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Introduction

1-INTRODUCTION

1.1 Cosmic Radiation

The space environment is permeated by fluxes ofptexradiation having variable energy
and intensity. The Earth atmosphere is able terfikpace radiation protecting living
organisms from their deleterious effects derivirgjinty from ionisation events.

According to its origin space radiation is classifas:

i) Galactic Cosmic Radiation, (GCR) composed by §f@tons, 12% alpha particles and 1%
High Z Energetic particle - HZE with energies rampifrom 1 and 1bGeV deriving by
acceleration of stellar flares, supernova explasipulsar spin-offs, or from the explosions of
nascent galactic nuclei within our galaxy. ii) SoRarticle Radiation, (SPE) consisting of
charged particles in large clouds, mainly protorithvan energy of about 1GeV. Solar
radiation has lower energy compared to galactiencosadiation, but its production may be
intense and is generally unpredicTable althoughpjtears to reach a peak about every 11
years. There is a significant anti-correlation kesw solar activity and the intensity of the
cosmic rays with energy values under approx. 10 G&®rien and Sauer, 2003). During the
quiet sun period, no energetic particles in tharsalind can reach the sea level on Earth,
because of the low energies of the particles. énaittive sun period, the solar wind increases
by factors of the order of £0making it far denser than the galactic partitle.f

However, there is a more important aspect of thar sycle than the increased patrticle flux.
The active sun with its large solar wind creatdarge distortion of the magnetic field about
the Earth (the magnetosphere), which increasesEtreh's shielding against intragalactic
cosmic rays. This phenomenon leads to a net remuofithe sea-level cosmic rays during the
period of the active sun.

iii) Geomagnetically Trapped Particle (GTP) radiati generated by the interaction of space
radiation with the Earth's geomagnetic field, coisipg electrons with energies up to 7 MeV,
protons with energies up to 600 MeV, and low endrggvy ions. Some of the particles from
the Sun get trapped and collected by the Earth{gatee field Bert CW and Hyler,1962).
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1.1.1 Cosmic rays in the Earth atmosphere

When space ionizing radiations particles collidéhvather atmospheric particles in our
troposphered.g: water molecules) disintegrates into smaller pjonuons and other particles
forming the so called cosmic ray shower.

Except for protons and electrons near the top ef dbmosphere, all particles are
produced by interactions of the primary cosmic reyth the air. Muons and neutrinos are
produced by decay of charged mesons, while elestaml photons originate by decays of
neutral mesons.

The cosmic radiation incident at the top of thegstrial atmosphere includes all sTable
charged particles and nuclei with lifetimes of ardeé’® years or longer. Technically,
"primary" cosmic rays are those particles accederat astrophysical sources and "secondary"
are those particles produced in interaction of pimgnaries with interstellar gas. Thus
electrons, protons and helium, as well as carbwygen, iron, and other nuclei synthesized in
stars, are primaries. Nuclei such as lithium, bienyl, and boron (which are not abundant
end-products of stellar nucleosynthesis) are seargnéntiprotons and positrons are partly, if
not entirely, secondary, but the fraction of thpadicles that may be primary is a question of
current interest (Miroshnichenko, 2003).

The incoming charged particles are modulated by dbkar wind, the expanding
magnetized plasma generated by the Sun, whichetatet and partially excludes the lower
energy galactic cosmic rays from the inner solatesy. In addition, lower-energy cosmic
rays are deflected by the Earth's magnetic fietdoalgh the protection is greater in the
equatorial regions than at the poles. There is sdsoe protection by the solar inter-planetary
magnetic field and by the stratospheric absorptibtow energy particles (Heinrich et al.,
1999).

The Earth is well shielded by its atmosphere, Ih& tlose may be significant in
prolonged high altitude or space flight. Measuretmesf this type of radiation have been
taken from high altitude aircraft. Fortunately thienual dose is relatively low in constantly

exposed air crew (O'Brien et,d@998).

The incident particles, protons and neutrons, atiewith atmospheric matter primarily
with the strong interaction. The particles whick aonsidered active in a cosmic ray cascade

are reviewed in Table 1.
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Interaction type

Particle Electromagnetic Strong Weak (RA/IZf/S) Lifetime
Pions . . ~134 ~26 ns
Muons . . ~106 ~2 USs
Neutrons . 940 12 min
Protons . . 938 STable
Electrons . 0.5 STable
Photons . STable

Table 1.Active particles in a cosmic ray cascade.
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1.1.2 Cosmic influence on chemistry of Earth atmgdere

As we know the solar cycle drives solar irradiamagability in the UVregion and also
regulates the energetic particle fluxes, which iamportant for atmospheric chemistry and
ozone (Crutzen et al., 1975; Heath et al., 197 hidraet al., 1979). While most of the
atmospheric particle effects are in the thermosplagrd mesosphere, some particle effects
occur in the stratosphere and troposphere. Thespiaeric odd nitrogen (NOwhere NQ =
N + NO + NG + NG; + 2*N,Os + HNO; + HNO,; + CIONG, + BrONG,) content is
influenced directly by GCR, which produces NO, e tlower stratosphere, and by solar
proton events SPEs, which produce NOy in the upgtemtosphere. Both SPEs and
precipitating electrons produce NOy in the mesosphed lower thermosphere, which could
be transported downwards and possibly affect thpeuptratospheric NOy balance. Jackman
(Jackman et al., 1991; 1993; 2000) has reviewedstae of knowledge of the effects of
charged particles on NOy and ozone in the middteoaphere.

Rapid chemistry is initiated after,Nlissociation and most of the atomic nitrogen is
rapidly converted to NO and NOThe precipitating particle-produced NO constituerds

then deplete ozone through the well-known catalgaction cycle:

NO + G --> NG, + O,
NO,+ O -->NO +Q

A rich array of literature exists on the theoryabfarged particle production of HOX,
which reacts with odd oxygen to cause a loss imez&olomon et al., 1981) by a similar

catalytic cycle:

OH+0>H+ 0O,
H+O;2> OH+ O
Net: O+ Q@-=>20,

It should be noticed that ozone change at 50 kmadrtugher altitudes regulates the
ozone content practically at all altitudes due t® influence on the solar radiation flux
penetration. Ozone observations, which occur du@REs, support the idea of ozone
destruction by solar protons (Krivolutsky et 2002).

Earth climate has been varying during all geoldgiee evolution. The origin of these
variations has previously, and almost exclusivélgen attributed to internal causes. For

4
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example volcanic dust in the stratosphere can ceoskng of the order 0.5°C for a year or
more. The same is assumed for the atmospheric/amsedtation in the Pacific called El Nifio
Southern Oscillation. It is expected that the ahnwaiations in temperature will be a
composite of several causes, of which only onegslar influence. However, at time scales
greater than 10 years it looks like the Sun hagmrifieant influence on climate variations.
This statement is based on the qualitative agreebetween isotopes data about the Earth’s
temperature over the last 1000 years. A remarkadneelation between cosmic ray flux and

variations in the Earth’s cloud cover has been detnated (Svensmark, 2000).

1.1.3 Effect of Radiation interactions with matter

1.1.3.1 Chemistry

Living and not living matter can be affected byiedidn coming from space. Interaction
mechanisms are different depending on the typelaménergy of the radiation as well as the
characteristics of the penetrated matter.

Samples exposures with charged particles havindp lkigetic energies, result in
ionization and excitation of the component, causangelectron loss from a molecule of a
certain material. This interaction depends on tieen& make-up of the material and much
less on the molecular structure. Also high energgtgns of X- and gamma-rays knock
electrons off atoms or molecules.

The particles able to ionize molecules are calbmizing radiation. Some examples are:

« Heavy charged particles such as protons, alph&iesitenergetic nuclei, mesons;
- Light charged particles such as electrons and noosit

- Electromagnetic radiation such as X-rays and ganays

« High energy neutral particles such as neutrons;

The unique interaction characteristics of differpatticles and radiations will affect the
severity of physiological damage during exposurlvaoig systems to radiation.

Modes of interaction There are five basic ways in which radiation riatés with
matter: ionization, kinetic energy transfer, molacwand atomic excitation, nuclear reactions,
and radiative processes.

* lonization is the removal of an atomic electron from an absoatom to form an ion
pair consisting of a negative electron and a maassive positive ion. Primary ionization is

initiated directly by the incident radiation. Sedany ionization is produced subsequently by
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the ions created in the primary ionization eveflite Bmount of energy needed to form an ion
pair varies with the type of absorbing medium.

« Kinetic energy transfers are interactions that impart kinetic energy to wars
above the amount required to form the pair. Kinetiergy transfers may also occur due to
elastic collisions between the incoming radiatiad ¢ghe nuclei of the absorber.

* Molecular excitation and atomic electron excitationare modes of interaction that
may occur even when the energy transferred isthess the absorber ionization energy. As
the atomic electrons fall back to lower energy Igve rays and Auger electrons will be
emitted. Molecular excitation occurs through tratiehal, rotational, and vibrational
processes, and also through electronic excitatiime molecular excitation energy is
eventually dissipated by bond rupture, luminescgorcevolution of heat.

* Nuclear reactions of incoming radiations with nuclei of absorber ratocan be
important modes of interaction. This is especiallye for high-energy charged particles and
neutrons.

« Radiative processesare those in which electromagnetic energy is seldaby

decelerating high-velocity particles.

Radiations can be divided into two groups: charged uncharged. Charged particles
include both unsTable atomic nucleus é&nd (3 particles) and light varieties (photon).
Uncharged radiations includerays, x rays, neutrinos, and neutrons. These twops of
radiations have characteristic differences in timeractions with matter. Charged radiation
interacts primarily with the electrons of the atoimghe absorbing medium through a series
of many small energy-loss events. These eventsregillt in the formation of ion pairs,
kinetic energy transfers, and atomic or moleculantation. Therefore, these radiations lose
energy in an incremental and rather predicTablermaan

Uncharged radiations, in contrast, interact lesguently, or not at all, with the absorber
electrons while dissipating their energy. Insteéd @eries of small sequential interactions,
the uncharged radiations often undergo one or arflgw major interaction events in which
all their energy is lost. These interactions aresaopredicTable as those for charged particles.
It is possible for uncharged radiations to passeuygh a large amount of matter with a low
probability of interaction. This is not the case ftharged particles. Hence, uncharged
radiations are much more penetrating than chargeticies of the same energy (Turner,
1995).

Heavy Charged-Particle Interactionldeavy charged particles may be considered to

include those with masses greater than one daltomadioactive decay processes, these

6
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particles have a positive charge. The heavy chapgeticles interact with matter primari
through ionization. For higkenergy particles, nuclear reactions may also beoitapt. The
heavy charged particles are much more massive tiiarelectrons with which they a
interacting. Therefore, they are not significamtéflected by these interactions and the pai
the particle through an absorber is relatively straidtdrely, however, elastic collisions w
the absorber nuclei will result in significant datvons of individual particles from a straic
path (Rutherford scattering).

Alpha particles are the most coronly encountered heavy charged particles
radiochemistry The high likelihood of interaction of positively @iged particles wit
absorber electrons combined with their straigtgrenttion path suggest that the particles
have a fairly well-definedange in a given absorber. The range of the paninay be stated |
a variety of units, all of which reflect the distantravelled through the absorber until
particle is "stopped" (i.e., reaches the ambiestaye kinetic energy of the absorbeims).

The main reasons that gamma rays and neutrongataresting in interaction radiati-

matter are described below:

Cosmic ray particle Fast Neutron SCATTER and Slow Neutron is CAPTURED
COLLIDES and give off give off gamma ray photon and give off gamma ray photon
fast neutron .
. \ Slow Neutron
. Cosmic Ray Particle //Med'\um
\ Fast \ Neutron .
Neutron

\\ Gamma Ray N Gamma Ray N
Fast Neutron . Photon * Photon *

Figure 1 Examples of radiatiomteractions witrmatter.

In the first drawing of Figur& acosmic ray particle collides with a target atom gnabs off
a fast neutron. It is a “collision event.” In thecend drawing, a fast neutron bounces off
target atom and slows down to a medium neutras.dt“scatter event.” A gamma ray pho
of a specific energy is given off. In the final dragjrma slow neutron is captured by ¢
excites a target atom which then gives off a gamayaphoton of a specific energy. It is

“capture event”.
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1.1.3.2 Gamma-Ray interactions

Because rays are electromagnetic radiation, they havehasge and no rest mass. The
interactions of y rays are, therefore, quite different from thosg@esienced by charged
particles. Gamma rays are not subject to Coulordyantions, and so they do not lose energy
continuously as do the charged particles.

Generally, the ray will experience only one, or perhaps a fewas@ophic interactions
with the electrons or nuclei of atoms in the absaylmaterial. In these interactions, theay
either disappears completely or has its energyifgigntly altered. lonization takes place, but
most events are induced by secondary electronsianby the primary ray itself. Gamma
rays do not have discrete ranges. Instead, thesmyeof a beam of rays is continuously
reduced as it passes through matter in accordartheaw exponential absorption law. Two
major modes of interaction of gamma rays with nmadire: i) the photoelectric effect (PE),
when ay ray interacts with an atom in a process that tesalthe ejection of an electron from
the atom and the complete disappearance of thg; ii) Compton scattering (CS), when the
ray interacts with an atomic electron losing ondytpof its energy and it is deflected from its

original path.

1.1.3.3 Neutron interactions

Neutron interactions with matter are quite difféaréom those of the charged particles
or electromagnetic radiation.

The uncharged neutrons interact almost exclusivwetit nuclei rather than with the
atomic electrons. These nuclear interactions irekldstic and inelastic scattering, and direct
interactions. The capture of a neutron by a nuctesslts in the subsequent emission of a
charged particle oy ray. This is used as the basis for detecting nastrNeutron ranges in

matter longer than those of the charged particiés @@mparable or even greater energies.
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Most probable energy ~ 0.025 eV

Thermal neutrons Average energy as ~ 0.04 eV

Epithermal neutrons 0.1<E,<1eV
Resonance region neutrons leV<E,<1lkeV
Fast neutrons 0.5 <E, <2+ MeV

Neutron generator fast neutrons 14.7 MeV

Table 2. Categories of Neutrons.

The type of interaction that a neutron will expede depends on its energy. Low-
energy neutrons (with a mean energy of about O\)4aee called slow or thermal neutrons.
They undergo both elastic scattering and direceradtions. The direct interactions
experienced by thermal neutrons are most oftemefradiative capture type. In this kind of
reaction, the neutron is captured by a nucleusiltreg in an excited state that de-excites by
emission of ay ray. As the neutrons increase in energy from thérta epithermal to
resonance to fast, the probability of radioactieetron capture generally decreases. Energies

associated with these different categories of n@stare given in Table 2.

1.1.3.4 Effect on living cells

When an electron passes through a cell, it reledsemergy along its path (called a
track) by interacting with the electrons of nearbglecules. The released energy is absorbed
by atoms near the track, resulting in either exiota(a shift in the orbit of an electron to a
higher energy level) or ionization (release of batteon from the atom). What differs from an
ordinary chemical reaction is that when radiatiamnates energy to atoms or molecules,
electrons other than those on the most outer cebitbe released, which makes the atoms
very unsTable. Such unsTable atoms are called alsdand are chemically very reactive.
Some radicals are so reactive that they exist famlgs short a time as a microsecond.

Because the radiation causes ionization and ekmitatith a random process in the
medium, the most abundant molecules have highdrapitity to undergo with the radiation
effect. The biological matrix is composed for 708®by water and most of the absorbed
energy is caught by water molecules. In order teustand the biological effect of radiation,

it is important to describe the radiochemistry aiter.
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1.1.4 Radiochemistry of water

Bombarding liquid water with high energy photons drarged particles causes
excitation and ionization of the water moleculesg(ire 2).
The excitation of a molecule of wateguses the prompt dissociation to the two radicals
H* OH" :
OH, "> HO*—> H +0H
Theionizationcan give the water radiolysis producing an elecand a water molecule
with a positive charge:

H,O " H20+ +e

et
H:0 ~~oo~>  H.O* — H + OH

)

H:0 ~~oo> HO + €

| O Ho s b+ OH

+

H*+ OH LR,
+ H.0 e:
—eee—3p aq

Figure 2. Radiationinteraction with molecules of water (Alpen ,1990).

The primary radical species formed in the radiglysf liquid water are solvated
electrons, hydroxyl radicals and hydrogen atom&,HH, and HO" are also formed.

To some extent, presolvated electrons ap@ Hecombine in the tracks, producing an
excited water molecule, which can dissociated agaiHO and H (Figure3) At very high
water concentrations, some electrons can be scasleimgtheir presolvation state by the
solute, resulting in a higher yield of scavengeecibns relative to the values from dilute

solution. Yields of products such as Hidd H are correspondingly reduced.

10
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unpaired
( electron
unpaired
f electror
®
®
€aq OH"* H* OH ~ H

Figure 3. Main products from interaction of the radiatiorttwivater molecules.

Inside the organic matter, free radicals producgdvhter radiolysis, can react with
organic, biologically important molecules, causidgmages. Moreover, the biological
effectiveness of radiation can be enhanced by xiygem. As matter of fact, if the matter hit
by ionizing radiation contains dissolved oxygere tihemical reactions of free radicals with

oxygen produce superoxide, hydroperoxyl radicatstaydrogen peroxide:

€aq + O —> O, (anion radical superoxide)

H* + O, —> H,O" ( hydroperoxyl radical)

0," + H" — H,0 * ( hydroperoxyl radical)

H,O® — H,0, (hydrogen peroxide) + O

Reactions of superoxide and hydroperoxyl radicedsstudied because of their role in
biological systems. The products of the reactioamgeha harmful power higher than primary
radicals, because they show a big affinity withrti@ecules.

1.1.5 Interaction with organic matter

In general, radiation-induced ionization may aatedlly on the cellular component
molecules or indirectly on water molecules, causuager-derived radicals (Figure 4).

11
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Direct \ Free

ionization radicals

DIRECT INDIRECT
damage damage

Figure 4. Direct and indirect action of ionizing radiation.

Radicals react with nearby molecules in a very tshiore, resulting in breakage of
chemical bonds or oxidation of the affected molesuFor examples free radicals can extract

hydrogen from organic molecules (RH) forming se@gdadicals R(Coggle, 1998):

RH + OH —R’ +H,0O
RH+ H —R +H,

Secondary radicals, which can again react with rothelecules, are formed also for

direct action of ionizing radiation:

RH ~~~»>»RH +6é —R +H

If a organic molecule is transformed directly odinectly in a free radical it can react

with oxygen in the following way:

R +0, —> RO,

A chain reaction can involve several RH:

RO, + RH—> ROH + R’

12
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Proteins and desossiribonucleic acid (DNA) are miganacromolecules (R) with a
fundamental biological role inside living cells.

The major effect in cells is DNA breaks. Since DNznsists of a pair of
complementary double strands, breaks of eithemglesistrand or both strands can occur.
However, the latter is believed to be much moreartgnt biologically. Most single-strand
breaks can be repaired normally thanks to the @estbhnded nature of the DNA molecule
(the two strands complement each other, so thattant strand can serve as a template for
repair of its damaged, opposite strand). In the cdglouble-strand breaks, however, repair is
more difficult and erroneous rejoining of brokerdemmay occur. These so-called misrepairs
result in induction of mutations, chromosome aliema, or cell death.

It is clear that exposure of biological materialdoising radiation could leads to a loss of
function due to the modification of critical strupts (Beauregard and Potier, 1985). One of the
most important and discussed problems in radigtiotection concerns the determination of the
biological effectiveness of radiation on living argsmsin order to assess the radiation risk for
living beings during long-term spaceflights, itvisry important to clarify whether combination

of cosmic radiation and other factors have a sys#rgffect on the cell functions.
1.1.6 Definitions of used quantities

It is useful to outline some information about paesers utilized to determine lonizing
Radiation effect on living matter. Up to now, thentan body is taken as reference (ICRP,
Publication 74).

Linear energy transfer (LET) is a measure of hosvaafunction of distance, energy is
transferred from radiation to the exposed mattehigh value of LET indicates that energy is
deposited within a small distance. It is also knasgnthe restricted linear collision stopping
power. High LET radiation: Radiation with high lereenergy transfer, normally assumed to
comprise protons, neutrons and alpha particlest{ear particles of similar or greater mass).

Low LET radiation: Radiation with low linear energsansfer, normally assumed to

comprise photons (including X rays and gamma radigtelectrons, positrons and muons.
. Absorbed dosédenoted as D) is the quotient of & by dn, where de is the mean energy
imparted by ionizing radiation to matter of masg thus

D:E
dm

The unit of absorbed dose is joule per kilograrid ~* or gray: Gy).

13
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. Dose Equivalent (denoted as H) is the product @n@ D at a point in tissue, where D is
the absorbed dose and Q is the quality factorddiation at that point, thus
H=QD

The unit of Dose Equivalent is joule per kilograihiKg — or sievert: Sy.
- Ambient Dose Equivalent (denoted as H*(d)), at @npd radiation field, is the dose
equivalent that would be produced by the correspgndxpanded and aligned field in the
ICRU sphere at a depth d, on the radius opposiaglitlection of the aligned field. The unit of
Ambient Dose Equivalent is joule per kilograniKg ~or sievert Sy
. Equivalent Dose in a Tissue T (denoted ag)Hs the absorbed dose in an organ or tissue
multiplied by the relevant radiation weighting fac{see Table 3), thus

HT,R = WRDT,R
where O r is the absorbed dose averaged over the tissug@an @, due to radiation R, where
Wr is the radiation weighting factor for radiation R.
When the radiation field is composed of radiatianth different values of w, the absorbed
dose is subdivided into blocks, each multiplied itsy own value of w and summed to
determine the total equivalent dose, i.e.

HT = ZWRDT,R
R
The unit of Equivalent Dose is joule per kilograinkg ™ or sievert(Sv).

.- Effective Dose Equivalent (denoted ag) i the weighted average of the dose equivalents,
each weighted by a tissue or organ weighted fatitas;

He = wH,
T

where His the dose equivalent in tissue T, angisvthe is the weighting factor for tissue T,

as formerly recommended by ICRP.

14
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Types of radiations and energy Weighting factors of

intervals radiation, wR

Photons, all energies 1
Electrons, all energies 1
Muons, all energies 1

Neutrons energies:

<10 keV 5
10 — 100 keV 10
100 keV — 2 MeV 20
2 -20 MeV 10
> 20 MeV 5
Protons, (not recoil protons) .
with energy < 2MeV
Alphas, fission fragments, 20

heavy nuclei

Table 3.Values for radiation weighting factors (ICR, Pehlion 60).

Sanitary effects of ionizing radiatiorRadiation exposure can determine risks of

sanitary effects for living beings and requirescadde radio-protective precautions. Induced
effects on men can be distinguished in somaticceffand genetic effects, distinguishing if
they reveal their effect on the exposed individaalon his descendent. A lot of somatic
effects are non — stochastic effects. Their seness is related to dose absorbed by the
considered organ or tissue and each non-stoclediit is characterized by a threshold value
of absorbed dose. Only if the absorbed dose isehigfian the threshold value, the effect
appears. Threshold dose values, for different detestic effects, are always very high and
they are known with a good precision. All genetifeets and the most important somatic
effects (as leukaemia, tumour) are stochastic &ffdhey are characterized by the absence of
a threshold dose value and they occur with a prittyathat depends on the absorbed dose

value.

15
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1.1.7 Biological space studies

The main difficulties for the permanence of biotmi organisms in space (including
man) are caused mainly by the presence of ioniadgtion, microgravity, high-temperature
and high vacuum conditions. During the time, thbasted science community interest on
space biology was followed by the increased nunolbespace missions aimed to understand
space environmental effects on living organisms.

Permanence in space can result in a number of seh\edffects such as bone loss, skeletal
muscle atrophy, cardiovascular problems, immunéesygdisregulation, alteration of sleep

and circadian rhythms, cancer, cataracts and gesdémage to the central nervous system
which are mainly associated to the occurrence araogravity and exposures to the GCR

environment (Hellweg and Baumstark-Khan, 2007).

Plants are essential companion lifeforms for logmgat space missions, where Human
habitats must mimic the cycles of life on Earthgenerate and recycle food, oxygen, and
water. Photosynthetic organisms on the Internati8pace Station (ISS) could be use as life
supporting system, supplying oxygen and removingoara dioxide from the station
atmosphere. They also prevent gases like ammoniaegtone, which people emit in small
amounts, from building up to dangerous levels.

The majority of biological studies on the physiotay effects of space have been
concerned with the gravitropic responses of higbl@ants. Nowadays, numerous are the
scientific data available on this topic.

Microgravity is one of the space environmental ¢ood affecting cell division, cell
components and their distribution. Many studiesusad on the effects of Space radiation
and/or microgravity on the number, viability, kifst of germination, growth rate and
mutation frequency of spores formed in Space (Takhaih 2001). Dormant seeds do not
appear to be sensitive to gravity. However, duridgyelopment, mitosis and cytokinesis,
plants appear to be influenced by the absenceawityr Mitosis is disturbed in the absence of
gravity, as demonstrated by reduced or inhibitdddieision, anomalies in the separation of
chromosomes and the fragmentation of the chromatidedyum, 1997). Not only Space
radiation can interfere with biological processt lalso space flights appear to alter the
process of differentiation particularly in root siges, perhaps on account of an altered
hormonal equilibrium.Chlorella vulgariscells grown during a space flight differred from
controls showing a reduction in the amount of patgharide reserves in chloroplasts.
Increased concentrations of mono and disacchamneeslted in the increased activity of
amylases. Rearrangements in chloroplast structweh as the decrease of polysaccharide
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reserves were probably due to an increase in hytdrgirocesses by microgravity (Popova
and Shniukova, 1995).

The absence of gravity seems to affect also than@ifes membranes, as evidenced by
the destruction of the grana and the detachmetiteothylakoids in the chloroplast stroma in
seedlings grown in space (Nedukha, et al., 1999).

Additional consequences include the deformatiorthef endoplasmic reticulum, the
swelling of the mitochondria, aggregation of theochatin and the presence of multiple
nucleoli within the nucleus. These changes suggestjor influence of space condition on
the growth and development of micro-organisms (Kedu1997; Kordyum, 1997).

The relationship between gravity and the procesgegrowth and development of
photosynthetic organisms can only be determineglibyinating gravity, as occurs in space.

Space environment affects almost all biologicakpseses, in particular germination and
flowering. Embryo lethality and lethal mutation dreency were observed iArabidopsis
thaliana seeds (Kranz, 1990) and in other organisms sudbselerichia coliand Bacillus
subtilis (Horneck, 1995)

Despite the numerous study on plant response unaeogravity condition, very little
is still known about the effects of ionizing radbet on the photosynthetic apparatus
(Sakashita, 2002; Saakov, 2003).

A limiting factor in this research field is thatette are very appreciable temporal
variations in both radiation composition and intgng(Iinternet site on Solar chart:
http://hiraiso.crl.go.jp/). For these reasons, madag and reproducing ground space radiation
in all its components is a nearly impossible tddk. to date, the best approach to study
radiation effect is utilizing single beam, produaedground by properly equipped facilities.

Unicellular organisms were the first subjects imldgical studies in Space. Rapid
multiplication, tiny size and simple procedure g®g growth conditions are the advantages in
using these simplest biological systems to estiroasenic radiation effect (Nechitailo, 2001).

In on ground studies, several investigations haenlfocused on microorganisms able
to survive to high doses of ionizing radiation likkcrococcus radiodurangHansen, 1982),
Deinococcus radiodurang/enkateswaran, 2000 hroococcidiopsisells (Billi, 2000) and

Archeon Pyrococcus abygdiolivet, 2003).
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1.2 Photosynthesis and Photosystem Il Complex

1.2.1 The oxygenic photosynthesis

Solar radiation is an example of ionizing radiatiexploited by photosynthetic
organisms for photosynthesis, the physico-chempracess by which plants, algae and
certain bacteria convert light energy into chemieakergy of organic compounds, with
concomitant use of these components in the bioetiergrocesses. In plants, algae and
cyanobacteria, the photosynthetic processes rastulie fixation of carbon dioxide (G
from the atmosphere that is used to synthesizeobgdrates and release of molecular oxygen
to the atmosphere. This process is known as oxggaratosynthesis.

The first step in photosynthesis is the absorptibphoton by a pigment molecule of
photosynthetic antenna resulting in conversionhef photon energy to an excited electronic
state of pigment molecule. The antenna consistshuidreds of pigment molecules
(chlorophylls, bacteriochlorophylls, carotenoids;. ethat are bounded to proteins within the
photosynthetic membrane. The excited electroni¢esta transferred over the antenna
molecules as an exciton. Some excitons are comvédrdek into photons and emitted as
fluorescence, some converted to heat. For mostefkcited pigment molecules the most
useful decay pathway is “energy transfer” to a pbbémical reaction centers, and it is of
vital importance to photosynthesis. Excitons trappg a reaction center provide the energy
for the primary photochemical reaction of photosgsis — the photoinduced transfer of an
electron. Subsequent electron transfer reactionsuroin the dark which results in
accumulation of chemical bound energy. Electrondfer reactions in photosynthesis involve
electron carriers or electron-transfer proteinspagnothers, (bacterio) chlorophylls, quinones,
cytochromes, and iron-sulfur proteins that has lreeantly reviewed by Feyziyev (2010).
Electron transport chain trough specialized protaalled photosystem two (PSIl) and
photosystem one (PSI) protein complex, leads tovexrlight energy into chemical energy
and reducing equivalents, adenosine triposphat@jAnhd nicotinamide adenine dinucleotide
phosphate (NADPH), which are used in the,@i®ation to produce carbohydrates (&hn
(Mitchell, 1961). Oxygenic photosynthesis is driv@nvisible light (wavelengths from 400 to
700 nm) that is absorbed by different pigment males; chlorophyla andb, carotenoids and
phycobilins. The pigment molecules are bound toypeptides forming pigment-protein
complexes. Two types of antenna complexes, the ifooee) antenna consisting of pigment-
proteins that are an integral part of the reaatiemer complex, and outer (peripheral) antenna

complexes are distinguished in oxygenic speciepldnts and green algae the light absorbing
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pigment molecules are chlorophw] chlorophyllb and carotenoids. The cyanobacteria and
red algae have a different outer antenna systemcylmobacteria and red algae, the
phycobiliproteins are assembled into supromolecwggregates called phycobilisomes,
which are attached to the photosynthetic membrarface and transfer electronic excitation
energy Via chlorophyll) to the reaction centers to initiatdhnoppchemical reactions.
Carotenoids and phycobiliproteins serve as accggsigments, to absorb light energy not
absorbed in the spectral region of chlorophyll apson and transfer this energy to
chlorophylls. The efficiency of singlet-singlet egg transfer from certain carotenoids to
chlorophyll may be very high ranging from 70% tarig 100%. Phycobilisomes can funnel
the absorbed energy to the reaction center witrertian 95% efficiency (Ke, 2001).

1.2.2 Photosystem Il and Reaction Center

The multisubunit pigment-protein complex Photosysté of higher plants, algae and
cyanobacteria is located inside the thylakoid memeés (Figure 5).

Since the existence of oxygenic photosyntheststialyses the light-induced transfer of
electrons from water to plastoquinone, oxidizingtewanolecules to oxygen, sustaining an
aerobic atmosphere on Earth. During these reactredsiced equivalents are produce
resulting in carbon dioxide fixation, creating biass, food and fuel.

Its unique properties require an elaborate arraegéraf integral membrane proteins,
specifically bound pigment moieties, extrinsic pins and inorganic cofactors. PSIl uses
light energy to drive two chemical reactions - thadation of water and the reduction of
plastoquinone. The PSII core is the minimal unitclihis capable of catalysing full PSII
function.It is composed of a reaction center, which con®$tthe D1 and D2 polypeptides
(encoded by the chloroplagsbAandpsbD genes, respectively), cytochrome b559 (£,
the psbl protein and six chlorophyll (Chl) and twbeophytin (Pheo) molecules, an inner
antenna of chlorophyll-binding proteins termed CR&d CP43, and the extrinsic lumenally
bound proteins of the OEC, 33 kDa protein (psb@)kPa (psbP) and 17 kDa (psbQ), in
higher plants and green algae, whereas in cyanatmag@sbP and psbQ are replaced by the 15
kDa psbV (cytochrome ¢550) and the 12 kDa psbU.s&hatrinsic and extrinsic proteins,
together with a number of low-molecular weight saibsimake up the core complex (Debus,
1992).

Light is funnelled from the light harvesting comyds to the photochemically active
reaction center (RC) of PSIl. The RC contains ecighdorm of Chla, P680 (the primary
electron donor of PSII), which acts as an excitap tand is converted to a strong reducing
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agent after excitation (P680*), P680* is then plaidized and donates an electron to the

primary acceptor of PSII, a protein-bound pheophyti

Psso=> Pesso'Phe = 3Chl’

This charge separation is stabilized by the transfean electron to a plastoquinone
molecule (Q), and subsequently to a second plastoquinorg. @n the lumenal side, the
oxidized form of P680 is reduced by a redox actiwesine residue of the D1 protein, TyrZ.
The oxidized tyrosine radical TyrZ extracts an &lmt and a proton from a cluster of four
manganese atoms that binds substrate water (Ly&akiantiris et al., 1997). The aQ
plastoquinone is a one-electron acceptor, firmlyribto the D2 protein. In contrast, thg Q
plastoquinone is a two-electron acceptor, bourtieéd1 protein.

A second photochemical turnover leads to the actation of two reducing equivalents
on Qs, which is then released from PSII, as plastoguittobe subsequently oxidized by PSI

via the cytochromedbcomplex.

| Electron Transport in the Thylakoid Membrane
Photosystem |1 Photosystem |
H+ =ree v-
| H* " | NADP- | [INADEH]
Cytochrome 3 ATP

Antenna complex b.-f complex H

o i

A
i

Ferredoxin

Ferredaxin

H NADP reductase

Light Ht membraneH » - H* ATP synthase
H* H* H* H*

H* -
H
Dept Bigl. Penn State £2004 Thylakoid Lumen

Figure 5. The electron transport pathway of oxygenic phottisstic organisms.

The empty @Q site is then occupied by another plastoquinonecoubé. Two further
photochemical turnovers provide the oxygen-evolvingmplex with four oxidizing

equivalents.
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The accumulation of four oxidizing equivalents, an manner consistent with the
observed S-state transitions, leads to the rele&dseolecular oxygen from the complex.
During the accumulation of oxidizing equivalentsptpns are released to the lumenal space
of the thylakoid membrane (Mattoo et 41989).

1.2.3 Light absorption - the antenna system

The light-harvesting (or antenna) complex of plaistsa protein-pigments complex
embedded in the thylakoid membrane. It is formeédpminantly by chlorophylib,
xanthophylls and carotenoids that transfer lighgrgg to the central chlorophydl known as
core pigment. In order to broad the range of liadhsorption each antenna component has a
different spectra ranging from 400 to 700 nm. Therely light harvest complex is constitued

by six different type of apoproteins, Lhcb6l

The native form of LHCII (Figure 6), accounting falbout 60% of the total chlorophyll
content of thylakoid membranes, is a trimer comgdasfethree Lhcb proteins: Lhcbl, Lhcb2
and Lhcb3 (Lucinski and Jackowski, 2006). Lhcb4chh and Lhcb6 consitute, in turn, the
polypeptide moiety of minor peripheral light-hartieg complexes, namely CP29, CP26 and
CP24, respectively.

Lhcbl is constituted by three tylakoid transmembran-helices, and also two short
lumen-exposed amphipatichelices. This protein has the N-terminus of thdemwle facing
the stroma and the C-terminus penetrating the lufBaoh Lhcbl binds eight Chl, six Chl
b and xanthophylls: one neoxanthin, one violaxantfilee amino acid composition of Lhcbl
is 94 % identical to that of Lhcb2 (Standfuss et aD05). Lhcb2 occurs in vivo as a
heterotrimer with Lhcb1 while the Lhcb3 constitutbe smallest fraction of LHCII proteins,
not exceeding 11 % of the total apoprotein contdntHCII, and differs from Lhcbl and
Lhcb2 in its structure (Lucin’ski and JackowskiQay

Each antenna system has between 250 and 400 pignwetules and the adsorbed
energy is transferred in a resonance way towaregsehction center of each photosystem,
where complex chemical reactions capture lightgner the form of chemical bonds.

Under changing light conditions, the antenna compefundamental in balancing the
excitation energy between photosystems | and llfheyreversible phophorylation of light
harvesting chlorophylb/b binding proteins (LHCII), helping in the avoidanoé possible
photo-oxydative damages when hight light conditeour (Kargul and Barber, 2008).

21



Introduction
Carotenoids not only actively participate at thevkating of light energy but they also
play a crucial role in prevent the photo-oxidatdamages of chlorophyll molecules (Cogdell
2006; van Oort et al., 2007; Barros et al., 2009).

Stromal surface

Figure 6. The LHC-II trimer: @) top view from stromal sideB( side view. LHC-II protrudes from a 35A° lipid
bilayer (black lines) by 13A° on the stromal sideldy 8A° on the lumenal side. Grey, polypeptidgrg Chli
a; green, Chb; orange, carotenoids; pink, lipids (from Standflist al., 2005).
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1.2.4 The photosynthetic reaction center D1 protei

D1 is a 32 kDa protein encoded by the plagisbA gene and translated on thylakoid
membrane-bound ribosomes. Mature D1 has five transmmane domains (TMs) with the N-
terminus on the stromal side of the thylakoid meambr Light has an important role in
regulation of various stages of D1 synthesis franglation initiation to elongation,
maturation and insertion into the thylakoids (Zhang Aro, 2002).

D1 turnover is also a physiological highly reguthfocess in photosynthetic organisms: the
degradation and synthesis of new D1 protein is tiygally regulated and is a stress recovery
mechanism (Mulo et al., 2012)

The detection of amino acid mutations specificallyhe D1 reaction center subunit is greatly
supporting the understanding of PSII structure famdtion. These discoveries identified the
D1 subunit as the “herbicide binding protein®. Sinihe inhibitors tested were known to
compete with the native plastoquinong fQr its binding site this protein was likely to bkso
the & binding protein. Furthermore, a specific regiortihim D1 emerged which we now
address as herbicide binding. Abundant biochendodl genetic evidence has accumulated
which places the binding niche between amino azidsand 275.

A number of mutations in the gepsbAhave been found to confer herbicide-resistance. In
algae mutants, mutations at positions 219, 251, 252, 256, 264 and 275 are most common
and result in resistance to several classes ofidigels (Oetteier, 1999). All thesgsbA
mutations are located on helices IV and V helioed their connecting loop in D1 protein,
which is a specific region of the polypeptide betwamino acid residues 211 and 275 (Ohad,
1992).

1.2.5 Carotenoids

In oxygenic photosynthetic organisms, carotenoids tae most widespread natural
pigments and fulfil a variety of functions. Carabeds are polyisoprenoid compounds
containing 40 carbon atoms. They possess a lonp adfiaconjugated double bonds in the
central part of the molecule, and variable end gsoulifferent level of hydrogenation and
introduction of oxygen-containing functional groupgate a large family of over 600 natural
compounds (Green and Durnford, 1996). In highentglawo different classes are found into
thylakoids: (i) carotenes(g p-carotene), which are hydrocarbones with linearcstre and
with cyclic groups in one or both extremities, gnfixanthophylls €.g lutein, zeaxanthin),
which are oxygenated derivatives of the first grdaghigher plants, the carotenoids normally
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associated with thylakoid membranes a- andp- carotene (bound especially to the ¢
complex of both photosystems) (Green and Duri, 1996) and the xanthophylls lute
zeaxanthin, violaxanthin and neoxanthin (bound rniterana complexes) (Formaggio et,
2001; Caffarri et al.2001). Carotenoids e noneovalently bound to the protein complex
probably involving hydrophobic interactions (Gad#dli et al, 2003).

Carotenoids have three main functions in photo®gith a) structure stabilisation &
assembly of protein complexes in the thylakmembrane; b) light absorption and exci
state energy transfer to the chlorophylls (Greed Barnforc, 1996); c) protection again

photo-oxidative damages (Havaux and Niy, 1999).
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Figure 7. Biosynthetic pathway of B-carotene-derivedxanthophylls in higher plants. The arrows between

AscH™ HO Antheraxanthin

pigments denote enzymatic conversion caused byhaphyll cycling. Enzymes involved are also repor
Carotenoids involved in the xanthopls cycle are localized in the peripheral antenna jmetef PSI (Ruban et
al., 1999), not in the core complex and inner amteof PSIl. Upon c-epoxidation, the newly synthesiz

zeaxanthin is distributed among LHCII and minoreamiae

Carotenoids composition of thylakoid is not constah can undergo modificcons
during longterm acclimation of plants to stressing conditias, well as rapidly chang:
following fluctuations of solar light intensity (éen and Durnfol, 1996). The xanthoph's
cycle (Figure Y involves the three xanthophylls violaxanthin,hemaxanthin and zeaxanthi
and consists in a lighldependent, reversible -epoxidation of violaxanthin to zeaxantlvia
the intermediate antheraxanthin; the former readsccatalysed by violaxanthin deepoxid
(VDE), a lumenal enzyme activated by afication of the luminal compartment (Green ¢
Durnford, 1996).
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1.2.6 Carotenoids and plastoquinone biosynthesis

In vascular plants and algae carotenoids are yssyatithesized in plastid, which is also
the site of their are located. The majority of ¢anmids are bound to membrane proteins
associated with the photosynthetic apparatus, andome extent with plastid envelope
membranes (Derguini et al., 1991). Green algae pdretosynthetic organisms able to
accumulate extraplastidic carotenoids under unfealda conditions. For example,
astaxanthin of the green algi@ematococcus pluvialis located in cytoplasmic lipid globules
(Boussiba, 2000). The prominent carotenoids in rgrakae and vascular plants gfe
carotene, lutein, @isneoxanthin, and violaxanthin (Figure 8), being dapiconverted to
antheraxanthin and zeaxanthin under high light tmm$, as reported above. The
carotenogenic enzymes are encoded by nuclear gend&hlamydomonas reinhardtii
Biosynthesis of carotenoids (Figure 8) is initiatedth the formation of isopentenyl-
diphosphate (IPP), called “active isoprene.” Théssgguent reaction sequences are often
divided into four stages:a] stepwise condensation of isoprene units to foha first
carotenoid, phytoene,b) extension of ther-electron system by sequential desaturation
resulting in lycopene formationg)(cyclization reactions that generate the caroteaed ()
synthesis of xanthophylls by the introduction & tixygen functions (Grossman et al., 2004).
Sequential addition of three molecules of IPP, ltesn the formation of the C20-compound
geranylgeranyl pyrophosphate (GGPP) (Figure 8)s Thain elongation is catalyzed by the
enzyme GGPP synthase. GGPP is not only an inteateedh carotenogenesis, but also a
substrate for the formation of a variety of otheflildar components, including the phytol
moiety necessary for the synthesis of Chl, tocapkeand phylloquinone and, in the case of
vascular plants but not algae or bacteria, the boemgibberellin. In chloroplasts and
mitochondria, polyprenyl transferases synthesize ling chain isoprenoid component of
plastoquinone and ubiquinone, respectively, byrgldoprene units to GGPP (Figure 8).

Head-to-head condensation of two molecules of GG&PPhytoene synthase (PSY)
results in formation of phytoene, the first caraienof the pathway. This reaction and all
subsequent steps are linked to plastid membrante asrotenoid substrates are hydrophobic
and membrane associated (Schledz et al., 1996; Boak, 1997). As PSY catalyzes the first
committed step of carotenoid biosynthesis, it wapeeted to represent a key target for
regulatory control. Experimental evidence suppthis expectation. Over-expression of the
psy gene in tomato plants resulted in dwarf plants beealevated phytoene production in
this strain caused a severe reduction in gibbarsiinthesis (Fray et al., 1995). Similarly, the
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carotenoid content of tomato fruits increased sartiglly in concert with the fruit-specific
expression of a bacterigdsy gene (Fraser et al.,, 2002). In vascular plapts; mRNA
increases in red light in a phytochrome-dependesmimar (Von Lintig et al., 1997). IH.
pluvialis, expression ofpsy appears to be under photosynthetic redox controhuse
increased transcript accumulation in high light ldobe prevented by the addition of the
herbicide 3-(3,4-dichlorophenyl)-1,1-dimethylureshich blocks electron transport at PSIi
(Steinbrenner and Linden, 2001). M reinhardtii psymRNA increases following exposure
of cells to blue light, suggesting that the geneyrha under the control of a blue light
photoreceptor such as PHOT1 or CRY1 (Bohne anddnd002).
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Figure 8. Schematic representation of carotenoidsA] and plastoquinone (B) biosytetic pathways irC.
reinhardtii

Principal enzymes involved in carotenoids biosysitheare reported in Figure 8.
Phytoene contains only three conjugated double @mdi consequently shows no visible
absorbance.

In vascular plants and green algae, two desaturssmsentially introduce additional
conjugated double bonds into phytoene, therebynelitg ther-electron system and shifting

the absorbance to longer wavelengths. These enzgraedructurally and functionally related
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and likely have evolved from a common ancestor dryegduplication (Sandmann, 2002). The
initial desaturation by phytoene desaturase (PD®pduces two double bonds into the
molecule, resulting in the formation df -carotene. Two additional desaturation steps
catalyzed by -carotene desaturase (ZDS) yield lycopene. Both BB& ZDS contain an
amino-terminal conserved dinucleotide binding matifl use FAD as a redox cofactor.

Electrons generated by the reaction are transfdroed FADH, to plastoquinone, and
from there can be funnelled either into the phattisgtic electron transfer chain or tg @a a
plastid terminal oxidase (Carol and Kuntz, 2001nifr to psy, expression opdsis under
photosynthetic redox control id. pluvialis (Steinbrenner and Linden, 2003), but is induced
by blue light inC. reinhardtii(Bohne and Linden, 2002).

Following cyclization of lycopene the carotenogemgsmthway splits, forming the-
and g- branches of carotenes (Figure 8). Introductiors-adnon rings at both ends of the
linear lycopene molecule results in the formatidrth® symmetrics,f-carotene, termegd-
carotene. This reaction is catalyzed by a singleyme, lycopenegs-cyclase (LCYB). The
concerted action of LCYB on one side of the lycapemlecule and a second cyclase on the
opposite end results in formation ffe-carotene, more commonly known @sarotene. In
most plants, the enzymatic capacity of the secopaase, designated lycopeneyclase
(LCYE), is restricted to the introduction of a dmg-ionon ring per lycopene (Cunningham
and Gantt, 1998). The-carotene molecule is the precursor of lutein amdxanthin, whereas
violaxanthin, zeaxanthin, and neoxanthin are sygitleel from p-carotene. The genes
encoding botHyc-f# andlyc-¢ are nuclear and have been cloned from a numbeasifular
plants (Cunningham et al., 1996; Hirschberg, 1998 encoded proteins share significant
similarity and the genes probably evolved as a egmsnce of a duplication (Cunningham
and Gantt 2001; Sandmann, 2002).

In photosynthetic tissues of vascular plants, titeoduction of oxygen functions into
carotenoids is limited to hydroxylations and epaxions. Hydroxylation takes place at the
C3-atoms of the ionon rings of both and 3-carotene, resulting in the formation of lutein
(B,e-carotene-3,3-diol) or zeaxanthifi,{-carotene-3,3-diol), respectively. Tildonons can
be oxidized by caroten@-hydroxylase (CHYB), a nonheme di-iron protein witbur
predicted trans-membrane helices (Bouvier et 8981 Sun et al., 1996[H. pluvialisis the
only green alga from which a putative ¢hyromolog was cloned, and the encoded protein
was shown to be capable of hydroxylationsabnon rings as well as their 4-keto derivatives
(Linden, 1999). Like the other carotenogenic geea&pression of chy-from H. pluvialisis

under redox control (Steinbrenner and Linden, 2@éinbrenner and Linden, 2003).
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Violaxanthin is synthesized from zeaxantkia the intermediate antheraxanthin by the
stepwise introduction of epoxy-groups at the C5,do6@ble bonds of the two ionon rings.
Epoxidation byzepis restricted tg-ionon rings carrying a hydroxyl group at the C3igon
(Bouvier et al., 1996). Theepgene fromC. reinhardtiiwas identified by searching an EST
library for clones encoding polypeptides with samify to vascular plantep strains of this
alga with point mutations in theepgene were impaired in zeaxanthin epoxidation (Baol
al., 2003). In vascular plants, violaxanthin desegase (VDE) catalyzes the reverse reaction
of the ZEP enzyme, the de-epoxidation of violaxantb form zeaxanthin via antheraxanthin.
Although not necessary for carotenoid biosynthebiesyeaction is part of the photoprotective
xanthophylls cycle involved in the generation ofdtgxy-carotenoids that function in the
dissipation of excess absorbed light energy withi@ light-harvesting apparatus (Niyogi,
1999). Thevdegene was identified in a number of vascular pléBtgyos et al., 1998, Bugos
and Yamamoto, 1996; Emanuelsson, 2003; Zhang e2@0D3), and a VDE mutant 3.
reinhardtii (npgl) was isolated by screening for mutants wa&tluced non-photochemical
guenching (NPQ) (Niyogi et al., 1997). Loroxanthenxanthophyll present i€. reinhardtii
but not in vascular plants, is derived from lutbinhydroxylation of the methyl group at C9
of the polyene chain (Britton, 1998). The mechananthis reaction and the nature of the
putative loroxanthin synthase (LSY) are not knov@urprisingly, although there are no
reports on the presence of astaxanthif.imeinhardtii its genome contains an open reading
frame with strong similarity to the carotefiketolase (BKT) fronH. pluvialis this enzyme
catalyzes the introduction of keto groups at C4 @ddof f-carotene as a step toward the
biosynthesis of astaxanthin (Britton, 1998; Lotamd &lirschberg, 1995). This putativskt
gene is located next tochyf and expressed since it is represented in cDNATidgsa A
biochemical analysis of the protein product of thesie will establish whether it has ketolase

activity or has acquired a different catalytic ftiao.

1.2.7 Correlation between human health and photosyhetic compounds

Space ionizing radiations are one of the main #nit the permanence of biological
organisms in space since they trigger the radidafmation potentially dangerous for all
biological macromolecules. A direct correlation vadoserved between exposure to radiations
and occurrence of DNA damages, cancer formatidis apoptosis, skin and aging problems
(Hellweg and Baumstark-Khag007).
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Also photosynthetic organisms are affected by tiedent radiation even on Earth.
When excess energy reaches the RC it is conventéldiorescence emission or dissipated
trough heat in order to avoid oxidative damage (Gdjee, 1995). The generation of ROS is
promoted when the photosynthetic machinery absexbsss light or the availability of GO
or NADP is limited (Asada, 1996; 1999), result in aver reduction of the component
belonging to the electron transport chain in thd p®tein complex.

The over-reduction lead to one-electron transfeyround-state oxygen, producing the
superoxide radical (£), hydrogen peroxide ({D,), and the hydroxyl radical (OH

At least three major sources of ROS production Heaen identified in photosynthetic
systems; namely singlet oxygen frot@hl triplet states in the Light harvesting antenna
complexes, superoxide anions angDpifrom PSI reducing side in the absence of oxidized
electron acceptors and charge recombination witRBIl in the presence of reduced
plastoquinone electron acceptors. Additional RO&cEs can be accumulated as secondary
products of these major oxidants in the cell andth®y Fenton reaction with metal ions.
Carotenoids are the major resistance factors agairglative stress in photosynthetic
organisms where they act through distinct mechamismpreventing ROS formation and
scavenging the fraction synthesized despite theepteon effects. Recent work has revealed
the specific role of carotenes and xanthophyllg/gexated carotenoids) species in protecting
against oxidative stress; namely, Neoxanthin wasdoto have a specific effect against
superoxide anion (Dall'Osto et al., 2007), Luteinsashown to exercise a strong quenching
effect on®Chl* thus preventingO, formation (Mozzo et al., 2008), while violaxanttand
zeaxanthin were shown to be effective in scavendyg with a strong additional effect of
zeaxanthin in quenchin{Chl*, thus preventing’Chl* formation (Dall'Osto et al., 2010;
Dall’'Osto et al., 2007; Mozzo et al., 2008) .

Plants and algae are able to overcome the photaibxed damage actuating non-
photochemical-quenching (NPQ) mechanisms involviigsipation energy trough heat,
fluorescence emission and the quenching of singtéexl chlorophyill.

The importance of different carotenoids was prowe@. reinhardtiiby Niyogi KK and
colleagues (1997) using the NPQ-mutant. In thiskwonutants impaired in xanthophylls
cycle are able to accumulate different xanthophgttsducts, for example the double mutant
npg2lorl that accumulate zeaxanthin as the only xanthophgdimponent. Xanthophylls
accumulation, like zeaxanthin, is sufficient to remse the resistance to photo oxidative
damage (Baroli et al.,, 2003). Plants and algaeahte to modulating their LHCII size
depending to light quality and intensity. In damnditions, photosynthetic organisms need
efficient LHCII and increase antenna size, adjgstthe ratio between carotenoids as
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violaxanthin, antheraxanthin and zeaxanthin. Thelicyconversion of this carotenoids is
called xanthophylls cycle. Under high light conaiiti reduction of antenna size and
accumulations of zeaxanthin was observed (Havawalet 2004). Indeed carotenoids
biosynthesis is a crucial point in order to avobiwoxidative damage. Zeaxanthin and lutein
are naturally produced in photosynthetic organigsrnen excess light is adsorbed, having an
important role in quenching singlet oxygen and fradicals, protecting PSIl apparatus and
thylakoid membrane lipids from peroxidation (Bareli al., 2003; Mendez-Alvarez et al.,
1999). These pigments are mainly found in meat, iarttie skin of fish, in the carapace of
Crustacean, and in the subcutaneous fat, the #lenegg yolks (primarily lutein, which is
often added to feed increasing the yellow coldm, ltver, the integuments, and in the feathers
of birds (poultry). Humans and animals in generalr@ot able to synthesize xanthophylks
novg compounds found in the blood or in various tissare entirely of dietary origin.

The importance of these antioxidant compounds at slipplement was proved in
mouse, where systemic treatment with lutein, zelanalpha lipoic acid, and reduced I-
glutathione decreased oxidative DNA damage in rdwbtgreceptors and increased
photoreceptor survival (Galbinur et al., 2009.).e3& pigments play an important role in
slowing the age-related degeneration of these dsssboth directly as an antioxidant and
indirectly by absorbing blue light (Santosa ande#r2005; Biesalski and Obermueller-Jevic,
2001).

The increasing concern about the importance of hapitylls as oxidative stress
reduction compounds with beneficial effects for lammwell-being brought to intensive
research focused on regulation of genes involvedarotenoids biosynthesis as well as
different strategies to increasing plants carowsmproduction.
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1.3 Chlamydomonas reinhardtii

The unicellular green alg@. reinhardtii also known as “green yeast” (Goodenough,
1992; Rochaix, 1995), phylogenetically divergedrirland plants over 1 billion years ago. It
is a widely used model system for studying chlaaspbased photosynthesis, as well as the
structure, assembly, and function of eukaryotigdléa (cilia), which were inherited from the
common ancestor of plants and animals, but loknd plants (Lefebvre and Silflow, 1999).
Thanks to the availability of complete genome seqag(version 3.1), including chloroplast
and mitochondrial genomes, annotated databases, mignber of mutated strain and
successful high-level expression of recombinantgimms in the chloroplast compartment
(Mayfield et al., 2007; Manuell et al., 2000QhlamydomonagFigure 9) gained an increasing
interest in cell biology studieg.g in the context of bio-fuel and hydrogen productio
(Grossman et al., 2007; Merchant et al., 2007).

Moreover, this unicellular alga is included in tgeoup of organisms with a GRAS
status (Generally Regarded As Safe), granted by, making it an interesting object of
food and feed technologies studiesg over-expressing foreign proteins with functional
activity (antioxidant, colorant, provitamin or tlageutic properties).

Even the life cycle lead to a functional use oftbrganism, having a rapid growth in
both liquid and solid media; a sexual cycle, thert be precisely controlled; genetic aspects
which enable the generation and characterizatica wide collection of mutants with lesions
in structural and metabolic regulator genes antkxable metabolism being able to growth
both phototrophycally and heterotrophycally (Groasmat al., 2003).

Growth and scale production of recombinant straissng alternative methods instead
of antibiotic resistance genes (Debuchy et al. 91%&rris, 1995) is possible in a reasonable
time and the risk to contaminate the surroundingirenment is excluded, because
microalgae are not hosts to major pathogens, a pugielem when land plants are used
(Ellstrand, 2001, Ellstrand, 2003; Ruf et al., 2D0ihe avoidance of antibiotic resistant gene
to select mutants minimizes consumer’s concernsitaiood safety and antibiotic resistance

transfer.
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Figure 9. Scanning electron microscopy ©f reinhardtiicells (from http://www.miket.co.uk/latro.html).

1.3.1 C. reinhardtii NPQ mutants

A set of C. reinhardtii mutants carrying single and double mutation wittémotenoid
biosynthetic genes were included in this studydkirmprovided by Prof Niyogi, University of
California, Berkeley, Department of Plant and Mhied Biology, U.S.A.). These mutants
(lorl, npg2andnpg2lorl) are impaired in the biosynthetic steps that leathe synthesis of
xanthophylls and--carotenes derivatives.

In particular, the lorl mutant was generated by tduWtagenesis and selected for its
phenotypical altered colour (Tellenbach, 1984). sThautant is defective in the lutein
accumulation and its derivative loroxanthin; theref it lack the final product of the-
carotenes biosynthetic branch, while has a norrmathophylls cycle (Chunayev et al., 1991;
Niyogi et al., 1997b; Anwaruzzaman et al., 2004)teA few years this mutant was
characterized and a nonsense mutation (a singlet@&AZT base pair change) occurred
within the third exon of thdyc-¢ nuclear gene, encoding the chloroplast-localizeryme
lycopenes-cyclase, LCYE was discovered (Anwaruzzaman e2a0D4).

The npg2 mutant was generated by insertional motgye of the parental strain (CC-
425) by plasmid transformation containing the wige ARG7 gene (Niyogi et al., 1997).
The mutation impairs the zeaxanthin epoxidase iagtivesponsible for the conversion of
zeaxanthin to antheraxanthin and violaxanthin. @quently, the npg2 mutant accumulates
zeaxanthin and lack antheraxanthin, violaxanthiml aeoxanthin. The non-homologous

recombination of the DNA plasmid with the nucleangme ofChlamydomonasesults in
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random mutagenesis (Tam and Lefebvre, 1993; Da&ties, 1994) due to genes interruption
or deletion. The inserted sequence could serves esnvenient tag to facilitate eventual
isolation of the gene affected in the mutants (Teard Lefebvre, 1993; Gumpel et al., 1995;
Davies et al., 1996)Arg+ transformants were grown photoautotrophically ahehtified
using a digital video-imaging system with high ligh200umol photons rif sec-1), which
excited chlorophyll fluorescence and induced NP@dhi et al., 1997).

The double mutant was obtained as a spontaneou2 npgant from the lorl
background (Chunayev et al., 1991; Niyogi et @97a; 1997b). Thus, thigpg2lorldouble
mutant lacks the lutein and loroxanthin as welblhgeaxanthin-derived xanthophylls (Polle
et al., 2001).

All the aforementioned mutants were backcrossedeast four times to theC.

reinhardtii cc-125 wild type (www.chlamy.org).
1.3.2 C. reinhardtii D1 mutants

A set ofC. reinhardtiimutants carrying single mutations in the chlorojtgssbAgene,
were produced and included in this study (in catakion with Prof. Johanningmeier, Martin-
Luther-University Halle-Wittenberg, Institute ofdélt Physiology, Germany).

The D1 protein encoded by thesbA gene located in the chloroplast genome, is
currently one of the most extensively studied tkgld membrane proteins. Specific amino
acids and functionally important regions in D1 e¥eognized to play a role in QB, herbicide,
pigments and metal binding as well as in electrangfer reactions (Vermaas et al., 1991;
Oettmeier W, 1992). During translation the protsisegmentally inserted into the thylakoid
membrane (Kim et al., 1991) and translational ragoh is mediated by specific proteins
interacting with its MRNA at the 5" end (Danon addyfield, 1991). At the DNA level, the
sequences of more than BSbAgenes have been determined to date (Svensson £9@1).

Of these, onlyC. reinhardtti (Erickson et al., 1984)C. smithii (Palmer et al., 1985)C.
moewusii(Turmel et al., 1989) anBuglena gracilis(Karabin et al., 1984; Keller and Stutz,
1984)psbAgenes are interrupted by introi. reinhardtii contains four large group I introns
ranging in size from 1.1 to 1.8 kb.

A transformant with no introns in thesbA gene was obtained (Johanningmeir and
Heiss, 1993) and represented the first exampld@frémoval of a complete set of introns
from a chloroplast gene. The newly generated sti®iphotosynthetically competent and
contains no detecTable recipient genome copies.|d@$se of all four introns appears to be

phenotypically silent.
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A set ofC. reinhardtiimutants carrying single mutations in the chlorojtgssbAgene,
were included in this study (kindly provided by Prdohanningmeier, Martin-Luther-
University Halle-Wittenberg, Institute of Plant Ringlogy, Germany).

The mutated strains were tested in space to sblecines showing the higher tolerance
to Space environment. Following a synergetic apgrpa series of experiments were also
conducted in ground-based laboratories. A largebmimof strains were exposed to different
ionizing radiations €.g neutrons, protons, HZE and gamma rays), simgapart of the
complex radiation field present in space. The higléerance of theC. reinhardtii strains
could be a result of an improved capacity of thgaarsms to counteract the action of reactive

oxygen species (ROS) produced by the space ionramhgtions.
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1.4 The FOTON-BIOPAN Space missions

A series of biological experiments were performadrty Space missions Foton-Biopan
by European Space Agency (ESA) between 1987 and®,18f@dying the effects of
microgravity and cosmic radiation on micro-orgarssmn the embryogenesis of the stick
insect, the radiation damage in plant seeds, battespores and in plant tissues
(http://www.spaceflight.esa.int/users/downloadslitaes-doc/Foton_exp.descPI_list.htm).

Foton is a Russian spacecraft (Figure 10), desigretl built at the Samara Space
Centre. The spacecraft consists of 3 modules -eryathodule, service module and re-entry
module - of which only the latter is retrieved ahdliing. In October 2002 ESA organized a
cosmic flight in Foton M1 housing a payload compéetnof 39 experiments in physical
sciences, biology, fluid physics, exobiology, misrscience and technology. The mission
unfortunately exploded during the launch. In tharrfature, Foton-M2 and M3 were the next
ESA's missions of this kind. Foton M2 and M3 capsulvere launched in May 2005 and
September 2007, respectively, aboard a Soyuz-Uetofibm Baikonur Cosmodrome in
Kazakhstan and spent approximately two weeks ithEabit. Among the others, the Foton
M3 satellite transported also the ItaliBhoto project a research of the MoMa project “From
Molecules to Man: Space Research Applied to theargment of the Quality of Life of the
Aging Population on Earth” funded by European Spaicé Italian Space Agencies (ESA,
ASIl) MoMa combined the expertise of several redgansworking in different research areas
to study the reaction of living organisms to miaggty and cosmic radiation with a special
attention to Aging and the Quality of Life (Ambe2Q06).

Figure 10ESA FOTON- BIOPAN spacecraft.
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1.5 STS-134 Space missions

The U.S. National Aeronautics and Space Administnat(NASA) funded the Space
Transportation System (STS) for the development@imakttle operations. The Space Shuttle
was a partially reusable launch system and orbpgatecraft operated on 135 missions from
1981 to 2011. The system was retired from senncduly 8, 2011 after 135 missions, with
Space Shuttle Atlantis performing that 135th laundhe final launch of the three-decade
Shuttle program. The system combined rocket lauadbital spacecraft, and re-entry space
plane with modular add-ons. Major missions includednching numerous satellites and
interplanetary probes, conducting space sciencergwpnts, and 37 missions constructing
and servicing the ISS. Five space-worthy orbit®ese built during these years, two were
destroyed in accidents and the others have beeedet

The STS-134 mission was the last mission of thec&gghuttle Endeavour in which the
Italian astronaut Roberto Vittori established aropaan record flying for the third time to the
ISS (Figure 11).

A
EAVOUR ! ***

.

R S B T

Figure 11.Endeavour, STS-134 Space Mission 2011.

The STS 134 mission transported among the otherDBRMA project, sponsored by
the ASI and the Italian Air Force (AM), a set ohllan experiments, namely the BIOKIS
payload. The hardware required to make up the BEKias entirely developed and
manufactured by Kayser Italia (KI) a private SME®pace system engineering company
that features a long list of records in the field.ibe and Physical Science investigations. The

BIOKIS payload is made up by seven different expents accommodated in two BIOKONs
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(BIOKIS 001, BIOKIS 002), a Kl standard transporleatcontainers for experiments
processing (Figure 12).

Figure 12. The BIOKON containers flown aboard the $S 134 Mission. A)BIOKISS 001 carrying nDOSE
and TARDIKISS experiment®) BIOKISS 002 carrying BioSSPORE, Arabidops-ISS, AMEVOLUTION,
3DISS, HIDOSE experiments (Vukich et aubmitted.

37



Aim Of Research

2 - AIM OF RESEARCH

The research activities reported in this thesisehla@en carried out in the context of
Space Biology programs funded by ASI and ESA. Tiggepts included the participation to
Low Earth Orbit flight missions in collaborationtwithe Russian and NASA Space Agencies.
The first mission, the Foton M3 satellite was lsweat from the Cosmodrome of Baikonur
(Kazhakstan) at a height of about 400 km and theverable capsule returned to Earth after
12 days in orbit in 2007 (the Photo Project). Teeosnd flight, the STS 134 mission took off
by the NASA's Kennedy Space Center to reach that®Hasted 16 days, in 2011.

These space missions represented an outstandingrtapipy for the scientific
community to embark on ambitious multidisciplinaggearches in Space Life Science aimed
to study life in the context of an extraordinarygdiaenvironment.

The main objective of this thesis was to analyzedfiect of the space environment on
the physiology of the unicellular green al@a reinhardtii focusing our attention on the
photochemisty, molecular biology and analytical mistry of photosynthetic process. The
final aim was to provide an insight into some aspexf the tolerance of photosynthetic
organisms to extreme environmental conditions.

Photosynthetic microrganisms represent a valuakource as life regenerative
supporting system in manned long-term space missibeing able to produce the oxygen
necessary for atmosphere revitalization, food andaneuticals for human consumption. The
exploitation of oxygenic photosynthetic microalgaeparticularly suited to this purpose,
because algae are characterized by high photosintberformance, minimal nutritional
requirements and rapid accumulation of biomass wihsiderable nutritional value. In
addition, their cultivation can be easily contrdllen photobioreactor, it is not season-
dependent and demands less volume for growth cadpadand-plants.

Specific objectives of this thesis included therekterization of theChlamydomonas
D1 mutants after their return on earth in termplodtosynthetic electron transport efficiency,
accumulation of antioxidant compound occurringhia photosynthetic apparatus, expression
analyses of the main genes involved in carotenoml glastoquinones/tocopherols
biosynthetic pathways. In parallel, the set-up @fgoound control experiments was planned

in order to rule out effects not due to the spawgrenments.

The activities carried out during the first 18 mimtof this thesis regarded the

characterization of the strains flown aboard theoRd3 satellite. Later on, the main efforts
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regarded the organization and participation to D¥WMA mission, a fleet of Italian
experiments in which the BIOKIS payload includingr @xperiment PHOTOEVOLUTION,
experienced the space environment on board the eSgslwuttle docked to ISS.
PHOTOEVOLUTION aimed to test the capability of pmwsly and new obtained site-
directedChlamydomonastrains to deal with the space environment anagina¢o unravel the
molecular mechanisms underlying their improvedrtoiee.

All the studies developed in this thesis aim t@sklife regenerative supporting systems
suiTable for long-term space missions onboard 8& dnd/or manned missions to Moon and

Mars.
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3 - MATERIALS AND METHODS

3.1 C. reinhardtii culture conditions

C. reinhardtii stock cultures were maintained at 25 °C on agaeglarepared with
Tris-acetate-phosphate (TAP) medium (Harris E.,9)9$der continuous illumination (~50
umol ni? s1). Liquid cultures were similarly grown but on TAP Ui medium with agitation
at 150rpm. All experiments were carried out on cell cultuneghe mid-exponential growth

phase.

3.2 C.reinhardtii D1 mutants production

The mainChlamydomonastrains exploited were IL, a mutant containingragronless
psbAgene (Johanningmeier and Heiss, 1993) that repessehe control parent strain for
characterization of the D1 mutants, and Dell mufBreiss et al., 2001), used as a recipient
strain for D1 mutants generation. Dell is a denatdf the IL parent strain lacking an approx
0.4 Kb fragment encoding amino acids Alal53 to Aladf the PSII D1 protein. As a result
of the deletion, the strain synthesizes a truncd&é&dprotein and is able to grow only
mixotrophically on TAP medium using acetate as eb@a source. Because of this, the
acetate-free high-salt (HS) medium was used adeat®m pressure for photoaoutotrophic
growth. The photoautotrophically incompetent Delhia can be transformed by particle gun
bombardment with PCR-generatg@bA fragments, resulting in colonies able to grow

photoautotrophically on HS medium (Dauvillee et 2004).

3.3 Site-directed PCR-based mutagenesis

Site-directed mutagenesis was performed by a tepssPCR procedure using as a
template the pSH5 plasmid containing the complet®mnlesspsbAgene and the 3'-flanking
region (Dauvillee et al., 2004; Figure 13). In thet step, two DNA fragments, upstream and
downstream from the position of the target pointatian were synthesized (for example in
the case of 1163T mutants, the one correspondipgsdion 163 in the D1 protein). Using the
1163T mutant as an example for the synthesis ofuijgream fragment, an outer forward
primer and 163-reverse primer, which starts acthoon in thg@gsbAgene that corresponds to

position 162 in the D1 protein, were used. Simylafbr the downstream fragment a 163-
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forward primer, which starts at the codon in fis®Agene that corresponds to position 164 in
the D1 protein and an outer reverse primer weleedi. PCR amplicons were analyzed by
agarose gel electrophoresis, extracted and punfsaay the commercial kit SV Gel and PCR
Clean-Up System (Promega, USA). The purified DNAgfments were used in the second
PCR in the presence of the two mutagenic primeystiing the target mutation, together with
the outer primers from the first PCR.

The pSH5 plasmid was amplified in a total volumeé0ful containing 100 ng plasmid
DNA, 5 pl 10x Tag-polymerase buffer, 3 ul of 25 mWgCl,, 5 pul of 2 mM dNTPs,
20pmoles of each primer and 1 unit Tag-polymeraseguTrioblock (Biometra) and using
the primers as mentioned Trable 4. The standard PCR protocol used was: 25 cycled 4T 9
denaturation (1 min), 52 °C annealing (1 min), T éxtension (2 min) with a 5-min
denaturation step at 94 °C in the first cycle aridDanin extension step at 72 °C in the final
cycle.

The fragments obtained from the second PCR weréyzeth and the amplicon of
interest was purified and amplified in subsequésmdard PCR. This mutated amplicon was
directly used for the algal biolistic transformattiDauvillee et al., 2004; Figure 13).

After cell re-growing, a single colony was picke@rh a bombarded filter and was
transferred to HS liquid medium. The point mutatwas verified bypsbAgene sequencing
(Seqglab, Goéttingen, Germany). The homoplasmicitytref psbA mutant was verified by
standard PCR and agarose gel electrophoresis. lanhpplasmic colonies were used in all

the described experiments.
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Figurel3. PCR-based mutagenesis for introduction of site-dirted mutations in the psbA gene ofC.
reinhardtii, coding for the D1 protein of PSIl core complexTwo-steps PCR with mutagenic primers was
performed, using as a template intronles®A gene in vector pSH5. The PCR fragments were pitatzol
directly onto tungsten particle and were introdugedo the recipient strain by particle gun, witlhdurther
cloning or purification. The homologous recombiaatin the recipient Dell strain is indicated bysses. The
primers are represented as arrows and the staisiedooint mutations. The shaded area infghgA gene

indicates the deletion region in the Dell mutant.
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2" PCR

Primers Sequence (5= 3) Primers® Sequence (5 3)

outer for GGTGCTGTAATCCCAACTTCT

outerrev.  CTAGAGTTAGTTGAAGCTAAGTCTAGAGGGA

1163rev  AGGGTAAACTAAGAATACAGC 1163Tmut-rev. CTTAGTTTACCCTACCGGCCAAGGTTCATTCTCTG

1163 for GGCCAAGGTTCATTCTCTG 1163Tmut-for GAACCTTGGCGGGTAGGGTAAACTAAGAATACAGC
P162rev  GTAAACTAAGAATACAGCTGAAGC P162S mutrev GAACCTTGGCCGATIGAGTAAACTAAGAATACAGCTGAAGC
P162for ATCGGCCAAGGTTCATTCTC P162S mutfor CTGTATTCTTAGTTTACTCAATCGGCCAAGGTTCATTCTC
L200rev ~ CATGTGGAATGGGTGCATAAG L200I mutrev ~ CACCAGCAACACCAAT CATGTGGAATGGGTGCATAAG
L200for GGTGTTGCTGGTGTATTCG L200I mut for ~ CACCCATTCCACATGATT GGTGTTGCTGGTGTATTCG
1281rev TACCGGCCAAGCAGCTAAG 1281T mutrev  GTGAACCAAATACCTGT TACCGGCCAAGCAGCTAAG
1281for GGTATTTGGTTCACTGCTTTAG 1281T mutfor ~ GCTGCTTGGCCGGTACAGGTATTTGGTTCACTGCTTTAG
G207rev. GAATACACCAGCAACACCTAAC G207S mutrev CTGAGAATAATGAACCTGAGAATACACCAGCAACACCTAAC
G207for  GGTTCATTATTCTCAGCTATGC G207S mutfor GTGTTGCTGGTGTATTQCAGGTTCATTATTCTCAGCTATGC
M172rev  ACCGTCAGAGAATGAACCTTGG M172L mutrev CAGAGATACCTAAAGGTAAACCGTCAGAGAATGAAC
M172for ~ CCTTTAGGTATCTCTGGTAC M172L mut for GTTCATTCTCTGACGGTTACCTTTAGGTATCTCTG

Table 4.Sequences of primers used in the two-step PCRuéosite-directed mutagene<iEhe modified nucleotides in the mutagenic primeesiadicated.
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3.4 Foton M3: flight and ground-control samples peparation

Flight and ground-control samples were preparediyoimg small volumes of high-
density cell cultures that were subsequently eedosto the modular multifluorescence
device, specifically developed for the space misgkagure 14). This device includes small
containers (biocells) to accommodate the seledtal eells. Before samples preparation, the
biocells were sterilized and filled in with TAP agd..65%) medium. Algal cells in liquid
cultures at the mid-exponential growth phase waredsted by low speed centrifugation, re-
suspended in 150 pl of TAP medium tesf\m = 9 and layered on the TAP agar medium
poured off into the biocells. After cells adsorptigapprox. 30 min.), the biocells were
hermetically closed under sterile conditions andimted in the multicell fluorescence sensor.
The experimental device was sent into space agibedcbelow. After returning from the
space flight, the multicell fluorescence sensor sfaipped to our laboratory on day 3 after
landing. The first set of sample was immediatelgragd under sterile conditions and the algal
strains transferred to liquid TAP medium. The secsat of modules was opened on day 15
after landing and treated as the first set. In hmikes, the cell cultures were re-grown in
liquid medium for three days in order to reach a-exponential growth phase and then
analyzed.

3.5 The multicell fluorescence sensor: in-flight wnitoring of chlorophyll a fluorescence

induction

The multicell fluorescence sensor named Photo It wasigned by Biosensor.srl
(Formello, Italy; www.biosensor.it) and comprise2idrrays of 2 or 3 biocells (20x10x5 mm)
each allowing for simultaneous analyses (Cano.g2@l1;Figure 14).
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Figure 14.0Overview of the Photo Il payload docked into the Fton M3 satellite. A) Top view of the Photo |
device with indications of the associated electaamponents. The red LEDs pulse with peak at 66@&nd 6
duration, the white LEDs provide actinic lig7/17h light/dark periodB) Top view of the assembled Photc
device hosting the biological samples, enclosetthénBIOKON (Kayser Italia)C) Photograph of the comple
Photo Il experiment equipped with the spe-dosimeter Liulin before the integration the r-entry module of
the Foton M3 satelliteD) Frontal view of the opened-entry module of the Foton M3 satellite indicatirge

position of the Photo ILiulin assembly (red arrow

Modularity and configuration were implemented thgbuseparation of each cell ir
two independent suimodules: a fixed bottom section which accommoddtesl optical
devices and a removable upper section containiegsdmple that was disposed off a
testing and replaced by a new one for fresh analysi® red (650 nm) LED excitation lig|
sources and a fluorescence emission photodiodetdet@ere mounted in each cell. Ee¢
photodiode was coupled to a different interferebeed pass filter, tuned tthe desired
fluorescence intensity peak. The pt-generated output current was amplified and conge
into a voltage signal by a re-out electronic circuit, coupled to an electroniatrol board
driving the LEDs on/off by a programmed timer. Eaatfotcsynthetic sample was provid
with two additional white LEDs, mounted close tae texciting ones, and grown unc
repeating cycles of 7h light/17 h darkness usitighar. In this way, lon-term measurements
were made possible. The light intensities a LEDs were controlled and set electronica
Measured data were stored onboard throuc-bit resolution sampling at 480 KHz and AL

conversion, in a flash memory card from which infation was constantly retrievable. T
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multicell fluorescence sensor was equipped alsb ferir solid-state temperature sensors that
provided temperature values for each fluoresceremsaorement. Internal batteries (8.2-7.3 V)
were the power source. Total weight of the equipgnj@imension 100x100x150 mm) without
batteries and external case was 0.25 kg. The msmt allowed simultaneous determination
of the following chlorophyll fluorescence paramstds, Fn,, F, the ratio K/Fn, the area over
the fluorescence curve, and the time to reggcimFeach sample.ofvas calculated by using an
algorithm that determined the line of best fit foe initial data points recorded at the onset of
illumination; the best-fit line was then extrapeldtto time zero to determine Hsimilli-
Michael and Strasser, 2008

3.6 The space environment during the Foton M3 migm: radiation and temperature

conditions

The space radiation data were collected by a pdeJadctive spectrum-dosimeter
Liulin-Photo on board the Foton M3 satellite andlgmed(Figure 14). No unusual energetic
phenomena (such as flares and coronal mass ejgcti@ne recorded on the Sun during these
periods, neither did geomagnetic storms occur. tdhe dose measured on the detector was
1.85 + 10% mGy. The inner Van Allen radiation b@buth Atlantic magnetic Anomaly,
SAmMA) crossovers were characterized by dose adpiiaks as high as 292 + 10% mGY h
for Liulin-Photo. Peaks were due to trapped protanth energy up to 300-400 MeV.
Relativistic electrons in the outer radiation Be#re not recorded since Liulin-Photo was
behind a high shielding that did not allow the preg electrons to penetrate. Over a narrow
region in the centre of the SAmA, characterizedhsy highest dose peaks, the average dose
spectra showed that, in R3D-B3, the maximum dose aeposited by 66 MeV protons. A
detailed analysis of the energy spectra correspgniti the SAmMA transits indicated that the
Foton capsule provided an effective shielding agjamee-space protons with energy E<w130
MeV (Damasso et al., 2009).

The temperature was measured during the entiretiooiraf the experiment by

termocouples included in the Photo Il device.

3.7 The PHOTOEVOLUTION experiment: sample preparaion and immobilization in
the PHOTOI device

PHOTOEVOLUTION is one of the 7 experiment includadhe BIOKIS payload flown on
the STS 134 mission enclosed in the BIOKONO0O?2.
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C. reinhardtiil163N, 1163T and P162S D1 mutant and the IL pasémains were grown
in TAP liquid medium to reach the early exponengawth phase. Cell cultures were hence
harvested by weak centrifugation (30@8m x 5 min), resuspended to obtained a final
OD750=2 and layered on 300 pul of 1.65% TAP agariumedoreviously solidified in the
biocell of the PHOTOI device (Figurel5). The Phots a passive container specifically
designed by the Kayser Italia Company for spacensei. It consists of a plastic body having
sixteen wells hosting the biological materials andransparent inner cover allowing the
photosynthetic reaction of the enclosed samplesh Keell is provided of an O-ring important
for the hermetic closure of the instrument, avaidiontamination and excess over dray of the
solid media.

After cell culture immobilization, PHOTOI was hertiwally closed by two covers
(Figure 15). The PHOTOI was hence enclosed in tl@KB)N 002 (Figure 16) and sent to
the Kennedy Space Center.

P EC gasket
v | i ~EC Cover
= -
P EC BEdL/ _~———EU Cover
{ L -EU gasket

: —CC
¥ —EU Body

Figure 15. Schematic representation of PHOTO | experiment driteloped into the frame of the DAMA
mission (2011).

Figure 16.Photo | experiment integration into the BIOKON dref the STS 134 Endeavour spacecraft take off.
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3.8 Chlorophyll a fluorescence induction

In on-ground experiment, photosynthetic performam@s assessed by chlorophyll
fluorescence measurements using the Fluoresceno@dving System (FMSII, Hansatech,
King’'s Lynn, Norfolk, UK). Fluorescence activity waecorded at every critical step of the
experimental procedure: i) arrival at the Kennega® Centre-NASA, ii) before the launch
iii) after landing and iv) at the arrival at thargripal investigator laboratory.

The fluorescence emission was measured at roonmetatope for 2.5 s, the duration of
the saturated pulse was 0.7 s. The values for timmal (Fo) and the maximumHFm)
fluorescence are automatically calculated by tls¢riment. Prior to each measurement, the
samples were kept in dark for 10 min in order tchePSII dark-adapted state that is required
for the registration of the redo (corresponding to the fluorescence from open reacti
centres). After illumination with saturated whitght pulse, the fluorescence signal increases
up to its maximumEm, as a result of reduction ofaQthe primary quinine acceptor of PS II-
fluorescence from closed reaction centres. Onlyrélaetion centres which are able to reduce
QA (i.e. photochemically active reaction centres) can cbute to the variable fluorescence

yield, Fv=Fm-Fo.

3.9 Functional characterization of the site-diread mutant strains under saturating

light condition

The oxygen evolution capacity of the selected is¢raras measured on TAP liquid cell
cultures, containing 15+2 mg' Ichlorophyll, at 24°C using a Clark-type oxygenctiede
(Chlorolab 2, Hansatech, Instr. Ltd, Norfolk, UK) the presence of 10 mM NaHg@s an
additional carbon source (Melis et al., 1999). Sas\were illuminated with increasing light
intensities provided by red LEDs (660 nm) underteowous stirring. The rate of oxygen

evolution under each of the light conditions waorded continuously for a period of 2 min.

3.10 RNA extraction and Real Time PCR

Chlamydomonasulture at OBRsp 0.4 were harvested by centrifugation (at 4°C for 10
min at 4500pm) and the cell pellet was suspended in 2 ml of DiR&ted extraction buffer
(50 mM Tris-HCI (pH 8), 0.3 N NaCl, 5 mM EDTA and@2w/v of sodium dodecyl
sulphate). Proteinase K solution (48/ml final concentration) was added and the samples

were left at room temperature for 15 min, 2%@n. The resulting cell lysate was extracted
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twice with phenol:chloroform (1:1) (phenol chlorofo equilibrated to pH 4.3, Sigma), and
RNA was precipitated overnight in 2 volumes of 10880H. The precipitate was washed
once with 70% EtOH and finally dissolved in gl0of RNase-free water. The quality of RNA
was checked loading 500 ng onto a 1.2% formaldelagdeose gel, and, after quantification
by NanoDropTM Spectrophotometers (Thermo Scientifilmington, USA), DNase
treatment was performed (RQ1 DNase [dlUPromega) incubating 30 minutes at 37°C. The
samples were extracted with phenol:chloroform (Iphenol chloroform equilibrated to pH
4.3. Sigma), and RNA was precipitated overnightirgld.iCI (4M final concentration) in
H.O DEPC and 2.5 volumes of 100% EtOH at -80°C. Tieeipitate was washed once with
70% EtOH and finally dissolved in 20 of RNase-free water.

RNA samples were reverse transcribed and ampliigdg the KAPA SYBR FAST
Master Mix (2X) ABI Prism (Kapa Biosystems) and MUIReverse Transcriptase Reagents
(Applied Biosystems), following the one-step RT-PQiRotocol recommended by the
manufacturer. About 100 ng of mMRNA in 25 pl SYBRe&n PCR Master Mix 1X with 0.25
U/ul MuLV Reverse Transcriptase (Applied Biosystgm$00 nM forward and reverse
primers (Table 5), were subjected to the followthgrmal profile: one step at 42°C for 30
min, one step at 95 °C for 3 min, 40 cycles witlematuration step at 95 °C for 3 s and an
annealing/extension step at 60 °C for 20 s. PCRs werformed in the Real Time Step One
Plus instrument using Frame Star Fast Plate, 96 seehi skirted, clear frame (ABI Fast
Plate) and QPCR adhesive clear seals (Kapa Biosgitd he reactions were subjected to a
heat dissociation protocol present in the Real T8tepp One Plus software for melting curve
analysis and detection of non-specific amplificasioat the end of the final PCR cycle, the
amplification products were heat denatured oveb&@ temperature gradient at 0.03°C/s
from 60 to 95 °C. A negative control without templavas run with every assay to assess the
overall specificity. For each gene, a common thokklsetting applied to each of the two
biological replicates determined the threshold ey{€T). Relative abundance of each gene
was determined by thé®?®“" method (Livak and Schmittgen, 200RacK. (Schloss, 1990)
was used as the endogenous control for calculadiomelative abundance. Each assay
included duplicate reactions. Primers design aed thptimization in regard to primer dimer,
self-priming formation and primer melting temperatwas done with a melting temperature
of 59°-60°C and a product size between 90 and i5Owere designed using Primer 3

software (http://frodo.wi.mit.edu/primer3/).
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Amplified

Gene Primer sequence (5>3") fr?%nlll?tbsi)ze C. reilg(r:\iardtii A(.)rmzdli)a;c?us
cDNA bp

PY  qenicASClosACiST 140 AY604702 At5g17230

pds A s v 78 XM_001690807  At4g14210
Vo8 oo CTST ICTCOACA 140 AY860818 At5g57030
vdry ST ACT IO Teee Al Tee 73 XM_001694990 n.d.
hstr  ASeASECIelachecTt 136 XM_001695289 n.d.
X CACCOCTICTITNCICT o woomessi  nd
PhA A 77 NC_005353 AtCg00020
PSD o A ae 129 FJ436959 AtCg00270
rackl  ponma e ACCATTeoE 123 XM_001698013 n.d.

Table 5 Specific primers, amplified fragments size andngnis concentration used for gene RT-PCR analysis.

Orthologous genes frorabidopsis thalianare also reported.
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3.11 Quantitative and qualitative analyses of photynthetic pigments

3.11.1 Pigment standards and HPLC system

All standards (carotenoids, xanthophylls and clhpbgdls) were bought with the highest
purity. All other chemicals and solvents were HRWCACS grade (Carlo Erba, Milan, Italy).
All the pigment standards were prepared at the adlé€l concentration for the necessary
calibration of HPLC curves, by diluting the stodkredards solution under dim (or green safe)
light and at 4°C. Nitrogen gas was flushed intolsvim avoid pigments degradation and
isomerization. All the vials were stored at —20°@ an the dark. The HPLC instruments
(Gilson, Milan, Italy) encompass a gradient sysfesm 306 pump, 811c dynamic mixer, 805
manometric module, 155 UV/Vis detector) and a Rlgaednod 7125 injection valve (20 ul
loop). The HPLC system and the chromatographic desiee controlled by a 506 interface
(Gilson) from the Unipoint Gilson software. The HPIcolumn was an YMC C30 column
(Waters, USA), 5 4, 250 x 4,6 mm id, plus a C18rtl) guard column and in-line filter (0,22
pm). Both the HPLC and the guard columns were thetated by the “Croco-Cil” HPLC
column heater (Sainte-Foy-la-Grand, France).

Standards were diluted/dissolved in degassed 1@@% acetone in amber vials at stock
concentrations under Nitrogen flux (GC grade), dmd lights. Stocks were kept frozen at —
20°C. Working standard solutions were diluted witle HPLC solvent mixture methanol-
acetonitrile-water (84:14:2, viviv) (solvent A) &void solvent interference during the run.
We chose the solvent A, after different tests, bseat showed the best peaks resolution. The
HPLC calibration curve of each standard was andlytdeast three times. No by-products in

the standards were detected by HPLC analysesderiad of at least three months.

3.11.2 Carotenoids and chlorophylls extraction

C. reinhardtii cultures of flown strains, after re-growing in giological conditions up to
ODys6= 0.3 in liquid TAP medium, were collected (15 midacentrifuged for 15 min at 4°C
at 3500rpm. Then the growth medium was discarded and samiplesediately frozen at -
80°C. Subsequently, samples were thaw on ice aaghlized at -50°C under vacuum
overnight. The exact dry weight of each sample mvaasured to normalize all samples on mg
dry weight basis. A small amount of HPLC grade w&2€0 ul) was added to allow the next
extraction steps. Re-hydrated samples were supplech&ith some crystals of Na-carbonate
to avoid a drop of the pH due to the lyses in @r@@e; immediately after, samples were re-

suspended in 100% cold acetone. After vortexing emrifuging (15 min at 4°C at 3500
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rpm), samples were re-suspended in 1 ml of 100% coktoae or until the pellet was
bleached. Before HPLC injection, solutions werteféd through a 0.45 pm PVDF filter and
dried under N2 bubbling. Hence, extracts were eddutith 400 pl of a mixture composed by

solvent A and placed in amber vials. Samples wered at -20°C until analysis.

3.11.3 Pigments analyses

Each 20 pl injection was performed by the “full pdotechnique and each sample was
analyzed almost three times (3 independent runsherWnecessary for confirmation,
standards were added to the sample extract fohcmy@atography.

The most suiTable mobile phase system comprisedixéur® of solvent A and 100%
methylene chloride (solvent B) with the followingadient condition [time (%A, %B)]: [10
(200, 0)], in 10 min [10 (95, 5)], in 15 min [10Q{820)], in 10 min [5 (50, 50)], in 5 min [10
(100, 0)]. The flow rate was 1.0 ml/min. Pigmented¢or was set at 440 nm (carotenoids and
xanthophylls) and 640 nm (chlorophylls). The coluremperature was maintained at 21°C.
The HPLC column was an YMC C30 column (Waters, USA), 250 x 4,6 mm id, plus a
C18 (1 cm) guard column and in-line filter (0,2&). Both the HPLC and the guard columns
were thermostated by the “Croco-Cil” HPLC colummates (Sainte-Foy-la-Grand, France).
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4 — RESULTS

4.1 The Foton M3 Space Mission: previous resultsdm the Photo Project

The Photo project investigated the possibility of using oxygenic fsynthetic
microorganisms for long-term Space flights as are®wf oxygen, food and nutraceutical
compounds. The goal pursued was to assess théseffiethe space environment on various
mutated microorganisms in order to select residtadatant strains and determine the
production of compounds with antioxidant propertiesistant to space ionizing radiation.

Nevertheless, algae are not naturally adaptedetdénmful space environment and the
obtaining of novel strains with improved capabilitycope with extreme conditions, such as
the presence of high energy particles and ionizadjation, was the starting point of these
studies. By exploiting an in vitro directed evoduti strategy targeted to the photosynthetic
reaction centre D1 protein, a huge library @freinhardtii mutants was produced in our
laboratories. Radiation-tolerant strains were setb@fter exposure of the random mutant
library to proton or neutron sources. Some of tletsns experienced the space environment
aboard the Foton M3 satellite enclosed into theifipally developed Photo Il fluorometer.
The device hosted also the NR@hlamydomonasnutants, in order to check if a higher
accumulation of antioxidant pigments could accdant possible improved space tolerance.

On return on earth, the algal strains immobilizetd ithe Photo 1l device were cultured
in both liquid and solid media and tested for thieproduction capability and stress recovery
capacity. In parallel, ground control experimentsravset-up reproducing immobilization
times and temperature conditions experienced duheagntire duration of thehoto project
Because the first analyses carried out on the fl@hgae indicated the occurrence of
contaminated strains and/or strains unable toatdethe specific immobilization conditions,
subsequent analyses focused on a set of 5 muiEmsobtained results indicated that the
space conditions did not modify cell viability diet analyzed strains. All the strains, were
able to re-grow in liquid medium restoring flagelad motility (lost during the flight) and
recovered the damage activating specific straireddpnt mechanisms (G. Rea personal
communication).

In this thesis, a deep characterization of phottistic performance, photosynthetic
pigment accumulation profiling and carotenoid brdgtic gene expression pattern were
carried out to gain further insights in the chagaghtion of the acclimation mechanisms

adopted byC. reinhardtii strains to the space environmental conditions.
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4.1.1 Analysis of Photo-II fluorescence data of Fon M3 Space mission

The missions took place during periods of a quiddrsactivity in the minimum phase of the
239 solar cycle. The temperature during the flightsities and prior to entry and analysis on
ground, measured by the fluorescence sensor, agigeben 15-21 + 2°C (Figure. 17).
During the mission, the passive dosimeter meastivectontribution of protons in terms of
Dose Ray corresponding to 10108y h* (Damasso et al., 2009).

Analysed mutants included the intronless paremtirstiL, its derivative D1 mutants A251C
(near the @ binding pocket) and I163N (in the environment sunding Tyr 161) and the
abovementioned wild-type cc125 and npg2lorl dowblgant (Table 6). It is interesting to
note that mutants have a lower Chl content comp#oetthe parent and wild-type strains,
while the photosynthetic performance is not siguaifitly modified.

, Mutation Chlorophyll* o
Strains amino acid substitution or insertion in D1 (1g/ml) Fy/Fm
IL psbAgene without introns 10.8+ 2.5 0.810+ 0.005
Ile163— Asnnear to Tyr 161, the primary
163N electron donor of P680. Obtained under 54+1.1 0.799+ 0.005
neutrons
Ala251— Cysin binding niche for @
A251C Resistant against different class of herbicides 51+09 0.752£0.006
CC125 Wild type (www.chlamy.org) 1082.2 0.813+0.004
npq2 Impairedin th_e conversion of zeaxanthinin 10.742.1 0.731+ 0.008
antheraxanthin
orp  Unableto make-carotene, lutein and 90.4+1.0  0.779:0.010
loroxanthin because it is defective acyclase
npg2lorl  Accumulation of zeaxanthin afiecarotene 6.3 0.9 0.715+ 0.008

Table 6 Main characteristics of D1-mutants ofC. reinhardtii selected for the flight.
*the chlorophyll content was calculated for algaspension in logarithmic growing phase, OD=0.35F n=3.
**the values for Fv/Fm were measured in medium usednulticells preparation, + SE, n=9

The algae were sent in space enclosed in the Phalevice that, as previously
described in Material and Methods, is capable tasuee the chlorophyll fluorescence
induction curve in photosynthetic organisms andvigi® the living conditions essential for

the survival of the biological samples by photopéic day/night cycles.
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Fluorescence was recorded hourly during the 7/lutshbght/dark photoperiod for 5
days before flight, 12 days during the flight ar@ldays after landing. Detailed analyses of
the daily trend in the maximal quantum yield of R8lotochemistry as,f, ratio, allowed
to estimate the ability of the differefit reinhardtii strains to maintain their photosynthetic
electron transport during the flight and after taading. The results for both flight and
ground control experiments are reported in Figdi®. The photochemical efficiency of the
flown parent strain IL remained sTable during theght, while daily and gradually declined
after landing, reaching a total decreas&#®.05 RK/F,, on the last day of the experiment. In
the corresponding IL on-ground control/fs, values were unaffected during all the analysed
days, indicating that the modification observedthe flown samples were not due to the
immobilised condition experienced in the devicet, touthe space environment. Interestingly,
the mutant strains 1163N and A251C maintained dTphotosynthetic activity not only in
flight, but also after landing, showing a negligilllecrease compared to the respective ground
control samples, leading to hypothesise an incceasgability to cope with the space
environment. Similarly, the double mutampg2 lorl showed a very sTable photosynthetic
efficiency for the entire duration of the experirheaporting a negligible decrease qffs,
ratio. A different behaviour was observed in th@2&wild type, in which the /A~ recorded
during the flight was sTable, but dramatically deetl after landing showing a decrease of
A=0.23. These results provided the primary indicetithat space environment negatively
affect the parental IL and wild-type cc125 strawvkjle the mutants 163N, A251C angqg2
lorl demonstrated a more efficient acclimation response

In order to gain further insights into the previlgusbtained results, a detailed analyses
have been performed on the chlorophyll a fluoreseaise. At room temperature, the
fluorescence transient of dark-adapted samplescedby saturating light intensity, displays
a polyphasic rise with two intermediate steps appgaetween the minimum yieldf and
the maximum yield®) called J and I, the so called OJIP transienta&Ser et al., 1995). This
polyphasic rise reflects the photoinduced reductibthe PSII electron carriers and transition
of the reaction centres into a closed state (Gge@)dL995). The two intermediate steps(2
ms) and + (30 ms) reflect the transient accumulation of teduced form of the primary
guinone acceptor of PSHQa (Strasser et al. 1995).

The fluorescence transient depends not just oRiitietic of the reactions that occurred
on the donor and on the acceptor side of PSII quérecceptors, but also on other factors as
the chlorophyll content of the sample, the intgneitthe actinic light, the temperature of the
measurement. For this reason it cannot be usedirfeet comparison of the electron transport
in PSIl between the different samples. This candbee using the curves of the relative
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variable fluorescenceV(), that are calculated as (V(t)+(R)/(Fn-Fo)). Such representation
reveals only the dynamic accumulation@f ignoring any absorbance or heat dissipation
differences. The changes in the shape of the ftoerece transient (the time course@f
accumulation) during the flight and post-flight jper were followed by th&; curves.

The different response of the strains to the spamgronment is described by the
relative variable fluorescence curves presentdéiqatre. 18. The flight environment caused
accumulation of reduced forms of PSII electron ptmes in IL but not in the A251C or
163N mutants. In fact, the mutants ddrves registered on the flown samples were lawer
very similar to the corresponding ground contrele(she time range of 0.001-0.1 s). The wild
type ccl25 showed an increase of the relative amob@Qa in comparison with the
corresponding ground control during flight and matarly after landing (Figure.18). These
results suggest that in this strain the processeshved in the re-oxidation ofQa (for
example the PSII photochemical reaction) have lomeeeded by the space conditions. In fact,
ccl25 showed low ability to maintain the level wf PSII electron transport after the landing;
after the landing its JA= ratio dropped by 40% from the initial value whihee double mutant
npg2 lorl(Niyogi KK et al., 1997), showed sTable PSII peniance during and after flight.
In contrast, space flight did not have any effectlee PSII electron transport efficiency of the

double mutanhpg?2 lorl
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Figure 17 Real-Time Chl a
fluorescence  measurements
recorded by the Photo Il
device during the Foton M3
mission Fv/Fm values obtained
by algal samples 5 days before,
during the flight 12 days and 10
days after the flightPanel A
Dose Ray adsorbed by the
Liulin-Photo passive dosimeter;
Panel B on top, trend on the
Fv/Fm values the parent strain
IL; on bottom, profile of the
Photo Il recorded temperature
(in blue); Panel from C to F
trend on the Fv/Fm values in the
analyzed strains, 1163N, A251C,
ccl25, npg2lorl, respectively.
Red and Black line correspond
to flight and ground control

sample, respectively.
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Figure 18 Fluorescence induction transient ofC. reinhardtii mutants. Curves reported in the left and right

panels refer to measurements carried out in fi{gat day in orbit) and on Earth (Z5day), respectively. The

fluorescence curves recorded in the middle of #wk gphase (after 8h dark), were used to calcutstedlative

variable fluorescence curves). Pink, in-flight samples; blue, on-ground congtol

58



Results

4.1.2 Pigment content and composition

Quantitative analyses of carotenoids content anfli@in the different exploited strains were
carried out by HPLC in samples experienced the esgawironment and the corresponding
samples grown on earth. As the mutants have diffemgment accumulation levels

compared to the parent strains even in physiolbgmaditions, the content of pigments was
expressed as a function of the @montent in order to normalised the data (Table 7).

PIGMENTS STRAINS

IL 1163N A251C ccl25s npg2 lorl

Violaxanthin

Ground control 0.037 0.033 0.037 0.142 0.004

Flight 0.274 0.116 0.076 0.182  0.000
Zeaxanthin

Ground control 0.031 0.014 0.021 0.058 2.118

Al 0.091 0.051 0.047 0.059 3.538
Lutein

Ground control 0.105 0.078 0.088 0.202 0.059

Flight 0.294  0.178 0.147 0.221  0.153
p-Caroten

Ground control  § ggr 0.403 0624 3.178 7.671

Flight 1.066  2.274 1532 0.677  1.423

Table 7. Pigment content in D1 mutant strains and NPQ mutard. Data are expressed as a mol:maglo
compared to the Chil. SE is between 2.4xTtand 1.0x16"; n=6.

Carotenoids accumulation levels were modified intted analysed D1 mutants with a
similar regulation mechanism. Interestingly, in tH&3N mutant violaxanthin and lutein
displayed an approx. 3.5 and 2.2 fold increaseecsely, while a 3.6 and 5.6 fold increase
was detected for zeaxanthin aftaroten. In the case @tcaroten, induction levels were
higher in mutants compared to the parental stiaiSimilar results were also obtained for the
A251C mutant, even if induction levels were lowempared to those detected in 1163N. In
IL parent strain, all the pigments increased with éxception ofi-caroten, Concerning the
NPQ set of strains, it is noticeable the 2.6 falttease of lutein detected in the double NPQ-
mutantnpg2 lorl(impaired in xanthopyll cycle biosynthesis) and &5 fold decrease of 13-
caroten. Zeaxanthin levels were slightly increasaathing a 1.7 fold changé-caroten levels

decreases were also observed in the wild-type ceh@®ing a 4.7 fold variation. In general
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the NPQ strains have a higher basal levels of pigsneompared to the D1 strains, so it is not
surprising to observe a different accumulationgratt a-caroten and chlorophyll levels did
not show any significant changes (data not shown).

4.1.3 q RT-PCR expression profiling

To test if the expression levels of genes involiedhe biosynthesis of carotenoids,
plastoquinones and PSII-D1 and D2 proteins arestrgstionally influenced by space
radiation, we set up a quantitative real-time payase chain reaction (g-RT PCR) protocol.
Analyses were carried out on RNA extracted by algainples 3 days after landing.
Expression analyses gusbA gene encoding the D1 protein, revealed an apgsofold
increase in IL and 1163N and at least 2-fold inseen the most analyzed strains (Figure 19).
An exception is represented by the wild type cck®%ain, in which thepsbA transcript
accumulation level was not significantly affectétbncerning thgpsbD gene, encoding the
D2 protein, no important changes in the transagmumulation levels were observed in any
of the analyzed strains. Regarding the expressweld of genes involved in plastoquinone
pathway fstl, mpbg-mtwe found different behaviors through the strajgure 19). In
particular, accumulation levels of plastoquinoneagling genes, displayed a strong down
regulations in all the D1 andpg2 lorl mutants; in the wild-type ccl125 no changes were
observed while in IL the control reference strair2-fold increased was induced.

Interestingly, concerning the expression levelsgehe involved in the carotenoids
biosynthetic pathway, a general repression was reéde in particular in those genes
encoding enzymes involved in the biosynthesis afxaathin andB-caroten, asv/dr and
lycp respectively.Vdr gene was down-regulated in all the analyzed straieaching the
highest value in the double mutamqg?2 lorlreporting a 11.2 fold change decredsef3 was
down regulated only in the D1 set, particularlylinBeside a strong up regulation of 8.6 fold
change was observed in cc125 but not innjbg2 lorlmutant that was unaffected. Alpds
that catalyzed the desaturation of phytoene, wagndegulated, reaching approx. 4 fold
change down-regulation. An opposite trend was ofeseonly forpsy gene expression that
was up regulated in all the D1 set, reaching tlghdst value of 58 fold change increase in
A251C mutant, while negligible differences were@ted in the NPQ set (Figure 19).
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Figure. 19. Gene expression level @f. reinhardtiiin strains that experienced the Space radiatier@mment

during the Foton M3 Space mission.
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4.2 STS-134 Space Mission Results

In a previous studyn vitro directed evolution strategies targeted at the idplepn were
adopted to create a library @hlamydomonagsandom mutants, subsequently selected by
exposures to radical-generating proton or neuturces (Rea et al., 2011). A first set of
these mutants were produced also by site-directgdgenesis and included in the Foton M3
experiment previously described.

In this thesis, a second set of the previouslytifled aminoacidic substitutions, close
to the secondary plastoquinone binding niche ared dkygen evolving complex, were
introduced by site-directed mutagenesis in un-foanged strains, and their sensitivity to free
radicals attack analyzed. The characterizationheflsé¢ strains allowed to determine the
mutants suiTable to be used as life regeneratiyp@ting system in long-term space
missions and were included in the PHOTOEVOLUTIONexment flown aboard the STS-
134 mission.

4.2.1 Production and characterization ofchlamydomonas D1 site-directed mutants

The in vitro evolution experiment led to the isolation of ramdonutants tolerant to
neutron and proton exposure revealing that singim@acidic substitution in the D1 protein
could contribute to ionizing radiation tolerancen &xclude the possibility that additional
random mutations induced by the radiation exposordd confer the observed tolerance, a
set of the identified amino acid substitutions weteoduced by site-directed mutagenesis in
untransformed strains. The choice of the aminoeacglibstitutions was made to include
mutations located in two different structural ragioof the D1 protein, near Tyrl61 and the
OEC (1163T, P162S, M172L) and near thgl§inding pocket (G207S, L200I, 1281T)

Physiological characterization of the obtained mtgavas carried out by estimating the
growth parameters and the photosynthetic efficieridye mixotrophic growth rate was
followed for a period of four days, revealing vesiynilar trends among the different mutants
and compared to the control reference strain Igyf@. 20). In contrast, the mutants and the
control strain showed differences in their chlorgpbontent (Figure. 20) and photosynthetic

performance.
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Figure. 20 Physiological characterizations ©f rheinardtii mutants in terms of mixotrofic growth rate (A) and

Chlorophyll content (B)

The mutants generally showed a lower maximal quantield of PSII photochemistry
(F/Fy) and a reduced efficiency of the electron transffwough PSII primary and secondary
electron acceptors (1-;)/than the control strain (Figure. 21). These fgdi clearly indicate a
reduction in the efficiency of the light energylization in the mutant strains compared to
control in physiological conditions. Thus, thesatistically significant differences indicate
the relevance of a single amino acid substitutro®1 for the function of PSII, in agreement
with previous results. The extent of the reductiorthe fluorescence parameters was not
strictly related to the position of the amino asigbstitution, as a general reduction of PSII

performance was observed in both groups of mut&igsire. 21).
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Figure 21. Maximum quantum yield and electron trangort efficiency of the site-directedChlamydomonas
D1 mutants. Fluorescence parameters of the reference strhjnarid the D1 site-directed mutants Gf
reinhardtii were calculated from the fluorescence inductiorveuThe statistical distributions for the maximum
quantum yield of PSII photochemistry, Fv/Fm = (Fo)Fm, and the efficiency of the electron transport
between the primary ({) and secondary ) PSIlI electron acceptors , 11\ 1 - (BnsFo)/(Fm-R), are
presented as box and whiskers plots. The measutemene performed on liquid cell cultures contagnéegual
amounts of chlorophyll (14+1 pg Ml after 10 min of dark adaptation. The statistmadlysis was performed on
average values, obtained from at least four exmmrim) n=9-20. The mutants resulted statisticalfgdint from

the reference strain at P=0.05.

Despite the lower electron transfer efficiencyjghkr oxygen evolution capacity under
high photon fluency conditions was demonstrateallithe mutants compared to the reference
strain, IL (Figure. 22). The rate ohb@roduction of the mutants and the control stragmew
very similar under 200 pmat?s™ light intensity, which was already saturating tioe
photosynthetic reactions of IL strain. On the canty D1 mutants were able to achieve and
maintain more than two-fold higher,@volution rate even under the very high light msigy
of 900 pmom?s™.
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Figure 22. Light-dependent oxygen evolution capagjtof the site-directed Glamydomonas D1 mutants.
The curves were recorded by gradual increase oflighe intensity from 200 up to 900 pmol ms™.
Measurements were performed on liquid cell culte@saining equal amounts of chlorophyll (15+2 pighmin
the presence of 10 mM NaHGQ@s additional carbon source. Values are the ageodghree independent
experiments, +SE, n=9. The mutants resulted Statibt different from the reference strain at P=-8).8xcept the
cases M172L and L200I at 200 pmof st indicated by an asterisk.

4.2.2 Photosynthetic efficiency of site-directed atants

Light intensity is a vital factor in photosyntheticganisms. However excessive doses
can severely damage the photosynthetic apparatgadproduction of high levels of free
radicals. To test the capability of the selectedamis to cope with the challenge of the high
irradiance conditions, we monitored changes inrtisIl efficiency in the presence of
stressful high light intensity by real-time measueats of the {#F, ratio. In the reference
strain IL under control light conditions, the chasgof the FF, values as a result of two
contiguous exposures to light and darkness werdgitdg (Figure. 23). On the contrary,
under high irradiance, the PSII performance tentdedecrease with the onset of the light,
showing the pattern of accumulation of the phottuted oxidative pressure. However, the
reduction was reversible, since during the follayvatark phase a recovery of the maximum
quantum yield of PSII photochemical reaction ocedr(Figure. 23). We have to point out
that the light intensity that théhlamydomonastrains could support depends strongly on the
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growth illumination and the physical phase of thariion medium. According to our
experiments and in confirmation to the data presemt (Figure. 23)., when the algal cells are
immobilized on a solid medium a light intensity lasv as 150 pmah? s* could induce
photoinhibitory PSIlI damage. The injury could berpanent, leading to the cell death, or

reversible, depending on the stress duration.

0.75 == CTR =o—HL
0.70
£
w
>
L
0.65
0.60 17h dark 17h dark

Figure 23. Dally trend of PSII photochemistry during two consecutive light/dark cycles in the referere
strain IL . Cell cultures containing equal amounts of chlbrdpwere immobilized on TAP agar medium and
the Fv/Fm ratio was measured hourly in both grofBhumol nfs?*, CTR, black line) and high light conditions
(150 umol nf s, HL, grey line). Photoinhibition is evident by theduction of the Fv/Fm recorded during the
light phases under HL compared to CTR photon flyefitie open circles indicate the first and the fasnt of
the light phase. The reported curves are represents three independent experiments, n=6. SE < 3%

All the analyzed strains displayed a high capatotyolerate the applied stress. In fact, over
the monitored period, decrease of photosynthe$isezfcy ranged from 1 to 13% (Figure.
24). The maximum reduction level was observed énrdference strain IL (13%), that showed
the worst performance compared to the mutantdhignstrain, in fact, after only two days of
treatment, the maximum quantum yield dropped by &34, continuously declined during the
subsequent days. Concerning the mutants, no ctorelaas observed between amino acid
localization and photosynthetic activity. Howevdifferent mutants behaved in a different
manner: 1163T, L200I and 1281T maintained very d&gihotosynthetic efficiency, reporting
maximum 3.4% reduction of Fv/Fm values; G207S ahf@2S were less sTable, gradually
losing about 7% of the initial activity. M172L proked results similar to IL, displaying a

photosynthetic reduction of about 10%.
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Figure 24. Time-course of PSII photochemistry at lgh photon fluency in the site-directedChlamydomonas

D1 mutants. Cell cultures containing equal amounts of chlogdip(80 pg) were immobilized on TAP agar
medium and the Fv/Fm ratio was measured hourlyoii lgrowth (50 pmol fs?) and high light conditions
(150 pumol rif s%). The reported values are measured at the onseadf light phase and are reported as
percentage of the Fv/Fm ratio calculated with respe the first day. All the analysed strains diggld a good
capacity to tolerate the applied photoinhibitoghti intensities (150 umol As). The maximal photosynthetic
efficiency reduction was observed in the referesteain IL compared to the produced site-directedamts. The
control line (CTR) corresponds to an average valuall characterised strains and was obtained fsamples
exposed to 50 pmol fis™. The reported values are the average of thre@amient experiments; for the sake of

clarity bars of standard errors are omitted, theiimam SE being < 3%. The mutants resulted stadilyic

different from the reference strain at P=0.05.
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4.2.3 The PHOTOEVOLUTION Project

The achievement of site-directed mutants with inapcboxygen evolution capability in
stressful conditions, prompted us to exploit thesganisms in the PHOTOEVOLUTION
Project.

Before flight, the experimental set-up was optirdig®e order to get vital cells in space.
Selected mutants (IL, 1163T, 1163N, P162S) werd¢etkon ground for their capability to
tolerate the immobilization conditions on solid med inside the PHOTO | device,
modulating cells concentration and medium conteotufne). Viability was tested in the
presence or absence of light, in order to deterrtiieaninimal and maximum duration times
without loss of life. Among the different possikigis, we choose the best allowing the strains
survival for about one months without significahtypiological changes. These conditions are
reported in material and methods.

The photosynthetic performance of the site-directedtants was determined by
chlorophyll fluorescence analyses using the Flwmmese Monitoring System (FMSII,
Hansatech, King's Lynn, Norfolk, UK). Photosyntleetierformance was monitored to reveal
health status of the algae. Fluorescence measutemene performed analyzing all the
strains at different time during the entire dunatad the experiment: i - arrival at the Kennedy
Space Centre (just before the flight), ii - Afteetretrieval and storage of the samples (before

to leave the NASA complex), iii - at the arrivalttee principal investigator laboratory.
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Figure 25. PSII fluorescence monitoring of strains experienteel space environment during the STS-134

mission.

In Figure 25, the photosynthetic performance ofahalyzed strains is shown, reported
as percentage values relative to the first day edsurement. It is immediately clear that all
the D1 mutants were capable to perform photosyigheaintaining sTable Fv/Fm ratio. In
particular, fluorescence parameters recordedlid3N and P162S mutants revealed a slight
decrease of approx. 13 and 19 % on the last arhlyag (28' day). Surprisingly, the 1163T
mutants show a 6% fluorescence increase comparge tirst day of measurement. Despite
the mutant’s photosynthetic performance stabitityy D1 parent strain, IL, was dramatically

affected by the ISS environment showing a strongrééscence decrease of 70%.
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5 - DISCUSSION

In the near past, human life in Space was a quipmssible task to achieve. Nowadays people
can survive and work for long time in space abazfrdthe ISS. However, long-term space
mission sustaining requires to bring new food stogkd restore atmospheric condition (new
oxygen). The maintenance of a healthy status,dinidod sources together with the presence
of microgravity and radiation environment are thaimproblems that need to be solved in
order to permit human life in space.

Photosynthetic organisms provide food and oxygeoutjh photosynthesis on earth and as a
consequence they should be present also in spheg.cin use the carbon dioxide emitted by
the astronauts producing new oxygen and at the gamee they could be used as food
supplementation, but the presence of ionizing tamiacan damage all kind of life that we
know so far.

For this reason, it is important to find good calades able to tolerate this harsh environment.
We tested the capacity of photosynthetic microalgaeope with the space environment
exploiting C. reinhardtii wild type, NPQ-mutantsnpg?2 lor] and D1- radiation (I163N) and
herbicide (A251C) tolerant mutants during the spacgsion Foton M3 (2007). Chlorophyli
fluorescence measurement was used as health imdp=srameter as it is directly connected to
the PSII electron flow efficiency, which is amoniget main target of radiation-induced
damage. During this mission in the lower terrekbrait, the dose rate measured by the active
spectrum-dosimeters Liulin-Photo was approxu@y/h (Damasso et al., 2009), a value 100
times higher compared to that received on earth.

To understand the real space effect€Comeinhartii strains each mutant was compared to the
corresponding ground control. Fluorescence measmmecorded during the flight showed
that all the analyzed strains were able to maintia@ir photosynthetic maximum quantum
yield loosing at least a 10% of the initial perfamee (IL, 163N, A251C, cc125pqg2 lord).
Among these strains, only the 1163N, A251C anddbeblenpqg2 lorl mutants maintained
active photosynthetic electron transport rate déiading (Figure. 17, 18). In patrticular, the
163N strain was selected under neutrons exposuce anfirmed its space radiation
tolerance maintaining approx. 99% of its initiaidtescence value. Probably, the aminoacid
substitution, close to theg(binding pocket and oxygen evolution site, in A254:/@ 1163N
mutant strains plays an important role to overcothe oxidative radiation damages.
Similarly, the double mutanmipg2 lorlwas able to efficiently counteract the extremecspa

environment, while the corresponding wild-type cel®as less efficient. The ability to
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accumulate zeaxanthin, a well known radical scaenwplecule, probably helps this strain to
avoid oxidative damages. Timpqg2 lorl mutant resistance strongly suggests an involvement
of antioxidant pigments accumulation in the tolemagainst radiation exposure.

On return on earth, we performed transcript analyseealing a general up regulation of the
psbAgene in all the analyzed strains. It is possiblaypothesize that, similarly to high-light
acclimation responses (Depka et al., 1998), spageonment damages the D1 and PSII core
complex determining an induced rate of the D1 pnatigrn-over most probably affecting also
the transcript level of thpsbAgene.

The general increase of antioxidant pigment accatiaul levels was not correlated to the
steady state accumulation of genes involved irr thiesynthesis. In particular, to the strong
repression observed imep and vdr gene expression levels corresponded an increased
accumulation of zeaxanthin observed in mutantsritagnhanced photosynthetic stability. In
this context, it has been hypothesized the actimatif a feedback regulation mechanism
induced by the end-product, in agreement to whatbeen observed also by Herrin et al.,
1992. The only exception is represented by thegesye which operating up-stream of the
pathway in the biosynthesis of phytoene is mosbaiody out of the control operated by an
end-product.

Regarding plastoquinone biosynthesis, it has beeagnized that in higher plants oxidized
guinones have an induction role in phytoene deastugctivity leading to the activation of
the carotenoids biosynthetic pathway. On the coptneeduced quinones were ineffective
(Mayer MP et al.,, 1990). In particular, plastoquirobiosynthesis resulted generally
repressed in mutants capable to counteract thee spagronment, but not in the reference
strains. This phenomenon could represent the ssfttdsey for their enhanced stability.
Fluorescence data point out that space conditiotesfere with plastoquinone pool redox
state (Figure.18), resulting in a lower expresdenel of genes involved in this biosynthetic
pathway. In the D1 mutants, the high D1 proteiméwer and the mutation in thes @ocket
could prevent the plastoquinone over-reductiont tdmathe contrary is over-reduced in the
parent IL strain. Similarly, in the wild-type ccl2be re-oxidation photochemistry was
reduced contrary to what observed in the doubleantutpg2 lorl This phenomenon
suggested a major availability of oxidized plasiaque in the plastoquinone pool that could
account for a highest desaturation of phytoenebasreed in Mayer and co-workers (1990).
The rate of plastoquinone biosynthesis it is propabodulated through the plastoquinone
pool redox state that indirectly influence the t¢anoids biosynthetic pathway with
availability of the substrate geranylgeranyl-diptete and the oxidized quinones that catalyze

the desaturation of phytoene.
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Regarding carotenoids accumulation, it was obsetivatlin high light condition zeaxanthin
Is the most accumulated pigment, acting as radicalenger. Beside also beta-caroten and
lutein play a fundamental role as radical scavemgeing high light stress pressure. In this
work, we demonstrated how strains which accumuiafle content of antioxidant compounds
(beta-caroten, zeaxanthin) are more sTable insgate conditions.

The observed pigments accumulation was differenalinthe analyzed strains, even if a
common trend was observed for beta-caroten the amsimulated in all the D1 mutants
reaching the highest value in 1163N and A251C s#.ainstead, beta-caroten and zeaxanthin
were the most accumulated pigments in the doublambopg2 lorl

Similar results were obtained over-expresspgy gene in Arabidopsis thalianaplants
(Lindgren LO et al.,, 2003) showing a strong inceead beta-caroten. Probably the
accumulated pigment act as radical scavenger a\wausduring high light exposure.
Pigments accumulations together with psy over esgio@ are in agreement with the previous
observed results and the generally repressed plastme biosynthetic pathway suggesting
that more substrate is available for carotenoidesyithetic pathway. The highest
photosynthetic stability was observed in the 11631851C andnpg2 lorldouble mutant in
which the beta-caroten and zeaxanthin accumulatene the highest.

The possibility to join to a second Space missi@ndeavour STS-134, 2001), was
fundamental to further investigate basic mechanishspace radiation tolerance.

To achieve this goal it was essential the seleaimiground of the best performing strains to
stressful conditions. The production of site-diegctnutants allowed to exclude the presence
of casual gene modifications possibly induced by rtddiation exposures adopted in the in
vitro evolution experiments.

The measurements recorded under the applied streswfiiditions revealed an increased
photosynthetic performance stability and oxygenlu#ian capacity (Figure. 19; Figure. 20).
It was demonstrated how the generation of reactiygen species under high light condition
can induce oxidative stress (Hideg E et al., 2008hiyama Y et al., 2006).

In particular, the interaction between free elatsravith oxygen molecules, tyrosine residues
and chlorophylls leads to the formation of dangeroadical species as singlet oxygen,
hydrogen peroxide, hydroxyl radical, Tyr radicatlamlorophyll triplets that can compromise
the PSII functionality (Edelman M, and Mattoo AKQGB; Ledford HK, and Niyogi KK.,
2005; Zeng XQ et al., 2010). Thus, our experimergallts demonstrate that the D1 amino
acid substitutions responsible for the high ligkp@&sure resistance, could also account for the

improved radiation tolerance of the site directadants (Rea et al., 2011).
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The data presented in this thesis clearly indicdated space tolerance has multi-factorial
component including the synthesis of antioxidamgnpents, an increased oxygen evolution
capacity and the localization of the mutations rdg the D1 strains. We demonstrated that
even single amino acid substitutions in D1 protable the cells to survive in the presence
of free radicals produced by both high light flugand ionizing radiation.

Beside this approach allows the selection of mstanth improved stability, a parameter of

great interest in any biotechnological applicatainphotosynthetic proteins spanning from

space research to biosensors and photovoltaicsfigétatluding biofuel and nutraceuticals

production [44 ].
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