Fig. 12: cell morphology of N. oleoabundans grown in BM+AWP medium. a-c) aspects of cells at 7
days of growth. a) observations under the light microscope. Bar: 3 um, arrow: sporocyst. b)
epifluorescence micrograph of Nile Red-stained cells. Bar: 3.5 um. c) transmission electron
micrograph. Bar: 1.5 um. Arrows: mitochondria, n: nucleus and ng: nucleolus, c: chloroplast, p:
pyrenoid, asterisks: starch granules. d-f) cells at 21 days of growth. d) light microscopy observations.
Bar: 3 um. e) Nile Red-stained cells. Bar: 3 um, arrows: lipid globules inside cells. f) submicroscopical
observations. Bar: 1.5 um. Arrows: lipid globules, c: chloroplast, p: pyrenoid. g-i) cells at 28 days of
growth. g) light microscopy. Bar: 3 um. h) Nile Red-stained cells. Bar: 3 um, arrows: lipid globules
detected inside cells. i) submicroscopical observations. Bar: 1.5 um, arrows: lipid globules.
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Fig. 13: time-course of Chla (a), Chlb(b), total Chl (c), Chla/Chlb ratio (d), Car (e) and Chl/Car ratio in
N. oleoabundans cells grown in BM (filled circles) and BM+AWP medium (empty circles). For each

samples, values are means * s.d. (n = 3).
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Fig. 14: time-course of F,/F,, ratio (a), actual yield of PSII [Y(PSII)] (b), yield of constitutive thermal
dissipation and fluorescence emission [Y(NO)] (c) and yield of non-photochemical quenching
[Y(NPQ)] (d) in N. oleoabundans cells grown in BM (filled circles) and BM+AWP medium (empty
circles). Values are means + s.d. of 3 replicates.
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A (nm) Attribution

660-670.5 uncoupled Chl

680 free LHCII

686 PSII core

694 LHCII-PSII functional assemblies
702 LHCIl aggregate

Tab. 3: attribution of fluorescence emission bands by PSIl in N. oleoabundans cells, according to
Ferroni et al. (2011).
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1. Introduction

Photosynthesis is one of the most ancient biochemical processes which supports
almost all life on Earth. This process involves several light-dependent reactions, which start
with the absorption of light energy for the synthesis of NADPH and ATP as intermediate
energy compounds (Geider and MaclIntyre, 2002). The obtained reducing power is then used
during the Calvin cycle for CO, fixation in sugars (Falkowski and Raven, 1997). On the whole,
the important features of the light reactions of photosynthesis are: i) the collection of
photons by light-harvesting antennae; ii) the migration of excitation energy from absorbed
photons to the reaction centers; iii) the electron transfer from H,O to NADP® and iv) the
generation of ATP by a trans-thylakoid pH gradient driving force, which is formed as a
consequence of the electron transfer (Geider and Maclntyre, 2002). Energy transduction in
photosynthesis is mediated by four multi-subunit membrane-protein complexes, which are
embedded in the thylakoid membranes of the chloroplast (Dekker and Boekema, 2005). PSlI,
a water-plastoquinone oxidoreductase complex, starts the photosynthetic electron transfer
chain from water to plastoquinone using light as a driving force (Chow et al.,, 1990;
Minagawa et al.,, 2004; Daniellson et al.,, 2006). The electrons from plastohydroquinone
reach PSI via the Cyt bgf complex and plastocyanin. PSI is involved in a light-dependent
electron transport to ferredoxin and to NADP* (Chow et al., 1990). Finally, ATP synthase
(ATPase) is a highly-conserved complex which catalyses ATP synthesis using the trans-
membrane proton gradient generated by the photosynthetic electron-transport chain
(Nelson and Ben-Shem, 2004). Moreover, PSIl and PSI are flanked by light-harvesting
pigment-protein complexes (LHC), which deliver the light energy that has been absorbed to

the RC of the two photosystems (Minagawa et al., 2009).

The photosynthetic process cannot be understood without a detailed knowledge of
the structure of its single components (Dekker and Boekema, 2005). The application of
biophysical, biochemical and physiological techniques has provided a good understanding of
the multi-subunit complexes, as well as of the events which drive the electron transfer
processes with water oxidation (Barber, 2002; Nelson and Yocum, 2006). In particular, all the
protein complexes are composed by several protein subunits coordinating a large number of

cofactors (Minagawa et al., 2004, 2009). Moreover, these complexes show the tendency to
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form higher-order associations, the so-called supercomplexes (Dekker and Boekema, 2005).
The dynamic organisation of the pigment-protein complexes in the thylakoid membrane and
their flexibility may play important roles in maintaining an optimal photosynthetic efficiency
in several conditions (Anderson et al., 1995). Indeed, the photosynthetic process can be
affected by a variety of environmental stresses, such as different light regimes (Chow et al.,
1990), but also temperature and nutrient limiting conditions (Anderson et al., 1995). For
example, in aquatic environments the CO, availability may become limiting, and
photosynthetic organisms need to evolve adaptative mechanisms in order to maintain the
light-harvesting and the carbon fixation capacities (Badger and Spalding, 2000). One of the
strategies is to assimilate an external organic carbon source, shifting the metabolism from

autotrophic to mixotrophic (Heifetz et al., 2000).

During these recent years, mixotrophic microalgae have been largely investigated for
their capability to highly increase their biomass content, benefiting from the exogenous
organic carbon source assimilation together with light harvesting and CO, fixation for growth
(Marquez et al. 1993; Lee, 2001; Xu et al., 2006; Scott et al., 2010; Stephens et al., 2010).
This approach, indeed, can be considered an important strategy for the industrial scale-up of
lipid production from microalgae (Scott et al., 2010). However, the optimization of the
process is still far from being commercially available. At present, this is due not only to
technical limitations, but also, and maybe more relevantly, to an incomplete knowledge
about the effects of organic carbon nutrition on the photosynthetic activity in mixotrophic
cells (Rubio et al., 2002; Scott et al., 2010; Wijffels and Barbosa, 2010). Thus, further studies
need to be performed, in order to improve basic knowledge of the microalgal physiology,
leading to advantageous growth conditions and so to increased biomass densities (Wijffels
and Barbosa, 2010). Several works support the theory that, in some mixotrophic microalgae,
autotrophic and heterotrophic metabolisms proceed independently (Marquez et al., 1993;
Liu et al., 2009a). Conversely, in other studies they have been shown to be linked to each
other (Vonshak et al., 2000). In many studies glucose caused inhibitory effects, reducing the
apparent affinity for CO, during CO, fixation (Lalucat et al., 1984; Martinez and Orus, 1991)
or limiting the synthesis of the RuBisCO of the Calvin cycle (Oesterhelt et al., 2007). Reduced
photochemical efficiency of PSIl has also been observed, indicating that organic carbon

depresses the photosynthetic efficiency (Valverde et al., 2005; Oesterhelt et al., 2007; Liu et
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al., 2009a). About the interaction of organic carbon assimilation and photosynthetic activity
in N. oleoabundans, very little or no information is available. However, in previous works
described in this Thesis (see Part 1), mixotrophy promoted the activity of the photosynthetic
apparatus, with very high PSIl maximum quantum efficiency, never observed in other
mixotrophic microalgal species (Yamane et al., 2001; Ip et al., 2004; Liu et al., 2009a).
However, the maximum quantum vyield of PSII, usually measured as F,/Fy, ratio, should not
be considered a rigorous quantitative value, because, as a simple model, it admits a number
of assumptions which might not be correct in all situations (Baker et al., 2008). In this work,
the effects of different glucose concentrations supplied in the culture media were assessed
in order to provide new information on the photosynthetic metabolism and its interaction
with the organic carbon source assimilation in N. oleoabundans. Several approaches have
been used to this purpose. Immunodetection with antibodies against different subunits of
thylakoid multi-protein complexes was employed to identify differences in their abundance
between autotrophic and mixotrophic samples, whereas Blue-Native polyacrylamide gel
electrophoresis (BN-PAGE) has been employed to obtain information on native interactions
of photosynthetic protein complexes in thylakoids (Hippler et al., 2001; Eubel et al., 2005;
Rokka et al., 2005). In parallel, Chl fluorescence measurements were performed in vivo on
freshly-collected samples to identify differences in the modulation of the photosynthetic

electron transport and in PSI/PSII stoichiometry in autotrophic and mixotrophic cells.
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2. Materials and methods

2.1. Algal strain and culture condition

The microalga N. oleoabundans UTEX 1185 (syn. Ettlia oleoabundans) was obtained
from the Culture collection of the University of Texas (UTEX, USA; www.utex.org). Cells were
grown and maintained in axenic liquid BM medium (Baldisserotto et al., 2012) in a growth
chamber (24 = 1 °C temperature, 80 umolghotons m?2s! PAR and 16:8 h of light-darkness
photoperiod), without shacking and external CO, supply. For experiments, cells were
inoculated at a density between 0.5 and 0.7 x 10° cells mL™ in BM medium containing 0
(control), 2.5 or 5 g L'* of glucose and grown in 500 mL Erlenmeyer flasks (300 mL of total
volume) in the same growth chamber described above, with continuous shacking at 80 rpm.
For each glucose concentration, at least 3 replicates were set up. Growth was estimated
measuring the optical density at 750 nm with a Pharmacia Biotech Ultrospec®2000 UV-vis
spectrophotometer (1 nm bandwidth; Amersham Biosciences, Piscataway, NJ, USA),
sampling periodically 1 mL of culture. The values were referred to a calibration curve with

known cell number, evaluated with a Thoma’s haemocytometer, versus optical density.
2.2. Thylakoid isolation from microalgal cells

Thylakoid membranes were isolated according to Pantaleoni et al. (2009), with
modifications. For extraction, 300 mL of culture in late-exponential phase of growth were
harvested by centrifugation at 600 g for 10 min. Pellets were transferred to an ice-cold
mortar containing sand quartz. The extraction was performed grinding cells with liquid N,,
then the lisate was resuspended in the grinding buffer (330 mM sorbitol, 50 mM Tricine-
NaOH pH 7.5, 2 mM Na,EDTA pH 8.0, 1 mM MgCl,, 5 mM ascorbate, 0.05% bovine serum
albumin, 10 mM NaF) and transferred to 15 mL tubes. Samples were centrifuged at 300 g for
5 min at 4°C and then at 700 g for 5 min at 4°C, in order to remove sand quartz and cell
debries. Pellets were discarded and the thylakoids present in the supernatant were collected
by centrifugation at 7000 g for 10 min at 4°C. The supernatant was discarded and thylakoids
were resuspended in 1 mL of shock buffer (5 mM sorbitol, 50 mM Tricine-NaOH pH 7.5, 2
mM Na,EDTA, 5 mM MgCl,, 10 mM NaF) and centrifuged at 7000 g for 10 min at 4°C. After

that, the supernatant was removed and around 100 pL of storage buffer (100 mM sorbitol,
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50 mM Tricine-NaOH pH 7.5, 2 mM Na,EDTA pH 8.0, 5 mM MgCl,, 10 mM NaF) were added
to the pellet. The samples were rapidly frozen in liquid nitrogen and stored at -80°C until
further analyses. Manipulation of samples was always performed on ice and in very dim safe
light. Quantification of Chl and proteins in thylakoid samples was performed according to

Porra (1989) and Lowry (1951), respectively.
2.3. SDS-PAGE and immunoblotting

Thylakoid proteins were separated by SDS-PAGE according to Laemmli (1970) on a
15% acrylamide resolving gel containing 6 M urea. After electrophoresis, proteins were
visualised by Coomassie staining overnight (0.1% Coomassie Brilliant Blue R250, 7% acetic
acid, 40% MeOH in distilled water), followed by destaining (7.5% acetic acid, 25% MeOQOH) for
5 h, or blotted onto a PVDF membrane (Millipore, Watford, Hertforshire, U.K.). Western
blotting with enhanced chemiluminescence detection was performed with standard
techniques using protein-specific antibodies against D1-DE loop of D1 protein, PsaB subunit
of PSI, ATP-B subunit of ATPase, and antibodies raised against the entire LHCIl complexes.
For immunodetection of D1-DE loop and PsaB, 0.5 pug of Chl were loaded in each lane,
whereas, for detection of ATP-B, samples were also loaded on a protein basis (40 ug in each
lane). Finally, for LHCII detection, 0.25 ug of Chl were loaded in each lane. Protein amount

was quantified with Image J software.
2.4. BN-PAGE and second dimension (2D) electrophoresis

BN-PAGE was performed according to Rokka et al. (2005) with small modifications.
Thylakoids containing 5 ug Chl were resuspended in medium A (25mM BisTris-HCI, pH 7.0,
20% w/v glycerol and 0.25 mg mL™ Pefabloc) to a final concentration of 1 pg uL™* Chl. After
that, an equal volume of 2% (w/v) dodecyl B-D-maltoside (Sigma), freshly prepared in
medium A, was added. Thylakoids were then solubilised on ice for 15 min and centrifuged at
18000 g at 4°C for 15 min. The supernatant was supplemented with 1/10 volume of SB
buffer (100 mM BisTris-HCI, pH 7.0, 0.5 M e-amino-n-caproic acid, 30% w/v sucrose and 50
mg mL’ Serva Blue G) and loaded on gel with 5-12.5% gradient of acrylamide in the
separation gel. Electrophoresis was performed with a Hoefer Mighty Small system
(Amersham Biosciences) at 0°C for 3.5 h by gradually increasing the voltage from 75 to 200
V. For comparison, thylakoids from A. thaliana were included in the analyses. Quantification
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of band volume was performed with Image J software. After BN-PAGE, the lanes were cut
out and incubated in 10%-sodium dodecyl sulphate (SDS) Laemmli buffer containing 5% (v/v)
B-mercaptoethanol for 1.5 h, followed by separation of the protein subunits of the
complexes with SDS-PAGE (12% polyacrylamide) and 6M urea. After electrophoresis,

proteins were visualised by silver staining.
2.5. Fluorescence measurements

For in vivo biophysical analyses, samples were collected from the different cultures of
N. oleoabundans grown with 0, 2.5 and 5 gL™ of glucose. In particular, mixotrophic samples
were compared with control samples either at the same cultivation time (after 7 days of
growth), or at the same phase of growth, i.e. in late exponential phase, when control

samples reached the same cell density observed in mixotrophic cultures after 7 days.
Flash-induced Chl fluorescence relaxation kinetics

The single flash-induced increase in Chla fluorescence yield and its subsequent
relaxation in darkness (FF-relaxation) were measured with a double-modulation fluorimeter
(Photon System Instruments, Brno, Czech Republic). For analyses, 1 mL of samples
containing 8 ug mL™ Chl was incubated in darkness for 10 min and then Q4 reoxidation
kinetics was recorded after a single-saturating flash (10 us), provided by red LED, in the 150
ps - 100 s time range. Analyses were carried out either in the presence or absence of DCMU
5 uM (Allahverdiyeva et al., 2007). For each sample, measurements from at least 3 biological
replicates were obtained. For easier comparison, the fluorescence relaxation curves were
averaged and normalised to the same amplitude. Elaboration of data was carried out with
Origin 6.0 software (OriginLab, Northampton, MA, USA). Since the fluorescence vyield is not
linearly correlated with the amount of Qu, the relative Qx” concentration was estimated
according to the model of Joliot using 0.5 for the value of the energy-transfer parameter
between PSII units (Joliot and Joliot, 1964). Multicomponent deconvolution of the relaxation
curves was performed by using a fitting function with two exponential and one hyperbolic

components:

A3

F(t) — Fo = Ale /™ + A2e7HT2  ———
() = Fo ¢ ¢ 1 +¢/T3
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where F(t) is the variable fluorescence yield, Fo is the basic fluorescence level before
the flash, A1-A3 are the amplitudes, T1-T3 are the time constants from which the half-
lifetimes can be calculated via ti; = In 2T for the exponential components, and t;;, is the T
for the hyperbolic component (Vass et al., 1999). For comparison between samples,

statistical analyses were carried out with Student’s t-test, with a significance level of 0.05.
Slow kinetics of PSII fluorescence

Experiments were carried out from liquid cultures containing 15 ug mL? pre-
incubated in darkness for 10 min. Samples were subsequently exposed to actinic light. The
following program was triggered: 90 pmolynotons m’zs’l, 11 min; dark, 11 min; 1000 pmolgnotons
ms?, 15 min; dark, 5 min. Light saturating pulses were given every 40 s. Time course of Chl
fluorescence parameters Fy/, i.e. the maximum fluorescence in the light-adapted state
measured applying the pulse, and F; i.e. the steady state fluorescence vyield, were
determined with a DUAL-PAM-100 (Waltz, Germany). Fluorescence curves were recorded
from at least 3 replicates for each sample. Elaboration of data was carried out with Origin 6.0

software (OriginLab, Northampton, MA, USA).
77K fluorescence emission spectrum

Fluorescence emission spectra measured in vivo from samples containing 8 pug mL™*
Chl were recorded at 77 K with a diode array spectrophotometer (52000; Ocean Optics,
Dunedin, FL, USA) equipped with a reflectance probe as described in Keranen et al. (1999).
Fluorescence excitation was obtained with light below 500 nm, defined using LS500S and
LS700S filters (Corion, Holliston, MA, USA) placed in front of a slide projector, and the
emission was recorded between 600 and 800 nm. Experiments were carried out on at least 3
replicates for each sample, and the emission spectra obtained for each replica were

averaged. Elaboration of the spectra was performed with Microsoft Excel™.
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3. Results

3.1. Characterisation of Chl-protein complexes in thylakoids membranes of
autotrophic and mixotrophic N. oleoabundans

Chl and protein quantification in thylakoid membranes

Quantification of Chl and protein amounts in thylakoids of N. oleoabundans grown in
the presence of 0, 2.5 and 5 gL are reported in Tab. 1. Total Chl quantified in thylakoids was
compared with the corresponding protein amount to obtain Chl/protein ratios (Chl/prt). The
values obtained were different between control and mixotrophic samples. Interestingly, in
the cultures grown in 2.5 and 5 gL of glucose, indeed, Chl/prt was halved with respect to
autotrophic samples. About the Chl a/b molar ratio, instead, it was observed that the values

were higher in mixotrophic than in autotrophic samples.

When SDS-gels were visualized by Coomassie staining, analyses showed differences
in the thylakoid protein pattern between autototrophic and mixotrophic samples (Fig. 1). In
particular, when lanes were loaded on an equal Chl basis, both samples from mixotrophic
cells showed an important enrichment of the entire protein pattern, irrespective of the
amount of glucose added to the medium of growth (Fig. 1 a). Conversely, when samples
were loaded on a protein basis, less intense bands just below 25 kDa, which correspond to
LHCII proteins (Bennet, 1991), were observed in mixotrophic samples. Therefore, in the
thylakoids of mixotrophic cells the lower Chl/prt ratio corresponded to a decrease in LHCII,
which hosts most of the Chl. On the other hand, in mixotrophic samples a protein below 17
kDa seemed to be more abundant than in autotrophic samples (Fig. 1 b). Some of the key
proteins which belong to major thylakoid complexes were detected and quantified by
immunoblot analyses (Fig. 2). Interestingly, differences in the protein amounts occurred
between autotrophic and mixotrophic samples. Indeed, on a protein basis, lower amounts of
ATP-B were detected in samples grown with 2.5 (-19%) and 5 (-23%) gL™ of glucose with
respect to control cells. For analysis of subunits belonging to Chl-protein complexes, the gels
were instead run on a Chl basis. Decreasing amounts of PsaB were also measured with the
increase in glucose concentrations. Indeed, about 59 and 40% of the PsaB control level were
detected in 2.5 and 5 gL™ of glucose-grown cells, respectively. Relative LHCII protein amount

also decreased when glucose concentration increased in the medium of growth. Indeed, in

102



cells grown with 2.5 gL'1 and of 5 gL'1 of glucose the amounts were about 10 and 13% lower
than in controls, respectively. Conversely, D1 protein was detected in higher amounts in 2.5
(+47%) and 5 (+29%) gL™ of glucose with respect to autotrophic samples, but no direct

correlation with the glucose amount added to the media of growth was observed.
Organisation and assembly of thylakoid complexes

In order to obtain the separation of the thylakoid membrane complexes from
autotrophic and mixotrophic N. oleoabundans, a BN-PAGE system was optimised. In a first
analysis, the pattern of protein complexes in autotrophic N. oleoabundans was compared to
that of the model organism A. thaliana (Fig. 3 a). Since in the BN-PAGE the apparent
molecular mass of the protein complexes from N. oleoabundans corresponded to the
predicted molecular masses known for A. thaliana, each complex was recognised based on
the same molecular mass. Despite this, evident differences in the pattern of complexes
occurred between the two samples. Autotrophic N. oleoabundans lacked PSII-LHCII
supercomplexes and also LHCIl assemblies with respect to A. thaliana. Moreover, in the
microalgal samples the PSI-LHC complexes (including PSI core, LHCI and LHCII) and PSII
dimers were resolved as separate bands. Finally, PSI-LHC, PSIl dimers and PSIl monomers
had higher molecular weight, while LHCII trimers and monomers were lighter as compared

to A. thaliana.

After this first analysis, membrane protein complexes from autotrophic and
mixotrophic N. oleoabundans were separated by BN-PAGE with the same procedure (Fig. 3
b). A different pattern of protein complexes was resolved in BN gels of thylakoids from
different samples. In particular, although the two mixotrophic samples did not yield exactly
the same profile, in general it was found that: i) all complexes in mixotrophic samples had
slightly higher molecular weight compared to controls; ii) the mixotrophic samples had
visibly lower amount of PSII dimer (about -25%) and more PSIl monomer (about +25% in
both cases) with respect to control. Moreover, in thylakoids from cells grown with 5 gL of
glucose, less PSI-LHC supercomplexes and LHCIl monomers were also shown with respect to
mixotrophic samples grown with 2.5 gL™ of glucose. In order to support the identification of
the PSIl and LHCII protein complexes and to resolve their composition, each stripe from the

BN-PAGE was further analysed by SDS-PAGE in the 2D, enabling the separation of different
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protein complexes into constituting subunits (Fig. 4). In each 2D image in Fig. 4, the first
conspicuous band from the left, corresponding to PSI-LHC complexes, contained Psa A/B
subunits of PSI and some LHCI proteins. Confirming the Western Blot analyses which showed
decreased levels of PSI in mixotrophic samples, PsaA and B appeared less abundant in
thylakoids from 2.5 and 5 gL™ of glucose-grown cells (Fig. 4 a, b). Moreover, PSI-LHCII
complexes were also observed in all the samples, but amounts appeared lower in
mixotrophic with respect to autotrophic cells. Interestingly, only in 2.5 gL™* of glucose-grown
samples some PSII subunits were bound to PSI (Fig. 4 a). This was not observed in control
and in sample grown with 5 gL of glucose. The second band, corresponding to the PSII
dimers, contained the Chl-binding proteins CP47 and CP43, as well as D1 and D2 subunits of
PSll core, in the dimeric form. When thylakoids from 2.5 (Fig. 4 a) and especially 5 (Fig. 4 b)
gL™ of glucose-grown samples were compared with controls, it was clearly evident that all
the subunits belonging to PSIl dimer were less abundant. Conversely, when the 2D
resolution of the 4™ band, corresponding to PSIl monomers and containing the same PSlI
subunits as in dimers, were compared between samples, it was clearly visible that all the
subunits were more abundant in both mixotrophic samples with respect to thylakoids from
control cells. Cyt bgf was co-migrating with the PSIl monomers, but no obvious difference
was observed in its subunits between samples. Finally, the resolution of bands
corresponding to LHCII trimers and monomers did not show any relevant difference

between autotrophic and mixotrophic cells as well.

3.2. Fluorimetric analyses on in vivo autotrophic and mixotrophic N. oleoabundans
Effects of different glucose concentrations on reoxidation kinetics of Q

The effects of mixotrophy on the activity of both quinone components of the
quinone-iron acceptor complex, Qa and Qg, can be studied by measuring flash-induced
changes in the yield of Chl fluorescence (Vass et al., 2002). The reduction of Qa upon flash
excitation results in a prompt increase of Chl fluorescence yield, which is followed by a dark
decay in the range of 100 pus — 10 s time range due to the reoxidation of Qa by various
pathways (Vass et al., 2002). The fluorescence relaxation is dominated by a fast component
(few-hundred ps), arising from Qa" to Qg electron transfer in RCII, which had an oxidised or
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semi-reduced plastoquinone (PQ) molecule in the Qg pocket at the time of flashing. The
middle phase (few ms), arises from Qa reoxidation in centers which had an empty Qg site in
darkness and had to bind PQ from the pool. Finally, the slow phase of flash-induced
fluorescence relaxation curve (few s) shows the recombination of the S2 state of the water
oxidising complex with Qg via the Qa Qg «QaQg equilibrium (Vass et al., 1999; Vass et al.,
2002; Allahverdiyeva et al., 2005).

When mixotrophic samples were compared with autotrophic cultures at 7 days of
growth, analyses of the kinetics of the flash-induced fluorescence relaxation showed that the
fast phase of decay was slightly accelerated in samples grown with 2.5 (-3%) and 5 (-10%) gL
! of glucose with respect to control (ca. 570 us of time constant) (Tab. 2; Fig. 5 a).
Conversely, the relative amplitude of the fast relaxation phase slightly increased with the
increase in glucose concentration (+7% and +14% in 2.5 and 5 gL™ of glucose-grown cells,
respectively, as compared to control; Tab. 2). However, these results were not significant.
When middle phases of decay were compared, the time of decay was highly accelerated in 5
gL of glucose-grown cells (-47%, p < 0.01), whereas no differences in relative amplitudes or
time of decay were observed between 2.5 gL of glucose-grown cells and control (Tab. 2; Fig.
5 a). These results indicated a tendency to modify the Qa-to-Qg electron transfer in
mixotrophic cells and to fasten PQ binding to the Qg pocket, especially in cells grown in 5 gL
of glucose. The slow phase of fluorescence relaxation, originating from S,(QaQs)
recombination, showed an increase in relative amplitude in both mixotrophic cells (around

+12,5%, p < 0.01) and a minor time constant in 5gL™ of glucose-grown cells (-41% with

respect to control cells, p < 0.01) (Tab. 2; Fig. 5 a).

When mixotrophic samples were instead compared with autotrophic controls at the
same phase of growth (Fig. 5 b), the time of decay of the fast phase was further accelerated
both in 2.5 (+26%) and especially in 5 (+31%, p < 0.01) gL™ of glucose-grown cells with
respect to control samples (Tab. 2). Moreover, relative amplitude dramatically increased, i.e.
was doubled, in cells grown with the highest concentration of glucose (p < 0.01). In these
samples, time of decay of the middle phase was also significantly different compared to

controls (+69%, p < 0.01) (Tab. 2).
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In the presence of DCMU, which blocks the reoxidation of Qs by forward electron
transfer, the fluorescence relaxation indicates the status of the PSIl donor side due to
recombination of Qa  with donor side components. In a functional PSIl complex, the
recombination partner of Qa is the S2 state of the water oxidising complex. Interestingly,
analysis of these decay curves showed that in the mixotrophic samples a fast-decaying
component dominated the decay, confirming the results previously described in the absence
DCMU. When mixotrophic samples were compared with controls at 7 days of growth (Fig. 5
c), this fast phase was clearly evident especially in 5 gL'1 of glucose-grown cells, whereas
when control cells in late exponential phase were used for comparison (Fig. 5 d), the fast-

decay was more evident in both mixotrophic samples.
Slow kinetics of Chla fluorescence

In order to clarify the effects of glucose on the dynamics of photosynthetic electron
transfer reactions, PAM fluorescence trace in freshly-collected samples of autotrophic and
mixotrophic cultures was monitored, measuring the time-course of Chl fluorescence
parameters Fy,’, i.e. the maximum fluorescence in the light-adapted state, measured
applying a saturation pulse, and F;, i.e. the steady state fluorescence yield in the light-
adapted state. Samples were pre-incubated in darkness for 10 min before analysis and then
the initial Fy; and Fp values were determined by applying a saturation pulse. In Fig. 6 typical
Chla fluorescence kinetics were represented for control (Fig. 6 a), 2.5 (Fig. 6 b) and 5 (Fig. 6
c) gL of glucose-grown cells. Interestingly, no differences occurred between autotrophic
samples obtained from cultures with different age from the inoculum and different stage of
growth. On the whole, differences between control and mixotrophic samples instead

occurred. In particular:

= no differences in the minimal level of fluorescence F, were observed before
turning on the actinic light, indicating that same amount of PSIl in the “open
state” was present;

* during the sequence 90 umolghotons m2s™ - darkness of the triggered program, in
control cells fluorescence Fy,” increased to values higher than the initial Fy,.
Conversely, Fy/’ decreased during the subsequent dark period (Fig. 6 a). On the

other hand, in mixotrophic samples the Fy,” increase effect in the light was not

106



always observed and, when it occurred, the fluorescence increase was not as
marked as in controls. Moreover, during the subsequent dark period, after a
temporary decrease in Fy, the value increased to the initial Fy, value, as expected
(Fig. 6 b, c);

* when cells were exposed to 1000 pmolghotons m'zs'l, an initial rise in the basal
fluorescence F; was observed in controls, followed by a strong decrease.
Conversely, these two phases were less marked in mixotrophic samples and a less
evident “hump” was observed with respect to controls at the beginning of the
high-light exposure period. Moreover, basal fluorescence F; remained higher
during high-light exposure, suggesting that mixotrophic samples were more
sensitive to light than autotrophic samples. The effect was proportional to the
increase in glucose concentration;

= when cells were subsequently exposed to darkness, maximum fluorescence
gradually increased with no differences between samples. However, as soon as
the actinic light was turned off, in controls an evident decrease in the basal
fluorescence value was observed even with the weak measurement light,
followed by a rise. In mixotrophic samples, instead, this decrease-rise sequence

was less evident.

77K fluorescence emission ratio and PSI/PSIl stoichiometry in autotrophic and

mixotrophic samples

77K spectra were recorded from aliquots of samples containing 8 pgmL™ Chl, frozen
and maintained in liquid N, before analyses. In Fig. 7 a, mixotrophic samples were compared
to controls at 7 days of growth. No differences were observed, indeed spectra almost
overlapped. In particular, the peak at around 684 nm was attributed to PSII, while the peak
at 714 nm was attributed to PSI-LHCI (Ferroni et al., 2011). Moreover, a broad shoulder
between 692 and 703 nm was observed. Emission around 700 nm can be attributed to LHCII
aggregates (Horton et al., 1991). When mixotrophic samples were compared to controls at
the same stage of growth (Fig. 7 b), spectra were instead very different. In fact, peaks were
slightly shifted in control, at 683 nm for PSIl and 713 nm for PSI-LHCI. Moreover, the
shoulder at 692-703 nm was not observed between PSII and PSI emission regions. It is

possible that this emission was not evident because of the higher emission from PSI-LHCI in
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control samples. More information was obtained calculating the PSI/PSIl emission ratio. As
expected, no differences were observed between control and mixotrophic samples when
comparison was carried out on cells sampled at the same time from the inocula. Conversely,
when samples were compared at the same phase of growth, the ratio measured for controls
was interestingly higher with respect to that measured for 2.5 (-8%, p < 0.05) and 5 (-10%)
gL of glucose grown-cells. This confirmed the decrease in the PSI amount over PSIl in

mixotrophic vs autotrophic cells when cultures were in almost stationary phase of growth

(Fig. 8).

4. Discussion

The green microalga N. oleoabundans is considered a very promising organism to be
exploited in the green-energy field because of its capability to accumulate lipids when grown
under nutrient starvation (Tornabene et al., 1983; Li et al.,, 2008b; Pruvost et al., 2009;
Popovich et al., 2012; Giovanardi et al., 2013). Unfortunately, very low biomass densities are
reached in these conditions of growth. In the work previously discussed in this Thesis - part |,
the mixotrophic growth of N. oleoabundans in presence of different glucose concentrations
allowed to obtain not only very high biomass densities at the end of the exponential phase,
but also lipid accumulation when cells entered the stationary phase of growth. Moreover, in
those experiments, higher PSII maximum quantum vyield, which is considered a very reliable
indicator for overall photosynthetic efficiency (Baker et al., 2008), was always observed in
mixotrophic cells with respect to autotrophic samples. Very little is known about the effects
of the organic carbon source on the activity of the photosynthetic apparatus in mixotrophic
microalgae; however, several studies indicated a down-regulation of the photosynthetic
apparatus, either in terms of PSIl activity (Valverde et al., 2005; Liu et al., 2009a), or with
respect to the light-indipendent reactions, linked to a minor synthesis of RuBisCO enzyme, or
to a reduced affinity for CO, (Oesterhelt et al., 2007). In this work, a comparison of thylakoid-
protein assembly in autotrophic and mixotrophic samples of N. oleoabundans grown in
presence of 2.5 and 5 gL'1 of glucose was performed, with particular emphasis on the
organisation of PSIl and PSI and focussing also on the interaction which occurs between the

two photosystems.
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For biochemical analyses, thylakoids from autotrophic and mixotrophic samples were
isolated from cells at the late-exponential phase of growth, i.e. when samples had the same
cell density. Chl/prt ratio already showed differences between thylakoids from autotrophic
and mixotrophic cultures. Indeed, thylakoids from mixotrophic cells showed a halved ratio
with respect to controls. These different values might be probably related to a lower content
of Chl-protein complexes in thylakoids. Indeed, in previous experiment (see part 1), a strong
decrease in the Chl content was observed in mixotrophic samples with respect to controls.
Now it emerges that such decrease can be the effect of both a net loss of thylakoids per cell
and changed abundance of Chl-protein complexes in the photosynthetic membranes. These
results are also confirmed by Coomassie-staining of SDS-PAGE gels, which showed, in lanes
loaded on the basis of the same protein amount, a decreased amount of LHCII proteins.
Moreover, Chla/Chlb ratio was also higher. As Chlb is mostly located in LHCIl complexes
(Anderson et al., 1995), this result further supports a reduced content of LHCIl complexes. In
fact, on a Chl basis, immunodetection of LHCIl proteins showed a reduced amount with
respect to autotrophic cultures, as also observed in previous work concerning other
mixotrophic microalgae (Kobdks et al., 2000). However, mixotrophic samples were mainly
characterised by a strong increase in D1 protein subunit of PSIl and a dramatic decrease in
PsaB subunit of PSI, also verified in the bidimensional protein profiles obtained by BN/SDS-
PAGE. These results are contrary to what previously observed in the few works in which the
effects of an organic carbon source on the light energy distribution between the two
photosystems were studied (Kovaks et al., 2000; Valverde et al., 2005; Oesterhelt et al.,
2007). Indeed, irrespective of the organic carbon source supplied in the medium and of the
microalgal species analysed, the Authors always observed reduced amounts of D1 protein
and increasing levels of RCI proteins (Kovaks et al., 2000; Valverde et al., 2005; Oesterhelt et
al., 2007). On the other hand, in this study analyses of the supramolecular organisation of
PSIl complexes by BN-PAGE and its corresponding silver-stained SDS-PAGE second dimension
revealed that in mixotrophic samples PSIl was mostly in the monomeric form. For many
years, there has been a long-standing discussion about the assembly of PSIl components into
functional multimeric protein complexes in green algae and higher plants (Minagawa et al.,
2004; Dekker and Boekema, 2005). Currently, it is widely accepted that functional PSII is
normally organised as a dimer and concentrated in the stacked, appressed regions of grana,

whereas PSI monomers are usually found in the unstacked thylakoid membranes (Kruse et
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al., 2000; Minagawa et al., 2004; Dekker and Boekema, 2005; Daniellson et al., 2006). This
distribution has been linked to the dissociation of PSII dimers into monomers to facilitate the
PSII repair cycle, which occurs in the stroma-exposed membranes (Dekker and Boekema,
2005). However, in some cases PSIl monomers have been shown to be fully active and also
located both in grana cores and margins (Dekker and Boekema, 2005; Daniellson et al., 2006;

Takahashi et al., 2009).

As concerns LHCIl complexes, they were found to mostly as free trimers in N.
oleoabudans, irrespective of the mode of cultivation (Kugler et al., 1997; Minagawa et al.,
2004; Dekker and Boekema, 2005). Immunoblot detection showed decreased amounts of
LHCII in thylakoids from 2.5 and 5 gL™ of glucose-grown cells, however this did not cause
major differences in the pigment-protein complexes assembly in comparison to autotrophic
samples, although silver staining of 2D-BN/SDS-PAGE gels cannot be used to obtain accurate
guantitative information (Daniellson et al., 2006). Finally, in mixotrophic samples less LHCII-
PSI complexes were found with respect to autotrophic cells. LHCII is the major antenna of
PSlI, but can serve either PSIl or PSI via state transition, which allows the balance of the light-
harvesting capacity of the two photosystems to optimize the efficiency of the photosynthetic
process (Allen et al., 1981; Allen and Forsberg, 2001; lwai et al., 2008; Tikkanen et al., 2008).
When the plastoquinone pool is reduced (Allen et al.,, 1981), a protein kinase is activated
through the Cyt bgf complex (Verner et al., 1997), and phosphorylation of LHCII apoproteins
occurs, inducing a strong affinity between LHCII and PSI, so that LHCII works as a peripheral
antenna for PSI (State 2) (Allen and Forsberg, 2001; Iwai et al., 2008; Tikkanen et al., 2008).
Conversely, oxidation of the plastoquinone pool induces the opposite effect and recovers
state 1 (Bennett, 1980). Then, the decreased amount of the state transition-specific LHCII-PSI
complexes in mixotrophic samples might be related to a less effective capability to induce
state transitions with respect to autotrophic samples. One of the reasons might be the
presence of differences in the redox state of the plastoquinone pool in mixotrophic samples

(Kovaks et al., 2000).

Chl a fluorescence induction techniques are the most frequently used measurements
for the investigation of light energy distribution and state transition (Kovaks et al., 2000). For
biophysical analyses, mixotrophic samples were compared with autotrophic cultures

analysed either at the same day of growth (7 days) or with the same cell density, i.e. when
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controls approached the stationary phase. The effects of mixotrophy on the activity of the
forward electron transfer form Qa to Qg were studied by flash-induced fluorescence kinetics
mediated by a single-saturating flash pulse (Vass et al., 2002; Allahverdiyeva et al., 2005,
2007). Differences were present comparing mixotrophic cells with both autotrophic samples
mentioned above, although the effects were more marked if mixotrophic cells were
compared to controls with the same cell density. Moreover, differences were emphasised
with the highest glucose concentration. In thylakoids from mixotrophic cells, the relaxation
of flash-induced fluorescence was characterised by minor time constants and increased
relative amplitudes during fast and middle phases of fluorescence decay with respect to
autotrophic cells. Interestingly, these results suggest a faster electron transfer from Q," to Qg
during the fast phase of decay, with a following faster rebinding of PQ to the Qg pocket and,
then, an overall faster electron transfer in PSIl of mixotrophic cells, in particular when
glucose concentration is the highest. Moreover, DCMU was effective in blocking the Q™ to
Qg electron transfer both in autotrophic and mixotrophic cells, hence modifications in the
binding site of Qg can be excluded in all samples (Allahverdiyeva et al., 2005). However, also
the recombination of Qa" with S2 states of the water oxidising complex was faster. It
appears, then, that the redox proprieties of Qa might be changed in mixotrophic samples
with respect to autotrophic cells (Allahverdiyeva and Aro, personal communication), and
might also be linked with the presence of a higher proportion of PSIl (non-functional?)
monomers. In fact, a minor proportion of functional PSIl capable of reducing the primary
acceptor Qa might cause in turn the presence of an overall less reduced PQ pool. The high
fraction of oxidized PQ would be more easily available for the reoxidation of Q. after flash
induction. Decreased antenna size has also been shown to decrease the rate of Q4 reduction
(Takahashi et al., 2009). Another explanation could concern a promoted oxidation of PQ
because of modified photosynthetic electron flow in mixotrophic microalgae, although the
only report on the subject actually suggests a down-regulated electron transport (Valverde
et al., 1995). However, these hypotheses remain conjectural, because no information about
such changes in mixotrophic microalgae is available in literature. Further analyses to
determine the possible occurrence of increased energy dissipation due to a higher
proportion of non-functional PSIl in mixotrophic samples, would be required, as well as to

understand the role of state transitions and electron flow. However, previous results
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obtained in N. oleoabundans grown mixotrophically in the presence of AWP (see part 1),

seem to support these hypotheses.

Before measurements of Chla fluorescence induction by PAM fluorimetry, cells are
dark-adapted in order to fully oxidize Q4 and measure the minimal fluorescence level Fy.
After that, the first light-saturating pulse is applied, Qa becomes completely reduced and the
maximum fluorescence level Fy, is reached (Krause and Weiss, 1984; Baker, 2008). However,
in some algae, some accumulation of reduced Qa can occur during the dark adaptation as
well, owning to non-photochemical reduction of plastoquinone by chlororespiration (Baker
et al., 2008). Qa reduction promotes association of LHCII complexes to PSI mediating
transition to state 2 (Krause and Weiss, 1984; Finazzi et al., 1999). A similar behaviour is
observed in autotrophic N. oleoabundans cells, which indeed showed increasing F,’ values
under normal growth light conditions, linked to the transition from state 2 to state 1 of LHCII
complexes during the linear electron flow (Finazzi et al., 1999; Kovaks et al., 2000).
Conversely, this behaviour was not observed in mixotrophic cells, and Fy’ only rarely
exceeded Fy values. The absence of PQ reduction in dark-incubated mixotrophic cells might
be linked, again, to differences in state transitions, which might not be as effective as in
controls. Furthermore, in the light of these results, it is grounded to suppose that in previous
experiments (part 1) the mixotrophic samples showed higher F\,/Fy, ratio actually because the
Fu levels of autotrophic samples were underestimated. Therefore, the samples grown in the
presence of glucose do not hold improved photosynthetic efficiency, but rather experience
important effects on state transition of LHCIl and redox properties of quinones. Moreover,
when exposed to high-light conditions, mixotrophic cells showed increased basal
fluorescence emission F;, linked to major susceptibility to photodamage (Baker, 2008).
Finally, 77K emission spectra showed decreased emission of PSI over PSIl in mixotrophic
samples with respect to controls, but only when autotrophic cells in the same late-
exponential phase were used for comparison. This resulted in lower PSI/PSIl fluorescence
ratio, in accordance with immunodetection of D1 and PsaB protein subunits. A similar
change in PSI/PSII ratio was found in other mixotrophic microalgae and was put in relation

with a down-regulation of photosynthesis (Valverde et al., 1995; Oesterhelt et al., 2007).

In summary, based on the study of organisation and assembly of thylakoid-protein

complexes, the effects of glucose on the photosynthetic membrane of N. oleoabundans
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resulted in decreased amounts of LHCIl and, above all, PSI protein subunits. The slight
reduction in ATP-B subunit of ATPase might be linked to some interaction with glucose
metabolism and ATP production (Kovaks et al., 2000). Conversely, increased PSIl amounts
were found, but mainly present in the monomeric form, which have been frequently
considered non-functional, although contrasting opinions can be found in literature
(Tikkanen et al., 2008; Takahashi et al., 2009). The 77K spectra also supported a different
PSI/PSII stoichiometry, but only if autotrophic cells at the late-exponential growth phase
were considered as control. Based on fluorescence relaxation and slow fluorescence
induction kinetics, it can be proposed that Qs presents different redox properties with
respect to autotrophic cultures, maybe linked to decreased reduction rates, resulting in a
more rapid linear electron flow in mixotrophic cultures. However, the decrease in reduction
rate might also be caused by a major proportion of non-functional PSII, i.e. unable to
efficiently reduce Qa. Finally, less effective state transition capability was suggested in
mixotrophic samples with respect to control cells, for some reasons which still appear
unclear. This may derive from a reducedcapability of chlororespiration in darkness.
Collectively, it can be hypothesised an increased susceptibility to photodamage when
mixotrophic cells are exposed to high-light conditions. Thus, it can be concluded that
mixotrophic cells does not show enhanced photosynthetic activities with respect to control
cells, but the higher Fy/Fy values would actually be linked to different redox properties of
guinones and less capability to promote state transitions. However, at present, the results
collected in this work point to the unique features of the photosynthetic membrane
assembled under mixotrophy, but remain difficult to interpret because of their novelty with
respect to the available literature. Further investigation on the interplay between
photosynthetic light reactions and carbohydrates metabolism need to be pursued in order to
identify how glucose consumption interferes with the photosynthetic apparatus of N.

oleoabundans.
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5. Conclusion

The genome of N. oleoabundans is not sequenced and moreover very little is known
about its physiology and photosynthetic metabolism even when cells are grown
autotrophically. The capability of the microalga to grow mixotrophically has been discovered
only recently (Giovanardi et al., 2013), thus improvement in the knowledge of the glucose
effects on the organisation, assembly and activity of the photosynthetic apparatus might be
useful to understand the microalgal metabolism. The results obtained in this work suggest
that dramatic changes in photosystems organisation and electron flow occur in mixotrophic
samples, with probable modifications in state-transition capability and possibly reduced
photosynthetic performance. However, further investigation is needed to provide a
complete background. For this reason, this work can be considered a starting point from

which further research can be developed.
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Tables ans Figures

Chi Prt chl/prt Chla Chib .
Samples (uguL?) | (pgpt?) (gut?) | (uguty | ha/bratio
0 gL  glucose 3380 | 24.294 | 0.139 2.623 0.757 3.467
2.5 gL glucose 1650 | 25768 | 0.064 1.325 0.324 4.086
5.0 gL glucose 1.820 | 27.955 | 0.065 1.449 0.367 3.953

Tab. 1: Chl a, b and total Chl amounts, protein amounts and corresponding ratios in thylakoids

extracted from N. oleoabundans grown with 0, 2.5 and 5 gL™* of glucose.
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Fig. 1: Coomassie-stained SDS-PAGE of thylakoids membrane proteins from N. oleoabundans grown
with 0 (C), 2.5 (G 2.5) and 5 (G 5) gL™ of glucose. On each lane, 2 pg of Chl (a) and 20 ug of proteins
(b) were loaded. Major differences in the protein profile between different samples are marked by

arrows. For comparison, three different amounts of thylakoids from control sample were loaded.

Molecular weight marker is reported on the left in each gel.

115




C G25 G5

80 kDQ
58 kDA s ATP-B
46 kDa

SO KDQ  e—
58 KDA s PsaB
A6 KD e
30KkDa  me—
D1

25kDa
LHCII

Fig. 2: immunoblot detection of ATPB (40 pg of protein loaded in each lane), PsaB (0.5 pg of Chl
loaded in each lane), D1-DE loop (0.5 ug of Chl loaded in each lane) and LHCII (0.25 pg of Chl loaded
in each lane) in thylakoid membranes of N. oleoabundans grown with 0 (C), 2.5 (G 2.5) and 5 (G 5) gL’

! of glucose.
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Fig. 3: distribution of different protein complexes in BN/SDS PAGE profile of thylakoids membranes.
a) Representative BN-PAGE profile of thylakoids from Arabidopsis thaliana (Ara) and autotrophic N.
oleoabundans (C). b) Representative BN-PAGE profiles of thylakoids from N. oleoabundans grown
with 0 (C), 2.5 g/L glucose (G2.5) and 5g/L glucose (G 5). For each lane, 5 pg of Chl were loaded.
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Fig. 4: 2D-BN/SDS-PAGE of protein complexes in thylakoid membranes from autotrophic and
mixotrophic N. oleoaunbans. a) comparison between cells grown with 0 (C) and 2.5 gL™ of glucose (G
2.5). b) comparison between cells grown with 0 (C) and 5 gL of glucose (G 5). The BN-PAGE strips
were loaded horizontally on the SDS-PAGE. 5 pg of Chl were loaded in each BN well. The highlighted
silver-stained spots corresponded to Psa A/B (purple asterisk), PSIl subunits associated with PSI
(yellow square bracket), CP47, CP43, D1 and D2 subunits of PSIl dimer (green arrows) and PSlI
monomer (yellow arrows), ATP synthase (yellow arrowhead), Cyt bsf (purple arrowhead).
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Fast phase Middle phase Slow phase

Total Amp (%

P (%) T/Amp (ms/%) T/Amp (ms/%) T/Amp (s/%)

0.57+0.08 / 1350+ 4.76 / 2.07+0.67/

C7 days 100 85.83 + 2.60 7.69+1.30 6.48 + 1.37
0.74+0.08/ 17.35+6.98 / 322+082/

Clate exp 100 76.11+ 2.17 13.56 + 0.98 10.33 +1.19
055+012/ 11.73+3.66/ 1.81+058/

G25 100 84.83 +4.47 7.89+2.19 7.27+2.33
cs 100 0.51+0.03/ 718+1.66/ 122+0.26/

86.84 + 0.88 6.93 +0.25 6.23+0.92

Tab. 2: characteristics of flash-induced Chl fluorescence relaxation in N. oleoabundans control cells at
7 days of growth, control cells in late-exponential phase of growth, cells grown in presence of 2.5 (G
2.5) and 5 (G 5) gL™ of glucose. Values are time of decay and relative amplitudes in percent of total
variable fluorescence obtained after the fired flash. Numbers are means of at least three replicates
s.d.
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Fig. 5: relaxation of the flash-induced fluorescence in N. oleoabundans cells grown with 0 (black line),
2.5 (red line) and 5 (green line) gL of glucose. a, c) control cells sampled after the same time of
growth (7 days) of mixotrophic samples were used. In c) relaxation as occurring in presence of 5 uM
DCMU. b, d) control cells sampled at the same stage of growth (late-exponential) of mixotrophic
samples were used. In d) DCMU was added. Curves are average of at least 3 different biological
replicates and are normalised to the same amplitude. Arrows: saturating-light pulse.
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Fig. 6: representative curves of slow Chla fluorescence kinetics in response to changing light
intensities in N. oleoabundans cells grown with 0 (a), 2.5 (b) and 5 (c) gL™ of glucose. The
measurements were started after 10 min of incubation in darkness by turning on the actinic light,
and the fluorescence parameters F,, and F, were monitored triggering the samples with different
light intensities as indicated in “Material and methods” section. UE is equivalent of umolphotonsm'zs'l.
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Fig. 7: 77 K fluorescence emission spectra of N. oleoabundans grown with 0 (black), 2.5 (red) and 5
(green) gL of glucose. a) comparison between mixotrophic samples and control cells with the same
time of growth. b) comparison between mixotrophic samples and control cells at the same phase of
growth. The 77 K spectra were recorded from cell suspensions with 8 ug mL™ (excitation, 440 nm).
For easier comparison, spectra were each normalized to their maximum peak, except for C in figure
b), which showed different peak positions.
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Fig. 8: PSI/PSII fluorescence emission ratio in N. oleoabundans grown with 0 (black), 2.5 (red) and 5
(green) gL of glucose. Samples are compared on the basis of the same stage of growth. Values are
means of at least 3 replicates * s.d.
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Part Il

Effects of the expression of two phytoene synthase exogenous genes on
carotenoid accumulation and photosynthetic performances in the green
microalga Chlamydomonas reinhardtii
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1. Introduction

Microalgae are unicellular photosynthetic organisms able to convert solar energy into
chemical energy for growth (Chisti, 2007). Thanks to their chemical composition, mainly
enriched in proteins, lipids, carbohydrates, vitamins, pigments and enzymes (Harun et al.,
2010), these organisms are often considered an important source of natural products
(Becker, 1988; Leodn-Bafiares et al., 2004; Pulz and Gross, 2004; Spolaore et al., 2006).
Microalgae present a pronounced metabolic plasticity, which allows them to rapidly adapt to
different environments (Gushina and Harwood, 2006). This also permits the production of
some bioactive molecules by the manipulation of the cultivation systems, making these
organisms very interesting to be exploited in biotechnological applications (Ledn-Baiares et
al., 2004; Plaza et al.,, 2008). Furthermore, during the last recent years, advances in
molecular engineering have allowed to induce in microalgae the expression of heterologous
genes, opening up the possibility of producing new heterologous proteins or overproducing
traditional algal compounds for commercial and research purposes (Ledn-Banares et al.,
2004; Walker et al., 2005; Del Campo et al., 2007). The idea of using microorganisms as
bioreactors for the synthesis of recombinant proteins is not new, but has usually involved
bacteria and yeast fermentation (Walker et al., 2005). However, limitations in using these
microorganisms occur, as bacteria are unable to perform post-transcriptional and post-
translational modifications, which are essential for the expression of eukaryotic proteins
(Walker et al., 2005), whereas yeast present a different pattern of glycosylation with respect
to that of higher plants (Fisher et al., 1999). Microalgae, instead, combine the fast and easy
growth of bacteria and other microorganisms with the typical properties of higher plants,
such as the same glycosylation pattern and the efficient oxygenic photosynthesis (Walker et
al., 2005; Del Campo et al., 2007). Other advantages such as the easy protein purification,
due to their simpler structure, and the consideration of green microalgae as GRAS (generally
regarded as safe) organisms ensure their exploitation in large-scale production of
commercially important proteins (Walker et al., 2005; Ledn et al., 2007). One of the most
successful branch of microalgal biotechnology is the Car production (Del Campo et al., 2007).
Car are C4 tetraterpene pigments synthesised by all photosynthetic organisms, as well as by
some non-photosynhtetic bacteria and some fungi (Jin et al., 2003; McCarthy et al., 2004;

Cordero et al., 2011). The main classes of Car are two: carotenes are represented by linear or
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cyclized hydrocarbons, whereas oxygen derivative of carotenes are called xanthophylls (Jin
et al., 2003). In plants and green algae, the synthesis of Car occur inside chloroplast from the
precursor geranylgeranyl pyrophosphate (GGPP), generated from isopentenyl
pyrophosphate and dimethylallyl pyrophosphate by the action of GGPP synthase (Fig. 6 in
“General introduction” section). The condensation of two molecules of GGPP yields the first
Car of the biosynthetic pathway, the phytoene. The reaction is catalysed by the phytoene
synthase (PSY), which has been considered a rate limiting key-enzime of the biosynthetic
pathway, thus an important control point for the regulation of the carbon flux into and
through the pathway (Shewmaker et al., 1999; Fraser et al., 2002; Sandmann et al., 2006;
Couso et al., 2011). From phytoene, 4 sequential desaturation and one isomerization yield to
lycopene, from which a- and B-carotene are obtained. The hydroxylation of B-carotene
allows to obtain zeaxanthin, which is epoxidated to form antheraxanthin and violaxanthin,
whereas neoxanthin is obtained by a different rearrangement of violaxanthin (Richmond et
al.,, 1990). On the other hand, lutein and its derivative loroxanthin are generated from
hydroxilation of a-carotene (Baroli et al., 2003). In microalgae and higher plants, Car are
important constituent of the photosynthetic apparatus. In particular, two B-carotenes are
found in the RCII, whereas the xanthophylls lutein, violaxanthin, zeaxanthin and neoxanthin
are accessory pigments in the antenna system LHCII (Depka et al., 1998; Jin et al., 2003;
McCarthy et al., 2004). Thus, in addition to their participation in light-harvesting processes,
main functions of Car are to maintain structure and function of photosynthetic complexes,
to dissipate the excess of light energy absorbed by the antenna pigments and to play an
important role in the protection of photosynthetic apparatus from photooxidative damage
(McCarthy et al., 2004). Their antioxidant properties are also important in the human health
care, and are used in pharmaceutical, exerting intrinsic antinflammatory properties,
prevention against oxidative stress and therapeutic chemopreventive anticancer effects,
among others (Guerin et al., 2003; Spolaore et al., 2006; Ledn et al.,, 2007). With these
purposes, natural carotenes are usually preferred as they are a mixture of cis and trans
molecules, thus Car production from biological sources, like microalgae, is promoted (Del
Campo et al., 2007). Despite microalgae are the most important source of Car, literature
about the genetic manipulation of the Car biosynthetic pathway in these microorganisms is
very rare and related to few microalgae species, such as Dunaliella (Sun et al., 2007),

Haematococcus (Steinbrenner and Sandmann, 2006) and Chlamydomonas (Ledn et al., 2007,
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Vila et al., 2007; Cordero et al., 2011; Couso et al., 2011). Among them, C. reinhardtii is
considered a model organism, during the past years it has been well characterised (Harris et
al., 2001; Walker et al., 2005) and its nuclear genetic manipulation is easy and well
established. Then, C. reinhardtii can be considered the best candidate for the expression of
foreign genes involved in the carotenogenic pathway (Leén et al., 2007; Cordero et al.,
2011). In a recent work, the transformation of C. reinhardtii with a foreign B-carotene
oxygenase gene induced the production of a new ketocarotenoid, even if in very small
quantities and without any further changes in the Car profile (Leén et al., 2007). Many
progresses have been achieved transforming the microalga with two exogenous PSY genes
from D. salina (Couso et al., 2011) and C. zofingensis (Cordero et al., 2011). In both cases,
accumulation of Car was observed in some transformants, confirming the possibility of
employing molecular engineering for commercial purposes, as well as improving the
knowledge about the carotenogenic pathway, not fully understood yet (Couso et al., 2011).
However, no information about the effects of the transformation on the physiology of these
microorganisms are still available. In this study, the effects of the expression of two
exogenous PSY genes from Arabidopsis thaliana (AtPSY) and Oryza sativa (OsPSY1) in the
green microalga C. reinhardtii has been studied, with particular regards to the responses of
the photosynthetic apparatus. With these purposes, fluorimetric analyses have been
performed on positive transformants which expressed a different phenotype compared to
that of wt cells, in order to observe if eventual modification of the carotenogenic pathway

would lead to different behaviour to exposition to different light regimes.

2. Materials and Methods

2.1. Strain and culture conditions

The Chlamydomonas reinhardtii cell-wall deficient strain cc-3491 was obtained from
the Chlamydomonas Genetics Center (Duke University, Durham NC, USA). Cultures were
maintained on solid Tris acetate/phosphate medium added with 10 gL’1 of sorbitol (TAP-
S)(www.chlamy.org) in a growth chamber (24+1°C, 100 umolphotonsm'zs'1 PAR, 16-8 h light-
darkness photoperiod). For physiological analyses of positive transformants, liquid cultures

were prepared in 100 mL Erlenmeyer flasks (50 mL total volume) and shaken continuously at
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90 rpm. For experiments at different light exposures, cells were grown in the same growth
chamber as described above at: a) 30 pmolghotons m~2s? PAR (low-light cultures - LL); b) 150
KUMOlphotons m?2s? PAR (high-light cutures - HL). Experiments were always carried out in
triplicates and growth was always monitored by measurement of optical density (OD) at 750
nm with a PharmaciaBiotech Ultrospec® 2000 UV-Vis (1 nm bandwidth; Amersham
Biosciences,Piscataway, NJ, USA). OD was referred to a calibration curve with known cell
number, previously estimated by cell counting with a Thoma’s counting camera, versus
optical density. Escherichia coli strain TOP10 (Invitrogen) was used and transformed by heat

shock with the plasmids constructed as follows.
2.2. Construction of the expression vector for C. reinhardtii transformation

Gateway Technology (Invitrogen) was used in order to obtain expression vectors to
be used for C. reinhardtii transformation. Different entry vectors were firstly created to
obtain each expression construct. The coding sequences of Phytoene Synthase (PSY) of
Arabidopsis thaliana (At5g17230), and Oryza sativa 1 (0s06g0729000) were kindly provided
by Dr. Ralf Welsh (University of Freiburg, Germany). AtPSY and OsPSY1 sequences were
amplified using HotStart HiFidelity DNA Polymerase (QIAGEN) following the manufacturer’s
instruction, using primers flanked by AttB1 and AttB2 sequences, as indicated in Tab. 1. The
obtained PCR products were subsequently used for BP recombination with pDONR221
(Invitrogen). A second entry clone contained the C. reinhardtii 2-tubulin gene promoter,
which had been selected to drive the expression of both AtPSY and OsPSY1 in the microalga,
in combination with the first intron of small subunit of ribulose bisphosphate carboxylase
(rbcS2). This sequence was amplified by PCR using pHyg3 (Berthold et al., 2002), with
primers flanked by AttB4 and AttB1R (Tab. 1) and subsequently recombined in pDONR P4-
P1R (Invitrogen). Finally, the C. reinhardtii 3' untranslated region of small subunit of rbcS2
gene was amplified from pHyg3 (Berthold et al, 2002) using specific primers flanked by
AttB2R and AttB3 sequences (Tab. 1), and PCR products were used for BP recombination
with pDONRP2R-P3 (Invitrogen). This 3’end contains 230bp of the 3’ untranslated region of
the C. reinhardtii rbcS2 gene (Goldschmidt-Clermont and Rahire, 1986) with a functional
TGTAA polyadenylation signal. The Destination vector was generated subcloning the
multisite recombination cassette (R4-Cm'-ccdB-R3) of pKm43GW,0 (Karimi et al, 2002) in

pUC19 multiple cloning site (Hindlll/Kpnl). Then, hygromycin resistance cassette was excided
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from pHyg3 (Berthold et al, 2002) with Hindllll and subcloned upstream of Gateway cassette
(Invitrogen), to allow selection of transformed individuals. The obtained Destination vector
was named pHyg6. Two versions of pHyg6 (B-D) were obtained by mean of two distinct
multiple LR recombination reactions with pDONR vectors carrying sequences of interest
(Tab. 2; Fig. 1). Nucleotide sequences of all PCR products were confirmed by sequencing

both strands (Macrogen Inc.).
2.3. Glass beads nuclear transformation and screening of trasformants

Nuclear transformation was carried out using glass beads method as described by
Kindle et al. (1990), with some modifications. Cells were grown until they reached the
density of 1-2 x 10° cell mL™" and subsequently harvested by centrifugation (5000 g, 5 min),
resuspended in 1/100 of the original volume and incubated in continuous shaking (50 rpm)
at room temperature for 2-4 hours. 0,3 mL of this cell suspension was added to a glass tube
containing 0,3 g of sterilized glass beads (0,3 mm @), 100 uL of 20% polyethylene glycol (MW
8000) and 2 ug of Phyg6-B or Phyg6-D plasmid. Cells were then vortexed at maximum speed
for 30 seconds and incubated o/n in 10 mL of TAP-S. The day after aliquots of 7,5 and 15 x
10° cells mL™ were spread onto solid TAP-S containing 10 pg mL" Hygromycin B. Colonies

were visible after 10-14 days.

The genomic DNA extraction from colonies grown in selective medium was
performed as described in previous works (Murray and Thompson, 1980; Rogers and
Bendich, 1985), with modifications. One loop full of cells was scrapped and cultured in 3 mL
of TAP-S with 10 pg mL™ Hygromycin B. After 3 d of growth cells were harvested by
centrifugation at 10000 g for 5 min and pellet was grinded in liquid nitrogen. 400 pL of CTAB
extraction buffer (100 mM Tris-HCI pH 8.0, 50 mM Na,EDTA pH 8.0, 500 mM NacCl, 2% CTAB
w/v, 1% B-mercaptoethanol v/v) and 100 uL of 0,5% 30.000 PVP where then added. DNA
extraction was firstly performed with 850 pL of 1:1 phenol/chloroform. Top phase was
harvested and extracted with phenol. DNA contained in the following top phase was
precipitated adding 0.7 volumes of isopropanol and incubating at -20°C for 4 hours. After
washing with 70% ethanol for three times, the obtained pellet was resuspended in 30 pL of
5mM Tris-HCl pH 8.0. Samples were kept at -20°C. PCR reaction was carried out in order to

detect the presence of the transgene. The specific primer pairs AtPSY RTfor - attb3-rbcS2 rev
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and OsPSY1 RTfor - attb3-rbcS2 rev (Tab. 1) were used. 1 pL of 1:10 diluted genomic DNA
was added to 25 pl of total volume reaction containing 1L of each primer (10 uM), 2.5 uL of
10x Dream Taq™ Green Buffer including 20 mM MgCl;, 0.2 mM dNTP and 0.625 U of Dream
Tag™ DNA polymerase. All reagents were obtained from FERMENTAS®. Cycling conditions
were: denaturation 5 min at 95°C, melting 30 s at 95 °C, annealing 30 s at 60 °C and final
extension 45 sec at 72 °C in order to complete all the amplicons. The amplification products
were analysed by electrophoresis on 1% agarose gel. The sizes of amplified products were

estimated by comparison with 1kb DNA ladder (Applichem).
2.4. RNA extraction, cDNA synthesis and Reverse transcription-PCR (RT-PCR).

RNA extraction was performed using freshly collected algae from 1ml of liquid culture
in TAP-S medium with 10 pg mL™* hygromycin. Samples were grinded with liquid nitrogen
and then processed using Aurum RNA Fatty and Fibrous kit (Bio-Rad). RNA integrity was
evaluated by 1% agarose gel electrophoresis. A 9 uL sample of the extracted RNA was retro-
transcribed using the ImProm-Il reverse transcription system (Promega) with an oligo(dT)
primer, following the manufacturer’s instruction. gRT-PCR was performed with GoTaqg® Flexi
DNA Polymerase (Promega) following the manufacturer’s instructions. Reaction mixtures
were set up in duplicate, using 0.5 pL of cDNA 1:4 diluted and 0.5 pL of each primer (0.5 mM
final concentration for each) in a 20 L final volume. Primers were AtPSY RT for and AtPSY RT

rev (Tab. 1). A no-template control reaction was also performed.
2.5. Pigment extraction and analysis

For pigment extraction, aliquots of 1mL of cell suspension were harvested by
centrifugation at 600 g for 10 min. 2 mL of methanol were added to the pellet and incubated
at 80°C for 15 min in the dark (Ferroni et al., 2007). The extracts were clarified by
centrifugation and analyzed with a UV/Vis Spectrophotometer (Pharmacia Biotech
Ultrospec® 2000) (1 nm resolution). For Chla, Chlb and Car quantification, the extracts were
measured at 750 nm, 666 nm (Chla), 653 nm (Chlb) and 470 nm (Car). The quantification was

performed according to Wellburn (1994).

For HPLC analyses, 1 mL samples were harvested by centrifugation and pigments

were extracted with 1 ml acetone 80% over night at -20°C. The extracts were analysed by
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HPLC (Agilent Zorbax ODS-C18 4.6 x 250 mm, 5 um column), as described in Farber and Jahns
(1998). Car were identified by retention times and absorption spectra, and quantification

was referred to total Chl.
2.6. Fluorimetric analyses
Modulated Chl fluorescence

Pulse amplitude modulated (PAM) fluorescence was analysed with an ADC OS1-FL
fluorometer (ADC Bioscientific Ltd, Hoddesdon, Hertfordshire, UK). Aliquots of cell
suspensions from wt and transformed cells were centrifuged at 10000 g for 3 min and the
pellets were deposited onto pieces of wet filter paper (Schleicher & Schuell)(Ferroni et al.,
2011). After 15 min of dark adaptation, initial fluorescence (Fp) and maximum fluorescence
(Fmam) values were measured and used to calculate the maximum quantum yield of PSII, i.e.
F./Fnuv ratio, where F,=Fnu-Fo (Lichtenthaler et al., 2005). After the determination of F./Fmum,
the samples were exposed to 1200 umolphotons m~2s? for 5 min. At the end of induction, the
steady state fluorescence yield was measured (F;) and a saturation pulse was applied for the
determination of the maximum fluorescence in the light-adapted state (F,,’). Subsequently,
cells were allowed to recover in darkness for 5 min and a pulse was applied for the
determination of Fp,. The fluorescence parameters were used in preliminary experiments to
calculate the yield of PSII photochemistry in the light-adapted state as Y=((F,,’-F:)/F.’) (Genty
et al., 1989). The quantum yield of thermal dissipation associated with inactivated PSII after

the light induction was determined as Y(NF) = 1-((F./F.)/(F./Fmv)) (Hikosaka et al., 2004).

In HL and LL cultures, for a detailed analysis of the energy partitioning in a mixed
population of active and photoinactivated PSIl complexes, the measuring sequence
described above was applied, but calculation of quantum vyields was performed following
Hendrickson et al. (2005), with modifications. In particular, the total absorbed energy
fraction was partitioned in Y(PSII), Y(NO), Y(npqg) and Y(NF). In this procedure, each quantum
yield described by Hendrickson et al. 2004 was corrected for a factor which is directly
proportional to the remaining active fraction of PSIl capable of photochemical activity after a
photoinhibitory light treatment ((F./F..)/(F./Fmv)) (Hendrickson et al., 2005). Consequently,

the following equations were used:
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Y(PSI)=[(Fn'-Ft)/Fn’] [(F./Fm)/(F./Fmn)] (yield of PSIl photochemistry)

Y(NO)= (Fy/Fmni) [(F/Fm)/(F./Fmm)] (combined yield of fluorescence and constitutive

thermal dissipation)
Y(npq)= (F/Fn'-F/Fm) [(F/Fm)/(F./Fmm)] (vield of regulated thermal dissipation)
The sum of the 4 yields is the unity. Experiments were carried out in triplicates.
RT Microspectrofluorimetry

In order to study the assembly state of the light harvesting complex (LHCII) with
photosystem Il (PSIl) in transformed and wt cells, room temperature (RT) fluorescence
emission spectra were recorded using a microspectrofluorimeter (RCS, Firenze, Italy),
associated with a Zeiss model Axiophot epifluorescence photomicroscope (Pancaldi et al.,
2002). Samples were prepared as described by Ferroni et al. (2011). Groups of living cells
(x40 magnification) were excited at 436 nm. Excitation wavelength was provided by a
BP436/10 filter (Zeiss), using a 1.6 mm diaphragm. Autolab software (RCS) was employed to
set the recording range (620-780 nm), optimise the photomultiplier response and visualize
the emission spectra (Ferroni et al., 2009). Spectra were recorded from wt and transformed
cells both in normal growth conditions and after photoinhibition treatment (5 min exposure
to 1200 umolphotons m'zs'1, followed by 5 min of recovery in darkness). For each sample, at
least 5 spectra were recorded. Microcal Origin 6.0 software (OriginLab, Northampton, MA,
USA) was used for elaboration of spectra, which were corrected as described by Ferroni et
al. (2011). The Gaussian fitting procedure was carried out as described in previous works
(Béddi and Franck, 1998; Siffel and Braunova, 1999; Ferroni et al., 2009, 2011). Fluorescence
yield of emission bands, whose attribution is shown in Tab. 3, was evaluated as the area
subtended under the corresponding Gaussian curve. Moreover, calculation of difference
spectra between photoinhibited samples and their relative emission in normal cells was

performed.
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2.7 Data treatment

Data were processed with Microsoft Excel™ and Microcal Origin 6.0 (OriginlLab,
Northampton, MA, USA) softwares, meanststandard deviations (SD) for n (number of
samples) are given in each case. Statistical analyses were carried out with Student’s t-test,

with a significant level of 0.05.

3. Results
3.1. Screening of transformants and transformation efficiency

Cells of C. reinhardtii cc-3491 cw-less strain were transformed with plasmids pHyg6-B
and pHyg6-D, obtained as described in “Materials and methods” section. These plasmids
contained the cDNA sequence encoding AtPSY and OsPSY1 respectively (Welsch et al., 2008).
Sequences were flanked by the constitutive B-tubulin promoter in combination with the first
intron of rbcS2 and the 3’ untranslated terminator region of C. reinhardtii rbcS2 gene.
Moreover, the plasmids contained the Hygromycin-resistance cassette excised from pHyg3
(Berthold et al., 2002), with the aphVIl’ gene that confers resistance to eucariotic antibiotic
Hygromycin B. Hygromycin-resistant colonies were identified based on their growth on
selective medium, with a frequency of 0.22 x 10°® cells for pHyg6-B and 0.26 x 10°® cells for
pHyg6-D. Afterwards, the integration of the recombinant genes was confirmed by PCR
screening. The combination of primers showed in Tab. 1 was used and fragments of 1.118
and 1.242 kb were amplified for pHyg6-B and D respectively. Among the transformants
grown in selective medium, the 60% of colonies contained pHyg6-B (Fig. 2 a), whereas 67%
of colonies transformed with pHyg6-D showed the insertion of the transgene (Fig. 2 b). Then,
Hygro-PSY positive colonies were inoculated in liquid TAP-S with 10 ug mL™ of Hygromycin
and further analysed. Among the positive colonies, only one transformant with pHyg6-B
construct (hereafter named B3 colony) showed an increased content of Car of about 40%
with respect to the control in late stationary phase of growth (Data not shown). RT-PCR
analyses confirmed the transcription of the relevant mRNA, and thus the expression of AtPSY
gene (Fig. 2 c). Subsequently, further physiological analyses were then focused on this

transformant.
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3.2. Phenotypic characterisation of B3: preliminary analyses

In order to better identify the effects of the nuclear transformation for the
expression of the exogenous AtPSY in C. reinhardtii, new cultures of the Hygro-PSY positive
colony B3 were set up and compared with wt cells. Physiological analyses were performed at
4, 11 and 30 days of growth on cells cultured in liquid medium at 100 umolghotons m?2s? of

light intensity.
Pigment content

The trends of pigment content are shown in Fig. 3. During the experimental time, a
decreasing trend of total Chl content was observed both in wt and B3 cells (Fig. 3 a).
However, in wt a strong decrease in total Chl occur from 11 to 30 days of growth (-53%),
while in B3 the decrease was less marked, resulting in higher concentrations at 30 days of
growth with respect to control (+62%, p < 0.01). Same decreasing trend was observed for Car
concentration in both samples (Fig. 3 b). As concerns the transformed cells, Car content was
significantly higher already at 4 days of growth (p < 0.05). Increased concentrations were
observed also at 30 days of growth with respect to wt cells, despite difference was not
significant at this point (p = 0.06). The simultaneous variations of Chl and Car contents led to
a gradual increase in the Chl/Car ratio in B3 cells, whereas in wt cells the ratio remained

stable, except at 30 days of growth, when a slight decrease was observed (Fig. 3 c).
PAM fluorimetry

The effects of the transformation on photosynthetic efficiency were evaluated by
PAM fluorimetry. In particular, maximum quantum yield of PSII, as F,/F. ratio, actual yield
of PSII (Y(PSII)) and yield of dissipation in photoinactivated PSIl (Y(NF)) were obtained from
samples exposed to 1200 pmolghotons m?2stfors min, followed by 5 min of dark recovery (Fig.
4). F./Fmm ratios appeared significantly different between wt and B3 cells after the 4" day of
growth (Fig. 4 a). In wt cells the ratio was maintained around 0.55, while in B3 cells a
decreasing trend from ca. 0.6 to ca. 0.35 was observed during the experimental time,
reaching 37% lower values with respect to wt at 30 days of growth (p < 0.05 at 11 days and p
< 0.01 at 30 days). Y(PSIl) is a useful parameter to evaluate the proportion of potentially

active PSII after high-light exposure. Despite the lower F,/F. ratios, unexpectedly in B3 cells
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Y(PSIl) was always higher, with values varying from 0.09 at 4 days to 0.12 at 30 days of
growth (Fig. 4 b). Conversely, in wt cells this percentage varied from 0.036 at 4 days to 0.055
at 30 days, thus was always lower at the same experimental time (-61% and -53%
respectively, p < 0.05). Finally, Y(NF) is the ratio between PSII actual quantum vyield after light
induction and PSII maximum quantum vyield at time 0, thus indicated the proportion of
inactivated PSII after light induction. Despite increasing trends were observed for both wt
and B3 cells during the time, transformed cells always showed a minor proportion of
inactivated PSIl with respect to wt cells (Fig. 4 c). In these latter samples, percentages of
photoinactivated PSIlI varied from 24 to 34%, whereas in transformed cells the values never

exceeded 21% (p < 0.05).
RT Microspectruofluorimetric analysis and comparison with photoinhibited cells

RT Fluorescence emission spectra analyses were obtained for both wt and B3 cells
grown in liquid medium at 100 pmolgnotons m2s™ of light exposure after 15 days of growth.
The spectra showed a typical peak at 683 nm, assigned to the PSIl emission (Franck et al.,
2002), and a broad shoulder at 710-740 nm, which correspond to PSI-LHCI emission, with the
contribution of vibrational satellites (Franck et al., 2005) (Fig. 5 a, b). In order to get more
precise information on the origin of fluorescence, fourth-order derivatives were calculated
to find the components to be used for the deconvolution by Gaussian fitting procedure
(Ferroni et al., 2011). Gaussian deconvolution of spectra showed three emission peaks
assigned to PSII. Free LHCII emitted at 680 nm, PSII core emitted at 686 nm, while emission
at 694 nm was attributed to LHCII-PSII functional assemblies. Moreover, emission at 702 nm
was attributed to the contribution of LHCII aggregates and LHCI-PSI complexes, while
emissions at 660 and 670.5 nm were assigned to uncoupled Chl (Tab. 3) (Ferroni et al.,
2011). No differences in the peak positions were observed between wt and B3 cells.
However, differences in the relative intensities of the emission bands were present, as
demonstrated by the different dimension of areas subtended the different peaks (Fig. 5 a, b).
In particular, B3 cells showed increased emissions from uncoupled Chl (F660, ca. +82%) and
LHCII-PSII functional assemblies (F694, ca. +26%), whereas decreased emission from PSlI
core (F686, ca. -17%) and LHCII aggregates (F702, ca. -21%) were shown with respect to wt
cells. After photoinhibition treatment, RT microspectrofluorimetric spectra were recorded

both for wt and B3 cells, and difference spectra with their relative non-photoinhibited
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samples were calculated. Analyses showed differences in emission intensities in both
photoinhibited samples with respect to their relative non-photoinhibited controls. In
photoinhibited wt, increased emission at 677 nm and decreased emission at 683 nm were
observed in comparison with spectra of wt cells grown in normal light conditions (Fig. 5 c).
Conversely, photoinhibited B3 cells did not show such strong variations with respect to non-
photoinhibited B3 cells, except for a decrease in the emission range between 667 and 687

nm (Fig. 5 d).

3.3. Phenotypic characterisation of B3 to different light intensities: effects of

the transformation

Despite Car accumulation occurred only in slightly higher amounts in transformed
cells with respect to wt cells and in stationary phase of growth, preliminary experiments on
B3 phenotype showed increased characteristics of photoprotection when samples were
subjected to photoinhibition treatments (see sections 3.2.2. and 3.2.3.). In order to
characterise this physiological response and investigate if and how photoprotection could be
related with the nuclear transformation with the exogenous AtPSY, liquid cultures were set
up and grown under contrasting light regimes, such as 30 pmolphotons m?2st as low-light
intensity (LL cultures; Fig. 6 a) and 150 umolphotons m?2stas high-light intensities (HL cultures;
Fig. 6 b). Growth was monitored after 4, 11, 21 and 31 days from the inoculum, showing no
differences between control and transformed cells, irrespective of the light intensity, except
for B3 grown under LL conditions, which showed reduced cell density at 11 and 21 days,
though it reached the same values as the other samples at 31 days (Fig. 6 c). Parallel to
growth measurements, photosynthetic pigment analyses and PAM fluorimetry were
performed. Moreover, samples were analysed by HPLC at 4 and 31 days of growth and
compared, in order to investigate in transformation induced changes in the composition of

Car profile when transformed cells were exposed at different light regimes.

Effects of transformation on photosynthetic pigments amount and Car profile in LL

and HL conditions

Different trends of photosynthetic pigments were observed based on the growth

light intensities in wt and B3 cells (Fig. 7). About total Chl content in LL cultures, similar
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effects as described in section 3.2.1. were observed, even if less marked (Fig. 7 a). Indeed,
Chl concentration in wt cells slightly diminished during the experimental time, reaching at
the end values 30% lower than those measured at 4 days of growth. Conversely, no variation
occurred in transformed cells during the time, thus at 31 days of growth values 21% higher
than those measured for wt were detected (p < 0.05). About total Chl content in HL cultures
(Fig. 7 b), a very evident decreasing trend was observed in wt cells, which showed at the end
of the experimental time values 55% lower than at 4 days. Interestingly, in transformed cells
the Chl content was constant throughout the experiment, except at 31 days of growth, when
lower values were measured. However, very reduced values were detected already at 4 days
of growth with respect to wt (-42%, p < 0.01). In this case, the Chl concentration in B3 cells
did not exceed that of wt 31 days of growth, but similar values were measured in the two
samples. Differences between wt and B3 cells in LL and HL conditions were observed also for
Car content. About wt-LL cultures (Fig. 7 c), a slightly decreasing trend was found, less
marked than that described previously for Chl content. Conversely, transformed cells
showed a nearly constant content of Car, thus from 21 days onwards higher concentrations
were measured with respect to wt cells, with an increase by ca. 33% at 31 days of growth (p
< 0.05). In HL cultures, instead, no significant variations were observed throughout the
experiment for both wt and B3 cells (Fig. 7 d). Simultaneous variations in Chl and Car content
led to Chl/Car ratios between 5 and 6.5 throughout the experiment in LL cultures, with no
differences between wt and transformed cells (Fig. 7 e). Conversely, in HL cultures higher
values were measured in wt cells only at 4 days of growth (p < 0.05), after that no

differences between samples were observed (Fig. 7 f).

HPLC analyses of samples grown in LL conditions showed modifications of the Car
profile in transformed cells, especially after 4 days of growth (Tab. 4). Despite the total
xanthophyll concentration was similar, at this time of growth intracellular levels of
zeaxanthin, which were not detected in wt-LL cells, were measured in transformed cells,
whereas 2-fold higher levels of antheraxanthin were found with respect to control cells (p <
0.01). Conversely, the presence of neoxanthin was 0.7-fold lower following the expression of
exogenous AtPSY (p < 0.05). After 31 days of growth, the effect of transformation did not
strongly alter the Car profile, which only showed a decrease in B-carotene content (-21%; p <

0.05) in transformed cells with respect to wt. A weak accumulation of violaxanthin was
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found in B3 cells, despite differences were not significant (Tab. 4). As shown in Tab. 5, the
effects of transformation on the Car profile was emphasized when cells were grown in high-
light. No differences in Car concentration between wt- and B3-HL cells at 4 days of growth
were found, and in both cases lutein represented the major proportion of Car. Despite this,
transformed cells showed 2-fold higher levels of B-carotene (p < 0.05), 4.5-fold higher levels
of antheraxanthin (p < 0.01) and 1,2-fold higher levels of violaxanthin (p < 0.05) with respect
to wt cells. Moreover, zeaxanthin, not detected in wt cells, was also found. The increased
content of these xanthophylls occurred at the expense of neoxanthin and loroxanthin,
whose sum was halved as compared to wt cells (p < 0.01). This resulted in an unchanged
xanthophyll content. Even at 31 days of growth, strong variations in the Car profile occurred.
In particular, 6.12- and 3.68- higher folds of zeaxanthin and antheraxanthin were
accumulated in transformed cells with respect to wt (p < 0.01 in both cases), at the expense
of B-carotene (-26%; p < 0.05), violaxanthin (-33%, p < 0.01), the sum of neoxanthin and
loroxanthin (-37%; p < 0.01) and lutein (-17%). This resulted in higher concentration of total
xanthophylls in wt cells. These concentrations were used to calculate some parameters
which were useful for understanding the effect on photoacclimation with the expression of
AtPSY under low-light and high-light conditions. In wt-LL cells, the total xanthophylls/B-
Carotene ratio, as a result of the Car balance between antenna and reaction centers,
decreased during the time, mainly because of the major increase in B-carotene with respect
to total xanthophylls. In wt-HL cultures, instead, the strong decrease in B-carotene at 4 days
of growth resulted in a higher ratio, which then decreased because of the accumulation of
this Car upon xanthophylls, despite an increase in them was also observed. On the other
hand, in LL and HL transformed cells no strong variations occurred in total xanthophylls/pB-
Car ratio, irrespective of the light intensity and time of growth. Moreover, different
xanthophylls  profile among different samples allowed to measure the
(zeaxanthin+antheraxanthin)/violaxanthin ratio [(Z+A)/V)], indicative of the de-epoxidation
level. In LL-cultures, the ratio was indeed 2.2 times higher in B3 cells with respect to wt at 4
days of growth, mainly due to the higher concentrations of the de-epoxidised xanthophylls.
In HL-cultures, the ratio increased throughout the experiment both in wt and B3 cells, but
values of the latter were ca. 5 and 7 times higher compared to wt cells at 4 and 31 days of

growth, respectively.
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Energy partitioning of absorbed light energy in LL and HL cultures

In this work, the partitioning of the absorbed excitation energy in PSIl was described
between 4 fundamental pathways, according to different approaches (Hendrickson et al.,
2005). The first component is the fraction of energy which can be photochemically
converted in PSlI, the PSIl quantum yield, i.e. Y(PSII). The other components represented the
total quantum yield of all dissipative processes. In particular, Y(npq) is the fraction of energy
passively dissipated in form of heat by the regulated photoprotective NPQ mechanisms,
Y(NF) is the fraction of energy dissipated as heat by photo-inhactivated PSIl and Y(NO) is the
fraction of energy constitutively dissipated in form of heat and fluorescence emission,

mainly due to emission of closed PSII.

In wt cells of C. reinhardetii cc-3491 grown under LL conditions, only 5% of the energy
absorbed by PSIl was consumed via photochemistry (Fig. 8 a). This proportion remained
constant throughout the experiment. Among all dissipative processes, most of the energy
fraction was passively dissipated, in fact Y(NO) represented 40% of total energy during the
entire experimental time. Same proportion was observed at day 4 for the energy fraction
dissipated by inactive PSII, Y(NF). However, this proportion decreased from 40 to 35% after
11 days, and then it increased again until reaching 45% at 31 days. The trend of Y(NF) was
inversely linked to that of Y(npq), which increased from 12 to 20% at 11 days of growth and
subsequently decreased to 6% at the end of the experiment. Confirming the observations as
in section 3.2.3, B3-LL always showed higher proportion of Y(PSIl), which varied in a range
between 6 and 13%, with respect to wt cells (Fig. 8 b). Moreover, lower percentage of
energy dissipated by inactive PSII, Y(NF), which varied between 32 and 16%, were observed
as well. The absorbed energy fraction which was dissipated by NPQ mechanisms, instead,
increased from 6% at day 4 to 19% at day 11, after that it slightly decreased until it reached
14% at 21 and 31 days of growth. Interestingly, despite the higher proportion of PSII
guantum yield and the lower fraction of Y(NF), B3-LL cells showed a higher percentage of
constitutive energy dissipation, Y(NO), which varied from 60% at day 4 to 48% at day 11 and
reached the 50% at the end of the experimental time. When cells were grown under HL
conditions, different partitioning of absorbed energy was observed both in wt and B3 cells.
In wt cells (Fig. 8 c), the proportion of PSIl quantum yield was slightly higher with respect to

wt-LL cultures, and variable between 6 and 8%, as well as the fraction of energy
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constitutively dissipated, Y(NO), which was the 60% at 4 days, decreased to 45% at 21 days
and then increased again to 57% at the end of the experiment. About the energy fraction
dissipated by inactivated PSIl, Y(NF), a gradual increasing trend was observed during the
experiment. Finally, Y(npg) remained almost constant until day 31. At the end of the
experiment, indeed, the energy loss as heat or fluorescence was exclusively dissipated by
the contribution of Y(NO) and Y(NF), whereas NPQ mechanisms contributed only for 1%.
Same situation was observed at 4 days of growth in B3-HL cultures, when the absorbed
energy fraction was dissipated for the 90% by the only contribution of Y(NO) (70%) and Y(NF)
(20%), while the remaining 10% was the fraction of energy used in photochemistry.
However, Y(npg) subsequently increased to around 10%, whilst the energy fraction
dissipated by non-NPQ mechanisms remained stable at 70%. An increase in the latter
fraction at 31 days of growth was linked to a decrease in Y(PSII) fraction from 10 to 6%.
When energy partitioning diagrams in LL and HL cultures were compared with each other, an
interesting observation was made between wt-HL and B3-LL. In fact, energy partitioning in
transformed cells grown at LL conditions after 4 days was the same of that measured in wt
cells grown in HL conditions for 31 days, showing the same unusual characteristics of

photoacclimation to high-light conditions.

4. Discussion

Microalgae represent one of the most important biological sources of natural
compounds which can be used for biotechnological applications (Ledn-Baiares et al., 2004).
Among the several products that can be obtained from microalgae, carotenoids play an
important role for their possible exploitation in pharmaceutical, cosmetic, and medical
fields, thanks to their intrinsic antioxidant, anti-inflammatory and anticancer properties (Del
Campo et al., 2007; Liu et al., 2009b). Phytoene synthase (PSY) is the first key-enzyme
involved in the Car biosynthetic pathway, catalysing the condensation of two GGPP
molecules to generate phytoene. This enzyme is considered rate-limiting in the pathway and
determines the carbon flux towards Car production (Shewmaker et al., 1999; Fraser et al.,
2002; Sandmann et al., 2006; Couso et al., 2011). For this reason, the first step of the Car

biosynthetic pathway has often been the target of genetic engineering in order to induce Car
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accumulation in many crop plants (Fray et al., 1995; Hauptmann et al., 1997; Fraser et al.,
2002; Lindgren et al.,, 2003; Ducreux et al., 2005). However, the regulation of the
carotenogenic pathway in plants and green algae is not fully understood, and this causes
limitations for the application of protocols of the genetic engineering (Couso et al., 2011). As
a model organism, Chlamydomonas reinhardtii is considered an excellent host for foreign
genes encoding for enzymes involved in the carotenogenesis (Cordero et al., 2011; Couso et
al., 2011). The genome of this microalga is completely sequenced, thus the nuclear
manipulation is easy and well-established (Harris et al., 2001). Then, this organism could
offer an excellent tool to unravel the Car biosynthetic pathway and, at the same time, to

obtain its modification and promote the accumulation of Car with commercial interest.

In this study, the cDNA sequences encoding for Arabidopsis thaliana PSY (AtPSY) and
the first isoform of Oryza sativa PSY (OsPSY1) were expressed in the cc-3491 cell wall-less
strain of C. reinhardtii. The PSY gene products are targeted to the chloroplast. The nuclear
transformation efficiencies were very low for both cases, and not all the colonies grown on
selective medium showed the presence of the transgenes. It is well-documented that
transgene expression is often lowered by silencing of exogenous DNA by a host system, with
a consequent direct influence on the stability of transformant phenotype (De Wilde et al.,
2000). However, also a fragmented integration of the plasmids inside the genome, as well as
deletions caused by recombination events, could explain the absence of the DNA sequences
of interest, in spite of the capability of colonies to grow in presence of Hygromycin-B
(Berthold et al., 2002). Despite the low number of positive colonies, the transformation of C.
reinhardtii with both AtPSY and OsPSY1 generated stable transformants. However, only one
colony, B3, showed in late stationary phase of growth a 40% higher content of Car if
compared with the parental strain. This different phenotype was confirmed to be linked to
the expression of AtPSY by the detection of the corresponding PSY transcript. It is known
that stable transformants of C. reinhardtii integrate different copies of exogenous DNA
inside the nucleus by heterologous recombination mechanisms (Harris, 2001) and that
difficulties in the expression of heterologous genes could be related both with the insertion
position in the genome and the gene copy number. However, the functional expression of
the exogenous PSY and consequent Car accumulation could have been prevented in the

positive transformants that did not exhibit the phenotype by some unknown post-
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transcriptional or post-translational inhibition mechanisms, although these possibilities have

not been further investigated.

In previous works, the capability to accumulate Car as a consequence of the
transformation with carotenogenic genes in C. reinhardtii did not take into consideration the
variability in pigment content linked with the phase of growth (Ledn et al., 2007; Cordero et
al., 2011; Couso et al., 2011). For this reason, in this study wt and B3 cells have been
monitored during cell growth up to the late stationary phase. In wt cc-3491 strain grown in
normal light intensities, the amount of Chl and Car decreased indeed during the experiment,
without affecting the F,/F.u. Interestingly, such decrease in pigments was less marked in B3
cells, leading to higher amounts with respect to wt cells at the end of the experiment.
However, B3 showed a decreasing trend of F,/F... Decreasing levels of maximum quantum
efficiency of PSIl have been linked to exposure of photosynthetic organisms to biotic or
abiotic stresses in the light (Baker, 2008). However, identification of the intrinsic causes of
such decreases can often be difficult. Moreover, a decrease in maximum quantum yield is
often linked with photo-inactivation of PSIl reaction centres, which dissipate excitation
energy as heat rather than using it for photochemistry (Melis, 1999). Conversely, in B3 cells
the decreased F,/F,, was accompanied by higher actual quantum vyield of PSIl and lower
yield of photo-inactivated PSII after a short exposure to high-light, supporting the idea that
the decrease in the F,/F, is not caused by stress conditions induced by the expression of
AtPSY. Different organisation of PSIl in these samples was shown by deconvoluted RT
emission spectra. Indeed, higher F694, indicative of LHCII-PSII functional assemblies (Ferroni
et al., 2011), confirms that PSII activity is not compromised in B3 cells. Moreover, alteration
of the fluorescence spectra after photoinhibition treatments is much less marked in B3 cells
than in wt. These preliminary results strongly suggested that B3 could exhibit an interesting
phenotype with respect to photoacclimation. For these reasons, new cultures were set up
and exposed to two contrasting light regimes. The trend of pigment content from LL to HL
was analysed first in wt cells in order to obtain a photoacclimation sequence that could be
used for comparison with B3 cells. This sequence includes a transition from wt-LL at 4 days
of growth through wt-HL at 4 days of growth and, finally, to wt-HL at 31 days of growth.
Following this sequence, decrease in total Chl, total Car and Chl/Car ratio were observed in

wt. It is well-known that in photosynthetic organisms photoacclimation to high light induces
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a decrease in the LHCIl pigment-protein complexes and PSIl reaction centres in order to
avoid photoinhibition (Fujita et al., 1989; Durnford et al., 2002). The decreasing trend of
total Chl content observed in this study was in line with previous experiments performed in
C. reinhardtii cells, which showed a 50% lower amount of Chl and a decline by 40% of LHC
abundance when LL-acclimated cells were exposed to HL (Durnford et al., 2002). Car content
was also affected by HL exposure, but the decreasing trend from LL to HL acclimation were
less marked. Indeed, only lower amounts of neoxanthin were detected, while lutein, total
amount of violaxanthin, antheraxantin and zeaxanthin, as well as the de-epoxidized fraction
of xanthophylls (A+Z)/V, were increasing in wt-HL cells. Despite xanthophylls are mainly
bound to the Lhc proteins of PSl and PSII (Bassi et al., 1993), only neoxanthin plays the single
role of accessory antenna pigment (Demmig-Adams, 1998), whereas violaxanthin,
zeaxanthin and lutein are involved in dissipation of excess-light energy (Dall’Osto et al.,
2006; Jahns and Holzwarth, 2012). The pigment trends characterising wt cells provided the
framework for understanding how B3 had changed its photoacclimation properties. On the
whole, a reduction in the pigment content was observed in transformed cells, similar to wt.
However, Chl and Car amounts in HL cells were already lower at 4 days of growth with
respect to wt, indicating an anticipation of photoacclimation to HL. For this reason, the
accumulation of Car in transformed cells was not observed, differentfrom what was shown
in previous works where microalgae and higher plants were transformed with exogenous
PSY (Shewmaker et al., 1999; Fraser et al., 2002; Ducreaux et al., 2005; Cordero et al., 2011;
Couso et al.,, 2011). Then, the expression of AtPSY did not induce an absolute Car
accumulation, but the amount of each single Car varied to determine a different Car profile.
On the whole, in a young (4 days) B3 culture grown in LL conditions: i) Chl amount was
reduced like in a HL-photoacclimated wt; ii) the amount of neoxanthin was already lower
than that of wt-HL at 31 days, indicating a high reduction of the antenna function; iii)
accumulation of violaxanthin, zeaxanthin and antheraxanthin was enhanced, as well as a
high amount of de-epoxidized xanthophylls was observed. Under physiological conditions in
vivo, zeaxanthin occurs only in trace amounts within the LHC (Ruban et al., 1994; Lee and
Thornber, 1995; Verhoeven et al.,, 1996) and is usually formed upon de-epoxidation of
violaxanthin during high-light exposure through the operation of the reversible xanthophyll
cycle (Yamamoto, 1979, 1985). Therefore, B3 resembles pre-adapted to HL conditions even

when grown in LL conditions. However, these characteristics were lost at 31 days of growth,
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when the concentration of neoxanthin increased and the level of de-epoxidation decreased
dramatically to 0. When B3 was grown in HL conditions, photoacclimation was further
enhanced if compared to wt-HL even at 31 days, with further reduction in neoxanthin
content until reaching halved levels and highly increased levels of zeaxanthin and
antheraxanthin. Accumulation of zeaxanthin and other xanthophylls such as lutein and
violaxanthin was also previously observed in other experiments with transgenic C. reinhardltii
transformed with exogenous PSY from Dunaliella salina and Haematococcus pluvialis

(Cordero et al., 2011; Couso et al., 2011).

Energy partitioning is a useful methods which allows to better understand how
photosynthetic organisms use or dissipate the absorbed light energy through several
mechanisms, in order to maximize photosynthetic carboxylation and limit the formation of
reactive oxygen species and other photooxidative risks (Nyogi, 1999; Losciale et al., 2011).
According to Hendrickson et al. (2005), the light energy absorbed by PSIl can be quantified in
i) fraction used for photochemistry [Y(PSII)]; ii) fraction of energy quenched by light-
dependent [Y(npq)] or light-indipendent [Y(NO)] thermal dissipation; iii) fraction of energy
dissipated by photo-inactivated PSII [Y(NF)]. In wt-LL, Y(NO) and the sum of energy fractions
which are dissipated by light-dependent mechanisms [Y(NF)+Y(npg)] were constant
throughout the experiment. Among the latter components, Y(NF) progressively prevailed
over Y(npq). Y(NF) is a slowly reversible protective mechanism (Losciale et al., 2011), which
might be promoted in cells in stationary phase either by the cell ageing or by the capacity of
developing long-term responses during photoacclimation. In wt-HL cells, an increase in the
amount of Y(NO) and a decrease in [Y(NF)+Y(npq)] were observed with respect to LL-cells.
The decrease in Y(npg) component was enhanced in HL cells and progressively reached the 0
level. This is in line with what observed by Casper-Lindley and Bjorkman (2008), i.e. that LL-
grown algae have a smaller pool of xanthophyll-cycle pigments per Chl, but develop more
NPQ during exposure to high-light than cells grown in medium light, probably because of a
lower lumen acidification inside thylakoids with respect to LL-cultures (Casper-Lindley and

Bjorkman, 2008).

Differences in the energy partitioning observed between B3-LL cells and wt-LL at 4
days of growth are probably linked to the constitutive accumulation of lutein and zeaxanthin

in transformants. In B3-LL cells, indeed, light-dependent mechanisms of energy dissipation
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were reduced, with a strong component of Y(NF) and the almost absence of Y(npq), but a
higher proportion of Y(NO) with respect to wt-LL. In A. thaliana mutants which contained
constantly high zeaxanthin levels, maximal quenching was similar to that of wt plants,
indicating that an excess of zeaxanthin does not effectively contribute to NPQ (Tardy and
Havaux, 1996). Moreover, it has been demonstrated that NPQ can be mediated by pigments
already present in darkened cells (Casper-Lindley and Bjorkman, 1998). Thus, the cabability
of developing low NPQ when B3-LL cells at 4 days of growth are exposed to saturating light
might be linked to the constitutive presence of de-epoxidized xanthophylls, which led
instead to the increase in the constitutive dissipation energy fraction Y(NO). Again, energy
partitioning in B3-LL at 4 days of growth resembles much more that of a wt-HL than of a wt-
LL. This photoacclimation to HL is clearly not functional in cells grown in LL conditions, in fact
the reduced cell growth confirmed the ineffectiveness of light capturing and use. Several
compensation mechanisms appear to have been subsequently developed in order to
emphasise light harvesting, with increase in neoxanthin concentrations, reaching the same
amounts as in wt, and decrease in de-epoxidized xanthophylls during time. In this way,
Y(npq) was allowed to increase and light harvesting was promoted to support growth. In B3-
HL at 4 days of growth, the photoacclimation to HL was highly emphasised, not only with
respect to wt-HL, but also to B3-LL. Indeed, the increased amounts of violaxanthin and de-
epoxidized xanthophylls, as well as decreased amounts of neoxanthin, resulted in increased
Y(NO) and decreased energy dissipation by light-dependent mechanisms, exclusively
represented by Y(NF). However, these characteristics of enhanced long-term
photoprotection are probably not required during exposition to such light intensity, as
photoacclimation of C. reinhardtii to light intensities higher than that used in this study was
shown (Durnford et al., 2002). Then, despite at 31 days of growth the effects of
transformation were further enhanced, with continuous increase in xanthophylls and
decrease in neoxanthin concentration, light-dependent energy dissipation mechanisms were
activated in order to try to compensate a de-regulated system and use energy in a more

efficient way.

On the whole, these results suggest that the expression of AtPSY in B3 colony
promotes accumulation of dissipative Car, such as zeaxanthin and its intermediate

antheraxanthin, inducing the (de-)regulation of the carotenogenesis towards
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photoacclimation to HL. When transformed cells are grown in LL, a feed-back mechanisms
acting on the endogenous metabolic pathway might be gradually activated, avoiding further
de-epoxidation of violaxanthin and inducing accumulation of neoxanthin to improve light
harvesting. On the other hand, if transformed cells are grown in HL, this feed-back
mechanism might be not sufficient, and other mechanisms of energy-dissipation might be
activated by cells in order to compensate the excessive increase in de-epoxidized

xanthophylls.

5. Conclusion

In this work, the genetic transformation of the microalga C. reinhardtii with AtPSY
and OsPSY1 was performed. The expression of the transgenes was confirmed in only one
transformant with AtPSY, which showed increased amounts of Car. However, by further
experiments in which cells were grown in different light regimes, it was shown that Car
accumulation was light-dependent, while a different Car profile, with initial increased
amounts of zeaxanthin, antheraxanthin, violaxanthin and lutein, was always observed. This
altered Car profile caused a different use of light during photosynthesis, with differences in
the partitioning of absorbed energy towards constitutive energy dissipation fraction Y(NO)
and highly reduced Y(npqg). In LL cultures, a feed-back mechanism might be activated in
order to avoid growth inhibition and promote light-harvesting. Conversely, the accumulation
of de-epoxidized xanthophylls was further enhanced in HL, then mechanisms of energy
dissipation might be increased in order to compensate the de-regulated accumulation of
zeaxanthin. In order to optimize exogenous Car production in microalgae like C. reinhardltii,
basic knowledge of the Car biosynthetic pathway and its regulation needs to be improved.
However, this work shows how genetic engineering together with detailed physiological
studies could offer the possibility to obtain a more complete picture of this complex

metabolic pathway.
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Tables and Figures

Primer

Sequence (5’ > 3’)

Primers for AtPSY amplification

attB1-AtPSY1 for

GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGTCTTCTTCTGTAGCA

attB2-AtPSY1 rev

GGGGACCACTTTGTACAAGAAAGCTGGGTAGGATCMTATCGATAGTCTTGA

Primers for OsPSY1 amplification

attB1-OsPSY1 for

GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCGGCCATCACGCTC

attB2-OsPSY1 rev

GGGGACCACTTTGTACAAGAAAGCTGGGTAGGATCMCTTCTGGCTATTTCTC

Primers for B-tubulin gene promoter amplification

attB4-B tub for

GGGGACAACTTTGTATAGAAAAGTTGCTCTTTCTTGCGCTATGACA

attB1-B tub promo intro rev

GGGGACTGCTTTTTTGTACAAACTTGCGCCAGCGGCTGCAAATGGAAACGG

Primers for 3’ untranslated region of small subunit of rbcS2 amplification and C.reinhardltii

transformation

attB2-rbcS2 for

GGGGACAGCTTTCTTGTACAAAGTGGCTTAAGGATCCCCGCTCCGTGTA

attb3-rbcS2 rev

GGGGACAACTTTGTATAATAAAGTTGCGGTACCCGCTTCAAATACG

AtPSY1 RT for TTTGCTTATGACACCCGAAA
AtPSY RT rev ATAACCGGAACGCTCATCAA
OsPSY1 RT for AACCACACACCATTCCCATC

Tab. 1: nucleotide sequences o

f primer pairs used for PCR amplifications.
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Plasmid version Promoter CDS Terminator
pHyg6 - B B2-tubulin promoter + rbcS2 1% intron APSY rbeS2 3" UTR
pHyg6 - D B2-tubulin promoter + rbcS2 1% intron OsPSY1 rbcS2 3" UTR

Tab. 2: Plasmid description.

a b
rbcS2 intron 5'Beta2-Tub 5' Beta2-Tub

rbcS2 intron

RepOri
RepOri
ﬁ\\/ L /
. OsPSY1 N\
- rbcs2 &
pHyg6-B | pHyg6-D |
6678 bp AP, 6672 bp ;;AP '
5 Beta2—Tub/ 5' Beta2-Tub \
bcS2 int /
roc Intron .
rbeS2 rbcS2 intron rbcS2
HygR HygR

Fig. 1: pHyg6 plasmidic vectors obtained using Gateway Technology recombination. a)pHyg6-B,
carrying the coding sequence for AtPSY and b) pHyg6-D, containing the coding sequence for OsPSY1
(Welsh et al., 2008).
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Fig. 2: a) PCR analysis of C. reinhardtii transformed with pHyg6-B. 1-5 lines are transformants
analysed, line 6 is wild type strain of C. reinhardtii and line 7 is pHyg6-B vector. Line 8 is 1 kb DNA
ladder (0.1-10 kb, Applichem) Amplified fragments were 1.118 kb length. b) PCR analysis from
genomic DNA of C. reinhardetii transformed with pHyg6-D. 1-6 lines are transformants analysed, line 7
is wild type strain of C. reinhardtii and line 8 is pHyg6-D vector. Line 9 is 1 kb DNA ladder. Amplified
fragments were 1.242 kb length. c) RT-PCR Analysis on cDNA from C. reinhardtii transformed with
pHyg6. Line 1 is 1 kb DNA ladder (0.1-10 kb, Applichem). Line 2 is cDNA from B3 colony, line 3 is wild
type strain of C. reinhardltii, line 4 is MQ water. Amplified fragments was 348 bp length.
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Fig. 3: time course of total Chl (a), Car (b) and Chl/Car ratio (c) during the experimental time in C.
reinhardtii wt (black) and transformed cells from B3 colony (grey) (n=3 +s.d.).
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Fig. 4: time courses of F,/F.,y ratio (a), PSIl actual quantum yield (b) and yield of photoinactivated
PSIl (YNF; c) in C.reinhardtii wt (filled circles) and transformed cells from B3 colony (empty circles)
n=3 +s.d.).
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A (nm) Attribution

660-670.5 uncoupled Chl

680 free LHCII

686 PSII core

694 LHCII-PSII functional assemblies
702 LHCII aggregate

Tab. 3: attribution of fluorescence emission bands by PSIl in C. reinhardtii wt cells, according to
Ferroni et al. (2011).
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Fig. 5: Gaussian deconvoluted RT emission spectra of wt (a) and B3 (b) C. reinhardetii cells. The
emission wavelength contributing to PSII region are indicated and different areas subtending the
curves have been coloured. ¢, d: calculation of difference emission spectra between photoinhibited
and not-photoinhibited cells of C. reinhardtii wt (c) and B3 (d) cells. The emission wavelength altered
by photoinhibition treatment are indicated. Deconvoluted spectra derives by the average of at least 5
spectra recorded for each sample.
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Fig. 6: a) C. reinhardtii wt and transformed cells grown at 30 pmolnotons M s (LL cultures) and b) 150

HMOl photons m2s™ (HL cultures). c) cell densities of C. reinhardtii wt (filled symbols) and B3 (empty
symbols) grown in LL (squares) and HL (circles) conditions (n=3 * s.d.).
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LL 4 days LL 31 days
Car content wt B3 wt B3
Total Car 26.30+0.12 25.11+1.01 29.76 +1.59 28.23+1.37
B-Carotene 4.46+1.09 3.85+0.56 6.49 £ 0.45 5.12+£0.35
Zeaxanthin n.d. 0.13+£0.02 n.d. n.d.
Antheraxanthin 0.20+0.05 0.42£0.04 n.d. n.d.
Violaxanthin 4.13+0.38 4.86 £ 0.97 4.34+0.62 5.27 £0.60
Neoxanthin+Loroxanthin 9.25+0.80 6.79+0.61 9.22+0.92 8.71+0.94
Lutein 8.26 £ 0.70 9.05+1.58 9.91+1.05 9.27+0.72
Total xanthophylls 21.84 21.85 23.47 23.25
Total xanthophylls/B-Carotene 4.90 5.52 3.62 4,54
(z+A)/V 0.05 0.11 0 0

Tab. 4: Car content in C. reinhardtii wt and transformed cells grown

days. Car are normalized per 100 chl (n =3 +s.d.).

in LL conditions after 4 and 31

HL 4 days HL 31 days

Car content wt B3 wt B3
Total Car 26.80 £ 0.47 28.39 +4.06 39.19+2.30 31.67 £2.06
B-Carotene 2.55+0.98 5.15+1.22 8.08+0.,72 5.99+0.32
Zeaxanthin n.d. 0.36+0.12 0.25+0.08 1.53 £0.65
Antheraxanthin 0.13+0.02 0.58 + 0.07 0.35+0.01 1.29+0.39
Violaxanthin 4.75+0.40 5.79+0.40 6.21+0.70 4.14+0.30
Neoxanthin+Loroxanthin 8.81+0.55 4.35+0.21 6.98 +1.04 4.42 +0.59
Lutein 10.56 £ 0.94 12.16 £ 0.73 17.41+1.78 14.4+1.77
Total xanthophylls 24.25 23.24 31.2 25.78
Total xanthophylls/B-Carotene 9.51 4.51 3.86 4.30
(z+A)/V 0.03 0.16 0.10 0.68

Tab. 5: Car content in C. reinhardtii wt and transformed cells grown in HL conditions after 4 and 31
days. Car are normalized per 100 Chl (n =3 £s.d.).
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Fig. 8: estimated fraction of the absorbed irradiance 1200 umol,,hommm'zs'1 partitioned in
photochemistry [as yield of PSIl; Y(PSIl)] and in quantum yield of all dissipative processes, such as
yield of non-photochemical quenching [Y(npq)], fraction of energy which is constitutively dissipated
in form of heat and fluorescence by closed PSIl [Y(NO)] and quantum yield of thermal dissipation in
inactive PSII [Y(NF)] in C. reinhardtii wt and B3 cells grown under LL and HL conditions.
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Concluding remarks

During the last few years an increased number of Laboratories have started to
develop researches in which microalgae are involved as source of biomass to be exploited
for biofuel production (Brennan and Owende, 2010; Mata et al., 2010; Leonardi et al., 2011;
Singh et al., 2011; Smith et al., 2010). In this Thesis, research was aimed at increasing the
knowledge of microalgal physiology, in order to obtain new useful information for the
improvement of culture performance in the perspective of large-scale cultivation (Scott et
al., 2010; Wijffels and Barbosa, 2010). In detail, it has been demonstrated that mixotrophy
can be considered the best cultivation system for increasing the biomass concentration in
the promising microalga N. oleoabundans. Several additional advantages in mixotrophic
cultivation can be considered, such as the lipid accumulation when cells enter the stationary
phase, the possibility of using waste products as organic carbon source and the reduced risks
of contamination, which nearly unavoidably mine the success of heterotrophic cultivation
(Scott et al., 2010; Chen et al., 2011). With the perspective of transferring the microalgal
cultivation process on the large scale, the Laboratory of Plant Cytophysiology (University of
Ferrara, Italy, Supervisor: Prof. Simonetta Pancaldi) is now optimising the cultivation of N.

oleoabundans in two tubular photobioreactors of 20 and 100 L of capacity, respectively.

This Thesis provides also advanced insights in the organization of the thylakoid
protein complexes which characterize the photosynthetic membranes when N.
oleoabundans is grown mixotrophically. Indeed, very little is known about this topic, but
investigation in mechanisms which regulate photosynthetic light reactions and carbohydrate
metabolisms might be useful for the scaling up of mixotrophic microalgal cultivation, for

instance to plan the most fruitful type of illumination.

Finally, it has been demonstrated that molecular engineering, together with detailed
physiological studies, can be considered a useful tool which can be targeted to different
metabolic pathways of microalgae, such as that leading to neutral lipid accumulation. This
might offer the possibility to obtain a more complete picture of this complex metabolic

pathway and to allow the overproduction of lipids for biofuel purpose inside microalgal cells.
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