and ML cultures respectively) (Fig. 6.4¢).

The photosynthetic pigment content per Chl a did not present significant changes between

the ML and LL cultures of each investigated species (data not shown).
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Before the high-light treatment the DPS state of the ML cultures was higher than the LL

one, while they displayed quite similar values at the end of the experiment (Tab.6.3, Fig.
6.5).

LL ML
DPS-0h DPS-4h DPS-0h DPS -4h
P. simplex 0.20 0.71 0.28 0.68
M. comicus 0.16 0.51 0.43 0.72
I. rotunda 0.15 0.85 0.44 0.81
Phaeocystis sp. 0.14 0.79 0.34 0.75
M. pusilla 0.15 0.50 0.38 0.65

Table 6.3 — DPS state in the LL and ML cultures, before and after CULT-1 experiment.

In the golden-brown algae, DPS increase was very rapid, with more than 80% of increment
after only 5 min, then the values remained quite constant (Fig. 6.5a,b). In the green algae M.
pusilla the changes were less pronounced, above all in the ML culture. However, in the LL

culture the increase was again rapid (~60% of increment after Smin) (Fig. 6.5¢).

Dt/(Dd+Dt)
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Figure 6.5 — DPS state in LL (@) and ML ( A) cultures of P. simplex (a), Phaeocystis sp. (b)
and M. pusilla (c) during CULT-1 experiment.

In all the species a de novo synthesis of xanthophyll cycle pigments occurred during the
high-light treatment and was higher in the ML cultures than in the LL ones (data not

shown).
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In all the species, the other photoprotective carotenoids and the photosynthetic pigments of
all the cultures did not change during CULT-1 experiment (data not shown). The only
exception was Lutein in M. pusilla: at the end of the experiment the content of Lutein per

Chl a exceeded the initial value by 5 folds in both the grown cultures (Fig. 6.6).
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0.2
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Figure 6.6 — Lutein/Chl a ratio (MLut/MChl a) of LL (e) and ML (A) cultures of M.
pusilla during CULT-1 experiment.

On the other hand, small amounts of V- cycle pigments were recorded in both LL and ML
cultures of golden-brown algae, accounted for less than 5% of the PPC pool. In particular,
Zeaxanthin showed a slight increase at the end of the high light treatment, though a clear

pattern was not evident (data not shown).

6.2.2 Phyto-PAM coefficients

The photosynthetic coefficients as derived from the Phyto-PAM measurements showed
clear changes during the high-light exposure in both LL and ML cultures (Tab. 6.4 and 6.5,
Fig. 6.7).

In ML culture of I. rotunda all the Phyto-PAM derived coefficients became undetermined
after 2h of exposure. It is probably due to a stress condition of the culture, since it had not
been diluted for the two days before the experiment.

A very rapid decrease of F,/Fy, ratio and apam values was observed in all the cultures (>75%
of reduction after only 5 min). In particular, in the two diatoms the pre-treatment and the
final (after 4h) values were quite similar in both LL. and ML cultures (Tab. 6.4 and 6.5). In
the other species F,/F, and apam Was higher and decreased more in the LL cultures than in
the ML one (Fig. 6.7).

The pre-treatment rEtry,, values of the two diatoms P. simplex and M. comicus, where
higher than the other species. A decrease of rEtry,x was observed during the experiment,
though less rapid than observed for the other coefficients. Again, the variations were quite

similar in both LL and ML cultures of the two diatoms, while in the other specie the LL
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cultures showed a more pronounced decrease (Fig. 6.7c,g;m). The smallest change was
observed in the green algae M. pusilla.

The Expam values during the high-light exposure were characterized by an increase in the
two diatoms species and in the LL culture of I. rotunda. The changes were less pronounced
in M. pusilla (Fig. 6.7n). By contrast, in both Phaeocystis sp. cultures Expam showed a slight
decrease (Fig. 6.7h).
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. Fu/Fm Opam rEtrmax Expam
Species oh 4h oh 4h oh 4h oh  4nh
P.simplex | 058 0.0 027 007 | 250 147 | 93 210
M.comicus | 0.57  0.16 024 010 | 253 160 | 104 170
l.rotunda | 050  0.04 027 002 | 103 0.2 38 200
Phaeocystis sp.| 054  0.05 025 003 | 13.9 0.5 55 30
M.pusilla | 063  0.06 026 003 | 12. 16 a7 79

Table 6.4 — Phyto-PAM derived coefficients in the LL cultures, before (Oh) and after (4h) CULT-1 experiment.

ML (Phyto-PAM coefficients)

Species Fuv/Fm Opam rEtrmax Expam
Oh 4h Oh 4h Oh 4h Oh 4h
P. simplex 0.55 0.19 0.22 0.09 324 21.0 146 243
M. comicus 0.50 0.15 0.22 0.10 28.4 20.7 131 200
l. rotunda 0.28 - 0.13 - 8.0 - 62 -
Phaeocystis sp. | 0.38 0.24 0.18 0.10 10.4 4.2 55 40
M. pusilla 0.47 0.21 0.21 0.09 1.4 8.6 54 71

Table 6.5 — Phyto-PAM derived coefficients in the ML cultures, before (Oh) and after (4h) CULT-1 experiment.
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6.3 CULT-2

The CULT-2 experiment aimed at testing the possible differences in photoprotection
responses in cultures experiencing periodical high irradiance. In addition, the possibly more
effective role in golden-brown algae photoprotection of Violaxanthin cycle was
investigated.

For each species, one culture, called Pre-Adapted (PA), was adapted for one month at
40umol photons m? s, and then it was exposed to a high-light cycle of 4 hours per day (for
at least 10 days), to allow acclimation before the experiment started. Another culture, called
Control Culture (CC) was only adapted at a growth irradiance of 40pmol photons m™ s™ for
at leasdt one month and used as control. During the 4h high-light cycles the PFD was
700pumol photons m™ s provided by a HQI-T 250W/D lamp (Osram). A controlled water
bath kept the temperature constant (20 +£0.1° C) and the cultures were aerated and kept in
turbidostat-like conditions. When the experiment started, the two cultures (CC and PA) were
exposed to high light (PFD= 700umol photons m? s) for 4h, without further dilution (batch
mode). In this experiment the sampling were collected with an higher frequency than the
previous one, to allow a better definition of the photoprotection mechanisms involved.
Samples for cell counting (FCM) and pigment content determination (HPLC) were taken at
0-1-2-3-5-6-8-10-15-20-25-30-45-60-120-240 min, while the samples for Phyto-PAM
measurements were taken at 0-10-30-45-60-120-240 min. After the high-light treatment the
two cultures were put back to the initial growth irradiance (40pmol photons m™ s™) and
samples were taken in order to study the epoxidation kinetics as well as the recovery of the
photosynthetic apparatus after the stress. Again, samples for cell counting (FCM) and
pigment content determination (HPLC) were taken at 0-1-2-3-5-6-8-10-15-20-25-30-45-60-
150 min, while the samples for Phyto-PAM measurements were taken at 0-10-30-45-60-150
min.

The sampling and technical procedures were described in detail in the section 3.2. The de-
epoxidation state (DPS) and the photoprotective carotenoids (PPC) were calculated as

described in the section 6.2.

6.3.1 Pigments
Before the exposure to the high-light cycles, PPC/Chl a ratio showed quite similar values in
the CC and PA cultures of each species (data not shown). By contrast, after the ten cycles of

4h high-light treatment, all the PA cultures showed a higher PPC/ Chl a ratio (Table 6.6).
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The lowest difference in the PPC/ Chl a ratio was recorded, between the two cultures of P.

simplex and the highest in M. pusilla.

Species CcC PA
P. simplex 0.12 0.14
M. comicus 0.08 0.18
I. rotunda 0.11 0.17
Phaeocystis sp. 0.11 0.16
M. pusilla 0.10 0.21

Table 6.6 — Photoprotective carotenoids Chlorophyll a ratio (PPC/Chl a) in CC and PA
cultures, before CULT-2 experiment started.

The pigment content per cell indicated that in the PA cultures there was a contemporary
increase of the xanthophyll pool and a reduction of Chlorophyll a (data not shown).

P. simplex showed little differences between the two cultures: Dd/Chl a rose from 0.09 to
0.12, while Dt/Chl a from 0.02 to 0.04 (Fig. 6.8a). By contrast, a greater increase was
observed in M. comicus, where Dd and Dt of PA culture exceeded by 5 and 7 fold
respectively the CC values (data not shown). In Phaeocystis sp., the increase involved
essentially the Dd pool (Dd/Chl a = 0.10 and 0.16 in the CC and PA respectively) (Fig.
6.8c) and I. rotunda showed a very similar pattern (data not shown).

In all the golden-brown algae the PA cultures showed an increase in the Violaxanthin-cycle
content, though its contribute remained negligible (<10% of the PPC pool) and was an order
of magnitude lower than that of the Diadinoxanthin cycle (Fig. 6.8). The highest V-cycle
pool increase was observed in the two diatoms (Fig. 6.8a). Also M. pusilla showed a marked
increase of both Violaxanthin (from 0.06 to 0.21) and Zeaxanthin (from 0.005 to 0.019)
(Fig. 6.8e).

As in CULT-1 experiment, the pre-treatment values of the other photoprotective pigments
and of photosynthetic pigments did not display significant differences between CC and PA

cultures (data not shown).
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Figure 6.8 — Pigments /Chlorophyll a ratio (Mpig/MChl a) of Diadinoxanthin cycle (a) and
Violaxanthin cycle (b) in P. simplex and of Diadinoxanthin cycle (¢) and Violaxanthin cycle
in I. rotunda (d) and in M. pusilla (e) before CULT-2 experiment.

e)

Each species showed a quite similar DPS state between the CC and PA cultures, with the
lowest values recorded in I. rotunda (Tab. 6.7). When the experiment began, DPS increased
very rapidly in all the species (Fig. 6.9) though with significant differences between CC and

PA cultures.
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CcC PA
DPS Oh  DPS 4h DPS -Al DPS Oh DPS 4h DPS -Al
P. simplex 0.20 0.79 0.23 0.24 0.70 0.20
M. comicus 0.11 0.60 0.21 0.18 0.68 0.19
I. rotunda 0.03 0.54 0.21 0.02 0.67 0.05
Phaeocystis sp. 0.11 0.66 0.16 0.08 0.60 0.14
M. pusilla 0.09 0.41 0.15 0.09 0.22 0.13

Table 6.7 — DPS state in the CC and PA cultures, at Oh, after 4h of high-light and after 150
min (Al) at growth irradiance (see text), CULT-2 experiment.

For instance, in P. simplex cultures DPS increased of ~ 30% after only 1 min (Fig. 6.9a). A
similar pattern was observed in M. comicus, with an increase of ~25% (data not shown). By
contrast, in CC culture of I. rotunda DPS showed a less pronounced increase than the PA
one (8% and ~30% respectively after 1min) (Fig. 6.9b). The lowest DPS changes where
recorded in the PA culture of M. pusilla (Tab. 6.7; Fig. 6.9¢c).
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Figure 6.9 — DPS state in CC (®) and PA (A) cultures of P. simplex (a), I. rotunda (b), and
M. pusilla (c) during CULT-2 experiment.
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In CULT-2 experiment the de novo synthesis of D-cycle pigments (essentially
Diadinoxanthin) was higher in the PA cultures than in the CC ones (Fig. 6.10). By contrast,

in M. pusilla a new sinthesysis occurred only in the CC culture (data not shown).
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Dd+Dt/Chl a

Figure 6.10 —Newly synthesized (Dd+Dt)/Chl a ratio after high-light treatment (4h) of CC
(blue area) and PA (red area) in CULT-2 experiments.

In the golden-brown algae, the V-cycle pool showed an increase at the end of the
experiment, however not clear pattern was recognizable in the DPS state, since almost the
main pool was in the de-epoxidized form just at the beginning of the experiment. The only
exception was P. simplex: both CC and PA cultures displayed DPS values quite constant in

the first 30 min of exposure and then they increased until the end of the experiment (Fig.

6.11).
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Figure 6.11 — DPS state of Violaxanthin cycle in CC (®) and PA ( A) cultures of P. simplex
during CULT-2 experiment.

The lower importance of V-cycle in the photoprotection of golden-brown algae was
indicated by their contribution to the newly synthesized xanthophylls during the high-light
treatment of both CULT-1 and CULT-2 experiment (Tab. 6.8).
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CULTA1 CULT-2
LL ML CcC PA
P. simplex 28.7 25.5 9.6 5.6
M. comicus 28.3 25.7 14.8 9.1
I. rotunda 14.3 0.9 10.4 5.5
Phaeocystis sp. 124 15.9 9.6 4.3

Table 6.8 — Percentage of newly synthesized V-cycle pigments (normalized for Chl a
content) after the 4h treatment, CULT-1 and CULT-2 experiments.

In all the cultures the other photoprotective carotenoids and the photosynthetic pigments did

not change, with the only exception of Lutein in M. pusilla (data not shown).

When cultures were put back to the initial growth irradiance (i.e. 40 umol photons m™s™)
the DPS state decreased and after 150 min reached values generally similar to the pre-
treatment ones, though higher (Tab. 6.7). However, the kinetics of epoxidation was
generally more rapid in the PA cultures than in the CC ones (Fig. 6.12). For instance, after
30 min, DPS reached 40% and 54% of total decrease in CC and PA cultures of P. simplex
respectively (Fig. 6.12a). M. comicus and Phaeocystis sp. showed a pattern similar to that of
P. simplex (data not shown); while in I. rotunda the highest differences between the two
cultures were observed. In particular the DPS varied linearly in the CC culture (Fig. 6.12b).
Again, the lowest change was observed in the PA culture of M. pusilla (Tab. 6.7; Fig.
6.12c¢).
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Figure 6.12 — DPS state in CC (e) and PA (A) cultures of Papiliocellulus simplex (a), I.
rotunda (b) and M. pusilla (e) after the high-light treatment of CULT-2 experiment.
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6.3.2 Phyto-PAM coefficients

In CULT-2 the Phyto-PAM coefficients showed differences in the photophysiological
responses between CC and pre-adapted (PA) cultures (Tab. 6.9 and 6.10; Fig. 6.13). Unlike
LL and ML cultures of CULT-1, initial CC values of apan were almost all the same of the
PA ones in all the species. The pre-treatment (Oh) rEtry,. values were quite similar in the
cultures of P. simplex and M. comicus, while in the other species the PA cultures exceeded
the values of the CC ones by more than 2 fold.

In P. simplex and M. comicus the two cultures showed very similar variations in F,/Fy, ratio
and opam, while the two prymnesiophytes, |. rotunda and Phaeocystis sp., displayed a
higher decrease in the CC cultures than in the PA one. For both coefficient the highest
variations were observed in the CC culture of I. rotunda (Tab. 6.9, 6.10), which showed also
the “sharp” decrease (60% of change after 30 min) (Fig. 6.13e,f); while the lowest variations
were recorded in the PA culture of M. pusilla (Fig. 6.13i,1).

rEtrya.x followed the patterns of the other two coefficients: a decrease, but less pronounced
in the PA cultures. The highest changes were observed in I. rotunda. At the end of the
experiment (4h), the rEtr,,x was 5 and 3 fold lower than the pre-treatment ones in the CC
and PA culture respectively (Fig. 6.13g).

Expam values were characterized by an increase, although marked differences were observed
between the species. In particular, in P. simplex Expam increased in the first 30 min of
exposure (from 71.0 to 95.1 pmol photons m™s™ in CC culture and from 83.4 to 129.8 pmol
photons m™ s in the PA one) and subsequently decreased until the end of the experiment
(Fig.6.13d). In the other diatom, M. comicus, there was a regular increase, with higher
change in the PA culture than in the CC one (Tab. 6.9-6.10).

I. rotunda was the species with the most pronounced increase of Expam (Fig. 6.13h). As in
Phaeocystis sp., Expam values showed only a slight increase in M. pusilla CC culture; while
in the PA one the values were quite constant in the first 2h of high-light exposure and after

showed a sharp increase (Fig. 6.13n).
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Species Fy/Fm OpAM rEtrmax Expam
Oh 4h Al Oh 4h Al Oh 4h Al Oh 4h Al
P. simplex 0.70 0.42 0.64 0.29 0.17 0.27 20.5 12.0 15.6 71 76 59
M. comicus 0.68 0.25 0.44 0.26 0.12 0.20 28.8 16.3 22.3 110 133 110
l. rotunda 0.67 0.04 0.24 0.29 0.02 0.10 10.3 1.9 7.8 36 126 75
Phaeocystis sp. 0.66 0.29 0.47 0.29 0.12 0.20 16.3 6.9 11.0 57 58 55
M. pusilla 0.65 0.27 0.50 0.26 0.11 0.20 16.1 8.1 15.0 63 77 75

Table 6.9 — Phyto PAM derived coefficients in the CC cultures, before (Oh), after 4h of high-light and after 150 min (Al) at growth
irradiance (see text), CULT-2 experiment.

PA (Phyto-PAM coefficients)

Species Fv/Fm OpAM rEtrmax Expam
Oh 4h Al Oh 4h Al Oh 4h Al Oh 4h Al
P. simplex 0.67 0.39 0.62 0.27 0.16 0.26 22.8 12.6 16.3 83 77 64
M. comicus 0.57 0.29 0.52 0.24 0.10 0.21 24.6 12.8 15.4 73 126 72
l. rotunda 0.66 0.17 0.41 0.28 0.14 0.17 26.5 8.4 7.3 76 141 43.8
Phaeocystis sp. 0.68 0.49 0.59 0.28 0.19 0.24 41.3 26.0 41.7 146 136 171
M. pusilla 0.68 0.55 0.64 0.27 0.21 0.25 33.0 23.2 29.8 23 108 119

Table 6.10 — Phyto-PAM derived coefficients in the PA cultures, before (Oh), after 4h of high-light and after 150 min (AI) at growth

irradiance (see text), CULT-2 experiment.
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When CC and PA cultures of each species were put back to the growth irradiance (i.e. 40
umol photons m™~ s') the Phyto-PAM derived coefficients showed a general tendency to
return to the pre-treatment values.

As during high-light exposure, the F,/F,, ratio and the apanm values of the two diatoms P.
simplex and M. comicus displayed a very similar pattern in both CC and PA cultures,
reaching almost all the initial values after 150 min (Fig. 6.14a). In the other species there
was a less pronounced change in the PA cultures than in the CC one. In particular, the CC
culture of I. rotunda showed the highest variations, but the values reached after 150 min
were still far from the initial pre-treatment ones.

Furthermore, this culture displayed a linear increase of F/F,, and apam values (Fig. 6.14e,f)
as just observed for the DPS state (Fig. 6.12b). M. pusilla showed the lowest changes in the
two coefficients described, especially for the PA culture (Fig. 6.141,1).

A negative linear correlation was found between DPS state and F,/Fy, not only during the
high-light treatment, but also when the cultures were carried back to the growth irradiance
(Tab. 6.11). The highest values of correlation coefficient (r) was found in the CC culture of
I. rotunda after illumination period (AI), while the PA cultures of Phaeocystis sp. and M.

pusilla showed the lowest ones.

CcC PA
DI Al DI Al
P. simplex 0.98 0.97 0.98 0.98
M. comicus 0.96 0.92 0.94 0.94
I. rotunda 0.96 0.99 0.95 0.96
Phaeocystis sp. 0.94 0.98 0.89 0.89
M. pusilla 0.96 0.85 0.88 0.88

Table 6.11 — Linear correlation coefficient (r) between DPS and F,/F,, during high-light
treatment (DI) and when the culture returned at growth irradiance (AI) in CULT-2
experiment.

The rEtry,.x showed only a slight increase in all the cultures (Tab. 6.9-6.10; Fig. 6.14). As for
the other parameters, in the two diatoms CC and PA cultures had a similar pattern (Fig.
6.14c¢). In I. rotunda the most pronounced variation was observed again in the CC culture
(Fig. 6.14g), while in Phaeocystis sp. and in M. pusilla (Fig. 6.14m) it was recorded in the
PA ones. In these cases rEtry,x quite reached the pre-treatment value.

The Eyxpam values decreased and partially returned to the pre- treatment conditions. In P.

simplex Expam decrease was almost all identical in the two cultures (Fig.6.14d).
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By contrast, in M. comicus the Expam decrease was more rapid in the PA culture (78% of
total change after 10 min) than in the CC one (58%) (data not shown).

A similar patter was observed in I. Rotunda (61% of total change after 10 min in PA
culture), while in the CC culture the Expam value recorded after 140 min exceeded by ~ 2
fold the pre-treatment one (Fig. 6.14h).

In Phaeocystis sp. (data not shown) and in M. pusilla (Fig. 6.14n) Expam values were quite

constant in CC cultures, while they slight increased in the PA ones.
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6.4 Discussion

The CULT-1 and CULT-2 experiments were aimed at study photoprotection mechanisms in
ultraphytoplankton species. In fact, as said in the section 1.2, the spatial distribution and the
contribution to primary productivity of different ultraphytoplankton groups could be related
to their capacity to acclimate to unpredictable fluctuations of natural light fields. The two
experiments showed evident changes in both xanthophyll pools and Phyto-PAM derived
coefficients of all the five species. Although it was not possible to discern directly any
differences in photophysiological response as related to cell size since the species under
investigation are all small than Sum, we have tried to compare our results with the data

available in literature on “model” species.

Golden-brown algae photoprotection

As a first point, the four golden-brown algae under investigation showed a clear
involvement of Diadinoxanthin (Dd) cycle in the photoprotection. In both the experiments
the reaction of de-epoxidation was a very rapid process, while the epoxidation process was
slower. This general scheme is not different from the picture emerged in the previous
studied focused above all on large diatoms (Arsalane et al., 1994; Olaizola et al., 1994;
Lavoud et al., 2002a,b,c).

However, inter-specific differences can be pointed out. DPS state rose slightly faster in the
two prymnesiophytes (Imantonia rotunda and Phaeocystis sp.) than in the two diatoms.
After Imin of high-light treatment the DPS values exceeded by 1.5 and 2.6 the initial ones
in diatoms and prymnesiophytes respectively (CULT-2 experiment). By contrast, no
difference was found between cultures of the same species comparing the two experiments
(e.g. CCvs. PA). The speed of the de-epoxidation is generally explained taking into account
that Dd-Dt conversion is a one-step process (Ruban et al., 2004), but other hypotheses are
under investigation. The Dd de-epoxidase could be activated at lower ApH than the V-cycle
or related to the more appressed position of thylakoids (Lavoud et al., 2002b). We may
reasonably suppose that just this variability in the photosynthetic apparatus organization
explain the observed differences among the species.

With the regard to the epoxidation process, the four species did not show significant
difference. By contrast, the CULT2 experiment outlined that the epoxidation process was
faster in the PA cultures than in the CC ones. Furthermore, during the high-light exposure
de-novo synthesis of xanthophylls pool (i.e. Diadinoxanthin) was higher and started earlier

in the PA cultures than in the CC ones. In addition, the periodic high light exposure in PA
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cultures determined an increase of Diadinoxanthin pool size, but no contemporary change in
the pigment composition of the antenna (such as Fucoxanthin content), which was quite
similar in both CC and PA cultures. A similar patter was observed in P. tricornutum cultures
exposed to intermittent light-regime (Lavoud et al., 2002¢; 2003). These strategies have a
high adaptative significance: modulating the Dd content and the velocity of recovery, the
cell can regulate its capacity to cope with possible excessive irradiance without changing
significantly the light harvesting under limiting irradiance. This is an obvious advantage in
mixed water, where the irradiance regime changes very rapidly and the cells could be

alternatively exposed to excessive and sub-saturating irradiance.

The negative correlation between the DPS state and the quantum yield of photosystem II
(F\/Fp) indicates that in all the golden-brown algae the dissipative processes during the
high-light treatment were modulated by the xanthophyll pool changes, i.e. Dt formation. In
particular, the apay decrease observed in both CULT-1 and CULT-2 experiments clearly
indicates that a reduction in the absorption cross section of antenna took place. However, as
discussed in the section 2.3.3 if Dt play a direct or/and an indirect role in this process is far
to be elucidated.

Again, the effectiveness of this photoprotection mechanism seems different between
diatoms and prymnesiophytes. In particular, during CULT-1 experiment, when the light
supply was very high (PFD = 1200 pmol photons m™ s™) electron turn-over rate (rEtrmay)
showed a dramatic decrease in the LL cultures of |. rotunda and Phaeocystis sp.
(photoinhibition occurred), while in the diatoms the decrease was limited (Tab. 6.12). On
the other hand, the rEtr,,x decrease recorded in both ML and PA of prymnesiophytes was
less pronounced. At the same time, the cultures showed lower changes in DPS state and
F,/Fn, as well as a reduction in the correlation between these two parameters (Tab. 6.11). All
these elements suggest that other photoprotection mechanisms could be involved when
acclimation occurs. For instance, Lavoud et al. (2002a) found evidence for the induction of
an electron transfer cycle around PSII in P. tricornutum at high light intensity. This
chlororespiration is thought to proceed via the plastoquinol pool and to use reductants to
ATP synthesis (Bennoun, 2001; Behrenfeld et al., 2004). In this way the cell can
contemporary reduce photodamage and extend the range of useful electron transport.
However, no significant difference existed in rEtry.x reduction between LL and ML or CC
and PA cultures of the two diatoms species. If these alternative patterns in diatoms are

always “ready to start”, could be an interesting point of investigation. For instance,
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Allakhverdiev et al., (1997) postulated an involvement of Cytysso in the switching

mechanism ensuring that the cyclic pathway is activated only at high light intensity.

CULTA1 CULT-2
LL ML CcC PA
P. simplex 41.2 35.2 41.5 44.7
M. comicus 37.8 271 43.4 47.0
I. rotunda 98.1 - 81.6 68.3
Phaeocystis sp. 96.4 59.6 57.76 37.0

Table 6.12 — Percentage of rEtry,.x decrease after the 4h high-light treatment of CULT-1 and
CULT-2 experiments.

Violaxanthin cycle in golden-brown algae

In Both CULT-1 and CULT-2 experiments, the four golden-brown algae showed the
presence of the Violaxanthin-cycle (V-cycle) too. To date, few studied indicated the
contemporary presence of both Dd- and V-cycle in golden-brown algae (Lohr and Wilhelm,
1999; 2001). On the other hand, some species (e.g. in Chrysophyceae) possess the V-cycle
but no the D-cycle (Hager and Stranski, 1970, Lichtlé et al., 1995). Lohr and Wilhelm
(1999) proposed that Violaxanthin is an obligate precursor of Diadinoxanthin and

Zeaxanthin can compete with Diadinoxanthin synthesis (Fig. 6.15).

phytoene
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e 'f e )
& HL M HL ™ 2
zeaxanthin £ antheraxanthin £ violaxanthin
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diatoxanthin ___F"!_ diadinoxanthin
LL
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Figure 6.15 — Hypothetical coupling between xanthophylls-cycle pools and Fucoxanthin
biosynthetic pathway, proposed by Lohr and Wilhelm (1999).

In their studies on P. tricornutum, they found that increasing amounts of newly synthesized
Violaxanthin are converted in Zeaxanthin more than in Diadinoxanthin, when the cells are
subjected to increasing irradiance.

By contrast, in our experiments the contribution of V-cycle to the photoprotective

carotenoids pool (PPC) resulted negligible, accounted always for less than 10% of the PPC.
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Further, the newly synthesized xanthophylls were allocated only for ~10% in the V-cycle
during CULT-2 experiment and ~20% during CULT-1 (Tab. 6.8).

The data emerging from our results indicated some factors influencing V-cycle pigments
accumulation in the investigated species. At first, the duration of high-light treatment:
Zeaxanthin accumulation increased after at least 60 min of high-light exposure. Secondly,
the light intensity: as previous said the de novo synthesis of V-cycle pigments was higher in
the CULT-1, with a PFD of 1200 umol photons m™s™. Since these factors are the same
proposed by Lohr and Wilhelm (1999) for P. tricornutum, we may hypothesize that the
general pathway was identical for all the golden-brown algae, but the importance of V-cycle
in the photoprotection of each species could be subjected to an evolutionary constraint.

In particular our results showed clearly that in the four species under investigation the
Diadinoxanthin pathway was preferred to the Zeaxanthin one, probably since
Diadinoxanthin is a better substrate for de-epoxidase and, consequently more favorable in

the short-term regulation (Lohr and Wilhelm, 1999).

Green algae photoprotection

In our experiments on M. pusilla the small changes in DPS state and quantum yield of PSII
(Fv/Fy) in ML and, above all, PA cultures, suggest that acclimation promotes other
photoprotective mechanisms in this species rather than the V-cycle. For instance, the low
increase of DPS state during the exposure to excessive light indirectly confirms the pathway
proposed by Gilmore (2001) for the “model” species Arabidopsis thaliana: only a small
proportion of the Zeaxanthin pool is “active” and directly involved in the energy dissipation
processes. Havelkova-Dousova et al. (2004) hypothesized that a combination of other
mechanisms (e.g. state transition, dimension of antenna) more than the xanthophylls cycle
operate at short time scales in Dunaliella tertiolecta cultures exposed to fluctuating
irradiance. Further, Horton and Ruban (2005) outlined a role of PsbS protein complex in the
photoprotection mechanism of plant and green algae, though the available data were not
adequate to explain it in detail. Just this brief description clearly indicate that to date, the
exact role of V-cycle in the green algae photoprotection is even more disputed (Masojidek et
al., 1999; Garcia-Mendoza et al., 2002).

However, our result indicated that in PA culture of M. pusilla, as just observed in golden-
brown algae, a series of physiological adjustment (e.g. pigment synthesis) are adopted to

cope simultaneously with low and high irradiance. The effectiveness of this strategy is
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proved by the high photosynthetic performance of PA culture (rEtr. exceed by 2fold that
of CC culture).

In this general picture an important role could be play by Lutein, since M. pusilla showed an
increase of Lutein content per Chl a in both experiments. This pigment may have a direct
role in photoprotection since it is low efficient in light energy transfer (see section 2.3.3),
but recent studies explored other hypotheses (Niyogi et al., 1997a,b; Pineau et al., 2001).
For instance, Lokstein et al., 2002 working on Arabidopsis thaliana mutants, suggest that
Lutein is involved in correct assembly of PSII antenna system rather than directly in NPQ.
In particular, this pigment seems to control the functional antenna size and the connectivity
between the reaction centers. By contrast, no change in Lutein content was observed in the
two prymnesiophytes, which also contain this pigment. We may hypnotize that in the
golden-brown algae the evolution of a different xanthophyll cycle (D-cycle) determined a

different organization of the antenna and hence Lutein lose its original function.

In summary, all the five species under investigation showed efficient mechanisms of
photoprotection to excessive irradiance, albeit some differences emerge between them (e.g.
different role of xanthophylls cycle in the green algae compared with the golden-brown
ones).

In the four golden-brown algae the V-cycle seems only an unavoidable competitive
pathway, probably heritage of an ancestor, while the faster Diadinoxanthin de-epoxidation is
the effective process involved in the mechanism of energy dissipation.

Furthermore, when acclimated to fluctuating irradiance regime (CULT-2 experiment) all the
species show adaptative strategies in the photophysiological parameters geared toward
optimizing fitness. A consequence of this flexibility is the capacity of maximizing the
growth rate in spite of both predictable (circadian cycle) and unpredictable (e.g. turbulent
water) irradiance fluctuations. On the other hand, clear differences exist between the
investigated species: the two diatoms seem to have efficient photoprotective “machinery”
even in absence of photoadaptation. By contrast, |. rotunda showed dramatic differences
between pre-adapted and non adapted cultures.

These results can be helpful to interpret the pattern of occurrence of the species. For
instance, the seasonal cycle of I. rotunda at st. MC is generally characterized by a maximum
in spring (April) when the first stratification takes place and the water column is less
dynamic (Sarno, personal communication). This kind of distribution is coherent with the

less flexibility to unpredictable changes of the light field observed in this species during our
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experiment. For the other prymnesiophytes Phaeocystis sp. it is not possible to compare its
distribution with its photophysiology since it is still a little known species. To date it was
found only in the Northern —-Western Mediterranean Sea during the early spring bloom.

In the case of M. pusilla, the effectiveness of its photoprotection mechanism, above all in
the pre-adapted species is surely one of the explanation for its presence at st. MC over the
major part of the annual cycle (Zingone et al. 1999a) and for its world-wide distribution
(Not et al., 2004).

However, the pattern of occurrence of the two diatom species suggests that other factor may
influence the distribution of a single species. In fact, M. comicus showed a peak during the
autumnal bloom at st. MC (Ribera d’Alcala et al., 2004) and was found in high number also
during the early spring bloom in the Northern —Western Mediterranean Sea (Sarno et al.,
2004); while P. simplex was less abundant in the Northern —Western Mediterranean and it
has been never found at st. MC (Zingone, personal communication). In spite of these clear
differences in the distribution of these two diatoms, our experiments showed identical
photoprotection mechanisms and effectiveness. In our opinion, the spatial and temporal
distribution of phytoplankton species could be regulated by endogenus clock, activated by
environmental factors, such as photoperiod.

It would be a very interesting point for further investigation to test mechanisms of
adaptation to fluctuating light in different strains of a same species which occur at different
moments of the year. In this way, possible intra-specific differences could be highlighted
and compared with the inter-specific ones.

The analysis of Phyto-Pam derived coefficients has permitted to obtain very reliable
information on photophysiological state of cells during the experiments (i.e. changes in the
electron transport rate). On the other hand, it is evident that the determination of NPQ would
provide a more complete picture in order to clarify the links between DPS state and
photosynthetic apparatus conditions. The contemporary definition of Phyto-PAM

coefficients and NPQ would be another stimulating point for further investigation.
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CONCLUSIONS

As widely discussed in the first chapter, this project was focused on a better
understanding of the role of ultraphytoplankton (<5um) in marine ecosystems, with
specific attention to small eukaryotes, since their contribution to phytoplankton
community would be largely underestimated. To date, few studies (e.g. Moon-van der
Staay et al., 2001; Zhu et al., 2005) were performed on the taxonomic composition (only
~40 species have been formerly described) and the contribution to total phytoplankton
biomass of the smallest eukaryotes. Previous results (Vaulot et al., 2001; Bec et al.,
2005) seem to indicate that small eukaryotes are more abundant in coastal waters. To test
these hypotheses, we have studied the distribution of ultraphytoplankton as compared to
the entire phytoplankton biomass and productivity over an annual cycle at a long-term
sampling station in the Gulf of Naples (st. MC). Further, the seasonal evolution of
taxonomic composition (main algal groups) of this fraction has been determined by
means of HPLC.

Our results showed that ultraphytoplankton accounted on average for ~50% of both
phytoplankton biomass and primary production. It results a structural elements of
phytoplankton community of coastal areas, even in sites subjected to important land run-
off as the case of st. MC. However, the mean percentage contribution of
ultraphytoplankton to total phytoplankton biomass decreased significantly during bloom
conditions. This trend is similar to that found by Agawin et al. (2000) and Bell and Kalff
(2001) for picoplankton (<2um) on world data sets. By contrast, our data did not show a
positive correlation between ultraphytoplankton contribution and temperature, as found
by the same authors. In our opinion, an explanation of this discrepancy was the presence
at st. MC of episodic and variable inputs of new nutrients even in summer. As a
consequence, warm temperatures often were not characterized by a low nutrients content
and large cells were dominant (see chapter 1V). This picture is quite different from the
classic scheme of temperate areas where warm temperature coincide with a stratified and
nutrient poor water column dominated by small cells. In this scenario the nutrients
availability more than a direct effect of temperature on ultraphytoplankton growth rate

seems to modulate the phytoplankton community at st. MC.
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The results over the annual cycle indicated small eukaryotes as by far the main
component of ultraphytoplankton community. In details, the eukaryotes accounted on
average for 84.1+11.0% of the ultraphytoplankton biomass. In addition, our results have
outlined a pattern in the distribution of eukaryotes and prokaryotes within the
ultraphytoplankton fraction: the first are more important during the blooms, while
prokaryotes show the highest percentage contribution in oligotrophic conditions. We
have showed the presence of a correlation between prokaryotes and nutrients: the
percentage of this group decreased at higher nitrate concentration. This relationship
highlights an higher efficiency in nutrient up-take of prokaryotes at low nutrient
concentrations. In particular, the prochlorophytes more than the cyanobacteria showed
the highest differences in contribution to phytoplankton community over the annual
cycle: they are practically undetected during the blooms. These results are supported by
the recent studies of Zubkov et al. (2003), which indicated Phrochlorococcus as
generally dominant in systems based on recycled production since it turns out more
efficient in NH, and organic nitrogen compounds uptake.

By contrast, the success of small eukaryotes may be explained by their high
competitiveness in exploiting the episodic arrival of new nutrients as compared to
prokaryotes. Further, as shown by the experiments on monospecific cultures (see below),
these eukaryotes have a very adaptable photosynthetic apparatus that proves to be
successful in a water column subject to the alternation between stratification and mixing
(e.g. in spring and autumn). In addition, their productive capacity was similar to that of
large cells. All these elements may suggest that the lower contribution of
ultraphytoplankton eukaryotes during bloom periods could be related to an efficient
grazing pressure from the microzooplankton than to a less growth rate. In fact, previous
studies at st. MC (Modigh 2001; Modigh and Castaldo, 2001) showed that there is no lag
in the time response of microzooplancton to increase in chlorophyll a concentration. By
contrast, the growth rate of mesozooplankton seems inadequate to exploit the sudden
availability of preys (i.e. large cells) due to episodic inputs of new nutrients. Such grazing
pressure on small cells suggests a high transfer efficiency to higher trophic levels, tuning

the fate of carbon trough the food-web.
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The impact of size-selective microzooplankton grazing on small cells was demonstrated
in different costal sites (Jochem 2003; Mousseau et al., 1996; Bec et al., 2005) and some
recent studies may support the hypothesis of an essential biotic control on phytoplankton
community size-structure. For instance, Jiang et al. (2005) using an Evolutionary
Nutrient-Phytoplankton-Zooplankton (ENPZ) model showed that increasing nutrient flux
tends to increase phytoplankton cell size in the presence of phytoplankton-zooplankton
coevolution, but have no effect in the absence of zooplankton. On the other hand, Collos
et al. (2005) demonstrated that the Ks for nitrate up-take changes according to its
environmental availability and independently from size. The authors suggest the presence
of different nutrient carriers, which are activated at different nutrient concentrations.
Clearly if this hypothesis is confirmed, the general concept that large cells are more
efficient at high nutrient concentrations and, for this reason, dominant in eutrophic
conditions would be completely re-examined.

The HPLC data over the annual of cycle indicated that the >5um fraction is a low
diversified fraction at least on the pigment composition view, since Fucoxanthin is the
main pigment of this fraction. This result is confirmed by the previous microscopic
studies (Marino et al., 1984, Zingone et al., 1990), which indicated that diatoms are
always dominant during phytoplankton blooms at st. MC. By contrast,
ultraphytoplankton is a very diversify group, showing a clear seasonal successional
pattern in both surface and sub-surface layer.

The golden-brown algae were the dominant group in the ultraphytoplankton fraction,
according to the previous considerations about the importance of an adaptable
photosynthetic apparatus, successful in a dynamic water column. One of the most
interesting results of our data is the importance of the cryptophytes during the winter-
early spring and the autumn blooms, when this class accounted for ~40% of the
ultraphytoplankton biomass. In our opinion, this result underline the importance of
finding suitable methods to determine and quantify this group, probably underestimated
by traditional techniques.

The recent works of Not et al. (2004; 2005) indicated the Prasinophyceae, as one of the
main and constant component of small eukaryotes community in different ecological

contests. By contrast, our results showed the presence of this family (i.d. Micromonas
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pusilla) only during the late winter-early spring bloom (March). Since Prasinoxanthin is
completely separated by our HPLC method only at quite high concentration, the presence
of this group in little number could be undetected during the samplings. Really previous
studies based on Serial Diluition Cultures (SDC) showed the presence of Micromonas
pusilla at st. MC also in winter (Zingone et al., 1999a).

Prokaryotes were more abundant in low chlorophyll conditions. In particular,
prochlorophytes were practically undetected during the spring, while cyanobacteria were
recorded all over the annual cycle. In summer these two groups presented an opposite
distribution along the water column: cyanobacteria at surface and prochlorophytes placed
deeper. A similar pattern of occurrence was observed during the TRI2 experiment (see
chapter V) and was reported in the Gulf of Naples by Casotti et al. (2000) and in other
different ecological contests (Worden et al., 2004). This distribution could be explained
by the higher sensitivity of prochlorophytes to UV radiations, as demonstrated by
Sommaruga et al., (2005) and by their higher efficiency to absorb blue light (Ting et al.,
2002).

On a methodological point of view, the application of size-fractionated pigments to
define the main phytoplankton groups has highlighted that the use of pigments as size
indicators, proposed by some authors (Gibb et al., 2000) can imply significant errors in
the estimate of size-classes distribution. In fact, our results clearly indicated that the main

pigments (such as Fucoxanthin) are generally not confined in a specific size-class.

In order to interpret ultraphytoplankton distribution and possible differences in its
photophysiology compared to the “model” species, ultraphytoplankton specific responses
to predictable changes in the irradiance regime (circadian patterns) were studied.

Since during the circadian experiments the ultraphytoplankton fraction always accounted
for > 90% of total phytoplankton biomass, it was not possible to discern directly any
differences in photophysiological response as related to cell size. However, comparing
our data to the photosynthetic parameters oscillations reported in literature for
phytoplankton community dominated by large cells (Prezelin et al., 1987; Putt et al.,
1988) relevant differences in the circadian patterns are not outlined. In addition, diel

fluctuations of in vivo fluorescence and photoprotective pigments pool found in the
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natural ultraphytoplankton populations during our experiments are quite similar to that
observed in Phaeodactylum tricornutum (a micro-plankton specie) cultures (Ragni,
2005).

All the photophysiological parameters showed diel fluctuations more pronounced in the
surface samples than the deeper ones. This highlights that the irradiance regime
experienced by the ultraphytoplankton community is crucial in triggering the cellular
response. On the other hand, the taxonomic composition of the phytoplankton community
may have a role in the observed differences among the surface samples of the three
experiments. For instance, cyanobacteria population, during TRI-3, showed the lowest
diel fluctuations of the photosynthetic parameters, in spite of the widest variation in the
irradiance regime. Further, the experimental evidences suggest that in natural populations
the description of photophysiological adjustments is further complicated by other
environmental factors, e.g. nutrients, which interact with endogenus signals, modulating
them.

In all the experiments and despite the differences in community composition,
ultraphytoplankton populations of the surface layer showed a photosynthetic machinery
“ready” to answer to environmental changes, trough the regulation of both antenna and
reaction center systems. As a consequence, they were able to avoid photodamage and to
maximize carbon fixation rates also at excessive light levels. Further, the organization
and timing over the day of the different cellular activities (such as pigments synthesis)
not only would increase the efficiency in responding to environmental perturbation but in
the use of the resources too. This efficiency and flexibility, as previous said, are not
significant different from that observed in large cells and, consequently, further suggest
that biotic controls (such as grazing) more than physic ones are responsible of the less

contribution of ultraphytoplankton during the bloom periods at st MC.

Finally, the photoprotection mechanisms of ultraphytoplankton were studied in
monospecific cultures of some eukaryotes species (chosen for their different pigment
composition) in order to compare their photophysiology with that of large species and to
interpret their patterns of occurrence. Our experiments did not permit to outline directly
any differences in photophysiological response as related to cell size. However, we have
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tried to compare our result with the data available in literature on “model” species. As a
general feature, the scheme of photoprotection in the golden-brown species is not
different from the picture emerged in the previous studied focused on large diatoms
(Arsalane et al., 1994; Olaizola et al., 1994; Lavoud et al., 2002a,b,c). It is based on the
involvement of Diadinoxanthin (Dd) cycle, with a very rapid de-epoxidation process. By
contrast, the results found in Micromonas pusilla seem to indicate that the corresponding
V-cycle is less important in the photoprotection of green algae, while lutein seems
involved in the response to excessive irradiance. The effectiveness of photoprotection in
the acclimated cultures of M. pusilla suggests the presence of other and more rapid
photophysiological responses (such as state transition) as proposed by Havelkova-
DouSova et al. (2004) for Dunaliella tertiolecta cultures exposed to fluctuating
irradiance.

In truth, our results do not exclude that other mechanisms (e.g. chlororespiration) and
alternative carbon pathways (e.g. reductants) may play an important role also in the
photoprotection of the golden-brown algae, as proposed by Lavoud et al. (2002b) and
Behrenfeld et al. (2004). To better understand the complex interactions among all these
elements some aspects need more attention in the future, including pigment synthesis
pathways and exact position of pigments within the antenna.

To our knowledge the presence of Violaxanthin-cycle in golden-brow algae containing a
Diadinoxanthin-cycle was described until now only for the diatom P. tricornutum (Lohr
and Wilhelm, 1999). Our results suggest that \V-cycle is more diffuse within this group
than previous suspected and so it seems surprising that the accumulation of these
pigments has never been reported for a long time. Lohr and Wilhelm (1999) hypothesized
that the accumulation of V-cycle pigments could be observed best on algae with a high
rate of de novo carotenoid synthesis in combination with high deepoxidase activity, since
Violaxanthin is an intermediate in the biosynthetic pathway of Diadinoxanthin.

In contrast with the results of Lohr and Wilhelm (1999) the contribution of V-cycle to the
photoprotective carotenoids pool (PPC) resulted negligible in both our experiments,
accounted always for less than 10% of the PPC. So it seems only an unavoidable

competitive pathway of Diadinoxanthin synthesis, probably heritage of an ancestor, while
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the faster Diadinoxanthin de-epoxidation is the effective process involved in the
mechanism of energy dissipation.

The CULT-2 experiment was aimed at investigating photophysiological responses in
species acclimated to fluctuating irradiance regime. The results of this experiment
showed that all the species show adaptative strategies, when acclimated. For instance, the
pre-adapted cultures of each species showed an higher de-novo synthesis of xanthophylls
pool during the high-light exposure. In addition, in these cultures there were a greater
Diadinoxanthin pool size, but no contemporary change in the pigment composition of the
antenna (such as Fucoxanthin content). A similar patter was observed in P. tricornutum
cultures exposed to intermittent light-regime (Lavoud et al., 2002c; 2003). In our opinion,
these strategies have a high adaptative significance: modulating the Dd content and the
velocity of recovery, the cell can regulate its capacity to cope with possible excessive
irradiance without changing significantly the light harvesting under limiting irradiance.
This is an obvious advantage in mixed water, where the irradiance regime changes very
rapidly and the cells could be alternatively exposed to excessive and sub-saturating
irradiance. A consequence of this flexibility is the capacity of maximizing the growth rate
in spite of unpredictable (e.g. turbulent water) irradiance fluctuations.

On the other hand, clear differences exists between the investigated species: the two
diatoms seem to have an efficient photoprotective “machinery” even in absence of
photoadaptation. By contrast, Imantonia rotunda showed dramatic differences between
pre-adapted and non adapted cultures.

These results can be helpful to interpret the pattern of occurrence of the species. For
instance, the seasonal cycle of I. rotunda at st. MC is generally characterized by a
maximum in spring (April) when the first stratification takes place and the water column
is less dynamic (Sarno, personal communication). This kind of distribution is coherent
with the less flexibility to unpredictable changes of the light field observed in this species
during our experiment. For the other prymnesiophytes Phaeocystis sp. it is not possible to
compare its distribution with its photophysiology since it is still a little known species. To
date, it was found only in the Northwestern Mediterranean Sea during the early spring
bloom (Zingone, personal communication). In the case of M. pusilla, the effectiveness of
its photoprotection mechanism, above all in the pre-adapted species is surely one of the
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explanation for its presence at st. MC over the major part of the annual cycle (Zingone et
al. 1999a) and for its world-wide distribution (Not et al., 2004). However, the pattern of
occurrence of the two diatom species suggests that other factor may influence the
distribution of a single species. In fact, Minidiscus comicus showed a peak during the
autumnal bloom at st. MC (Ribera d’Alcala et al., 2004) and was found in high number
also during the early spring bloom in the Northwestern Mediterranean Sea (Sarno et al.,
2004); while Papiliocellulus simplex was less abundant in the same area and it has never
been found at st. MC (Zingone, personal communication). In spite of these clear
differences in the distribution of these two diatoms, our experiments showed identical
photoprotection mechanisms and effectiveness. In our opinion, a possible explanation
could be the presence in the phytoplankton cells of an endogenus clock activated by
environmental factors, which regulates the temporal and spatial distribution of each

species.

Perspectives

The main results of this project, on one hand outlined some interesting features about the
role of ultraphytoplankton in marine ecosystems, on the other hand they highlighted
emerging “open question”, which could be the bases for further researches.

First, the use of fractionated pigment analyses (HPLC) showed to be an effective and
rapid tool to describe the assemblage of the smallest phytoplankton and to uncover the
contribution of algal classes that are generally underestimated with traditional techniques
(e.g. cryptophytes). On the other hand, the HPLC method remains quite inadequate to
determine the contribution of groups with highly diversified and overlapping pigment
compositions such as diatoms, prymnesiophytes and crysophytes. Comparative studies
along HPLC and other methods, such as molecular markers, are surely one of the most
promising fields for a better understanding of the diversity of small-size phytoplankton
communities.

Another interesting aspect to point out is which implications and of what extent have the
inter-specific differences observed in photoprotection responses in the formulation of
photoacclimation models. In fact, both the “logistic” model proposed by Cullen and
Lewis (1988) and the “dynamic” model proposed by Geider et al. (1996) used mean
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parameters derived from very few model species: Phaeodactylum tricornutum and
Thalassiosira pseudonana. Thus, it would be very helpful using the experimental data
derived, for example, from our experiments to test the prediction of these models about
photoacclimation state characteristics. In fact, an accurate study of at least some crucial
species and a parameterization of the results in the models could provide more reliable
tools in primary productivity estimates.

As previous said, we did not investigate directly whether the patterns in
photophysiological responses observed in both circadian and photoprotection
experiments, were exclusive of the size class we focused on. In order to clarify whether
size effect exists in photophysiological responses it would be more effective a
comparative experiments among different size morphotype of the same species rather
than among species of different size. In this way, we can exclude the possible inter-
specific differences and, at the same time we could explore the intra-specific ones.

On a methodological point of view, the application of in vivo fluorescence approaches in
both circadian and photoacclimation experiments points out that they provide a powerful
tool in the study of phytoplankton photophysiology and modelling. However, it is
essential for their routinely use to achieve standardized and international protocols. Since
the fluorescence approaches cope with the “light reaction” of photosynthesis they are
more adapted to study the variations in the status of photosystems Il and
photoacclimation processes. On the other hand, the observed uncoupling between
fluorescence parameters (e.g. electron transport rate) and carbon fixation demonstrates
the need of flanking the use of these methods with standard primary production
techniques, if we want to test to what extent the organication rates are really affected by

variations in irradiance field.
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Appendix

Abbreviation Definition Algal group Used unit of
measurement
: 3
19°Bf 19’Butanoiloxifucoxantin pelagophytes, some diatoms mgm
and prymnesiophytes pg cell
B -3
19°Hf 19’Hexanoiloxifucoxantin prymnesiop hytes and some mem
diatoms pg cell
3
. mg m
Allo Alloxanthin cryptophytes pg cell’
3
Ant, A Antheraxanthin green algae me m B
pg cell
all phytoplankton groups, mg m>
Chla Chloropyll a except prochlorophytes pg cell”’
3
mg m
Chl b Chloropyll b green algae pg cell”
pelagophytes, some diatoms mgm”
Chlcs Chloropyll ¢4 and prymnesiophytes pg cell”!
3
E mg m
Chl c, Chloropyll ¢, golden-brown algae pg cell’
3
E mg m
Chl ¢, Chloropyll ¢, golden-brown algae pg cell
3
Diado, D Diadinoxanthin golden-brown algae me m 1
pg cell
3
Diato, Dt Diatoxanthin golden-brown algae me m 1
pg cell
3
Div- Chl a Divinil- Chloropyll a prochlorophytes ;flggcglll'l
Fuco Fucoxantin diatoms, some pelagophytes mgm”
and prymnesiophytes pg cell’
3
. mg m
Lut Lutein green algae pg cell’
3
. mg m
Neox Neoxanthin green algae pg cell’
3
Perid Peridinin dinoflagellates mg m 1
pg cell
3
. . . . mg m
Prasino Prasinoxanthin prasinophytes pe cell
3
Viola, V Violaxanthin green algae mem !
pg cell
3
. mg m
Zea,Z Zeaxanthin Cyanophyta pg cell’
3
) i E mg m
B - carot B - carotene golden-brown algae pe cell
3
PPC Photoprotective carotenoids mem
pg cell
3
L mg m
PSP Photosynthetic pigments pe cell
— 3
T Chla Chlorophyll a + Divinyl- mg m™~
Chlorophyll a pg cell

Table I — List of principal photosynthetic pigments, their distribution in algal groups and
abbreviations used in the text.
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Abbreviation

Definition

Used unit of measurement

Photosynthetic efficiency (light limited slope

mgC (mgChl a p molphotons m™

B
a of PVsE curve) s'h)"
OpAM Il;j(\gl}\l; gg;}ﬁiﬁgpe Of rETR curve (Phyto- pmolelectrons photons™
2
B index of photoinhibition mgC (mgChl 2 1*;1;1_}011’11"”“5 m
cC Colture Control (acclimated at 40 pmolphotons
m> S-l)
CHEMTAX matrixfactorisation program for estimate algal
abundance
CP Core Proteins
CZCS Coastal Zone Color Scanner

CULT-1, CULT-2

First and second photoacclimation experiments
on cultures

De-epoxidation state of the xanthophylls

DPS
cycles
Ey. Expany i(IZI(()lr::l)f)ensatlon irradiance, or photoacclimation wmolphotons m? sl
Scalar downwellig irradiance at the depth z 2 1
En(2, 2) and wavelenght A Wm™nm
Fo.F Minimum and maximum fluorescence yield -
0> m measured in the dark -
Fo Fo Minimum and maximum fluorescence yield ru
0>"m measured under a background irradiance -
F,/Fn Maximum quantum yield of PSII r.u.
e Maximum quantum yield of PSII under a
F,’/Fp . . r.u.
background irradiance
FRRF Fast Repetition Rate Fluorometry
FCM Flow citometry
(O Fluorescence quantum yield
HPLC High liquid Pressure Cromatography
K, Diffuse attenuation coefficient for !
downwelling irradiance
LHCP Light-Harvesting Chloropyll-Protein complex
Low Light colture (acclimated at 80
LL 2 -
pmolphotons m™ s™)
Marechiara, sampling station in the Gulf of
MC
Naples
Medium Light colture (acclimated at 300
ML 2 -1
pmolphotons m™ s
NPQ Non-Photochemical Quencing

Table 11 — List of principal symbols and abbreviation used in the text — Continue-
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Pre-Adapted colture (grown at 40 pmolphotons

PA m~ s and exposed to 10 cycle of high-light)
PAM Pulse Amplitude Modulate techique
PAR Photosyntetical Available Radiation umolphotons m™ s™
PPmax maximum photosynthetic capacity mgC mgChla 'h’!
PFD Photon Flux Density pmolphotons m? s
PSI, PSII Photosystem I and 11
rETR, Relative electron transport rate, maximum molelectrons m™ s
rETRyax relative electron transport rate H
Qa Quinone, second acceptor in electron transport
RC Reaction Center
SDC Serial Diluition Culture
SeaWiFS Sea-viewing Wide Field-of-view Sensor
OpsII Effective cross section of PSII A? q’

TRI-1, TRI-2, TRI-3

First, second and third circadian experiments

Table Il — List of principal symbols and abbreviation used in the text.
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