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and molecular processes of photosynthesis, flagella synthesis and movement, mineral
stress, interactions between nucleus, chloroplasts and mitochondria and other
processes. In this review we summarize part of the current knowledge on adaptive
responses ig. reinhardtiiwhen it is exposed to oxidative stress and to changes in
light intensity, concentration of minerals, herbicides and metals. The individual
responses are linked in order to understand the response of the cell, which is
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] responses at the cellular, physiological, biochemical and
Introduction molecular levels [14, 28, 30, 57].

In this review, we summarize the current knowledge on
Ecosystems are continuously subjected to naturally occurriifflerent adaptive responsesGnreinhardtii We limit ourselves
changes and additionally to disturbances originated by hunmaainly to responses to naturally occurring fluctuations in the
activities. The impact of these changes on whole ecosystefgironment and try, by linking those responses, to contribute
depends to a great extent on the responses of single organignise understanding of the adaptive respong® afinhardtii
Generally, organisms are able to adapt to small fluctuationsiéna whole (Fig. 1).
their environment, or are even resistant to and can surviveThe basic strategies that organisms in general have to maintain
dramatic changes. To understand and to predict such adapkig# homeostasis and avoid or deal with stress are the following,
responses of organisms, a detailed knowledge of the ecologigshe of which will be discussed in more detail below:
physiological, biochemical and molecular principles of their (i) Prevention of the penetration of toxic compounds into
adaptation potential is required. On the molecular level, a detailegl cell or avoidance of reactions thereof by complexation,
understanding of the adaptive responses in prokaryotic organistogage or degradation.
has been gathered using various microorganiEstherichia  (ii) Removal of reactive compounds before they can cause
coli being the major model organism [54]. In eukaryotigamage (see sections on light stress and oxidative stress).
organisms, the yeaSaccharomyces cerevisiaad mammals (iii) Repair of damaged biomolecules (throughout the
have been for a long time the organisms of choice for studieseaitions).
the molecular level [20, 27]. Only in the last two decades have (iv) Synthesis of new, alternative biomolecules that take
other eukaryotic organisms like the plaftabidopsis thaliana over functions under stress conditions, replace damaged
andNicotiana tabacungained increased attention [31]. Currentlfsiomolecules or protect them (exemplified in the light and the
the unicellular green algghlamydomonas reinhardtiias metal stress sections).
developed into a model organism for studying adaptive response€. reinhardtii does have various complex adaptive
in photosynthetic organisiS. reinhardtiihas been extensively mechanisms at its disposal with a fine-tuned regulation thereof
used before in studying photosynthesis, chloroplast biogen@sig occurs at the transcriptional and translational level, post-
or flagellar function and assembly [48]. Since various molecutesinscriptional modifications of proteins and modifications of
and genetic tools are available for this organism, and sevesasting organic compounds. The picture becomes even more
mutant strains can relatively easily be created or are alregdynplex if the coordinated participation of different
available,C. reinhardtiiis extremely useful to study adaptiv&eompartments is taken into account.
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The photosynthetic machinery
and light stress

@ The main damage occurring under photoinhibition is the damage
of photosystem Il (PSII), of which the chloroplast encoded D1
protein psbA gene), the key PSII reaction center core protein, is
Signals the main target [52]. The recovery from photoinhibition requires
an increased synthesis of D1 protein. During photoacclimation,
the protein synthesizing machinery in the chloroplast must intially
cope with a rapid need for more D1 protein, which has been
demonstrated to be accompanied by a decrease in the synthesis
of the large subunit (LSU) of ribulosebisphosphate
carboxylase/oxygenase (rubisco) and by regulation of transcription
of cabgenes which encode the antennae proteins [13, 52]. The
concomitant reduction of rubisco LSU synthesis could save cellular
nitrogen or other resources that are needed to activate the translation

of chloroplast D1 mRNAs.
v Other chloroplast proteins are required as well for efficient
High light . . .
intensity replacement of the D1 protein, which turns over rapidly under

strong illumination. One of these is the product of the
chloroplast open reading framey&®, also named ORF31 or
psbT). This protein (PSII-T protein) appears to be a small

Fia. 1Schemati ation ofGhlamvd hardiiiel] subunit (3.3 kDa) of PSII essential for maintaining high
e e e S s S n ol FptoSythetc actiiy under high ight conditions [38], This
under normal conditions but can be stressed by high light or UV. The galypeptide is highly conserved in location and predicted amino
can be also eﬁposeddtgsotzzr ;téiissis {ijléen ‘f:n;n;fﬁ ztgfh?fzrgﬂnitz'trséfsessessaltﬂlgesequence in land plants adeinhardtii Studies carried
2(;?1?32?1({:;3;!1 %rf rlgzlalctiv'e oxygen spgcies (ROS) in the cell can incre%gl with aC. reinhardtii _yCB defective mutant Showed_ that
affecting different cell compartments. The adaptive response of the ceRtthough the mutant is able to grow phototrophically,
different fluctuati_ons‘includes_partigipation and coordination of differephotosystem 1l function and cell growth are impaired under
fl)e)"l ;ﬁiggﬂgﬁ;g?rg)'ffﬁai?;uss'%ﬂilmglg;t:sw(%s)' Symbols: chloropligty, stress conditions. Since the Ycf8 protein might span the
thylakoid membrane, it could help to maintain thylakoid
membrane integrity and structure around the PSII.

The relevant role of replacing damaged proteins in the
photoprotection process has also been recently demonstrated
Adaptive response to light in the case of photosystem | (PSI). Martin et al. [34] showed

that PSII is the primary site of photoxidative damage under
The optimization of photosynthesis is an enormous challerggmditions of strong light, a combination of chilling and light,
for phototrophic organisms. Under high illumination, wherer low concentrations (M) of the superoxide producing
light is a factor in excess, the turnover rate of the reaction centensmipound methyl viologen under moderate light conditions,
and velocity of electron transport are rate limiting. Under thesighough PSI is the primary site of damage when cells are
conditions, excess excitation energy from absorbed photesposed to higher concentrations of methyl viologen (5-10
can not be used for the oxidation of water (photoinhibitionjM). When photooxidative stress was caused by methyl
and the oxidized intermediates generated through lightlogen, the inhibition of the chloroplast protein synthesis
absorption may promote damage to surrounding biomolecubascelerated the damage to PSI. This result suggests a role for
Photosynthetic organisms have developed many differeetvly synthesized chloroplast-encoded proteifts iinhardtii
strategies to minimize and repair such damage. Many of thesker in the antioxidative defence, in the replacement or repair
protecting mechanisms would, however, reduce thédamaged proteins orin the import and processing of nuclear-
photosynthetic efficiency under low light conditions. Hencencoded proteins [34]. The photooxidative inhibition of PSI
in order to assure optimal efficiency of photosynthesis undright be due to oxidative damage caused by superoxide radicals
both strong and weak illumination, protecting mechanisrnsthe iron-sulphur centres of PSI or ferredoxin [4]. Interestingly,
must be up and down regulated. The lack of electron acceptxislation of ferredoxin has been proposed as the reason for the
(CO,), nutrient stress, drought or temperature stress, can lsaittt anaerobiosis of green sulphur bacteria, whose
to problems similar to that generated under light stress requifpt@tosynthetic apparatus has been demonstrated to be
a protective adaptation as well. evolutionarily related to PSI [4, 15].

Danger

Herbicide
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In 1996, Danon and Mayfield [7] showed that the lighprotein [22]. Under normal circumstances some unattached
regulated translation of key proteins in the chloroplast migHEP proteins are available to interact with newly produced
be modulated by the binding of activator proteins to the pfoteins. When cells are subjected to stress, many newly
untranslated region (UTR) of chloroplast mRNAssIA translated proteins are unstable and chaperones may need to
mMRNA). This observation was extended by in vitro and in vivemain attached to the proteins for longer periods. As a
experiments in which the binding of proteins to such mRNAsnsequence, cells must synthesize additional HSP proteins
turned out to be regulated by the redox state of the prote[i$, In photosynthetic organisms, light regulated production of
suggesting that the light stimulus is transduced viatte HSPs has been suggested as a protection system to maintain
photosynthesis-generated redox potential. In another stualfyinctional photosynthetic apparatus during stress, being
Nickelsen et al. [41] have shown that the chloroptetD involved in the synthesis of new proteins, protein import and
MRNA, encoding the D2 protein of the PSII reaction centexfolding [51]. InChlamydomonas reinhardtivon Gromoff
might be stabilized by the binding of a 47 kDa protein to tle¢ al. [19] cloned three genes homologous tadttesophila
5" untranslated region of the mRNA. The studies describechsp/0 heat shock gene and showed that the expression of these
this section and in previous sections suggest that both gleees is regulated at the transcriptional level by both light and
transcription of the nucleaabgenes and the translation of théhermal stress. The activation of one of théisp{OA gene)
chloroplast D1 and D2 mRNAs are regulated by the redby heat stress and light probably occurs via two different signal
status of the chloroplast. This makes sense where coordingttthways since thbsprOA promoter containsis-acting
regulation of expression is required and where the reductsaguences involved in light induction that do not participate in
state is a good measure for photosynthetic activity and théuction by heat stress. In addition, for the transduction of the
D1/D2 state. Coregulated synthesis of D1 and D2 is furtheducing light signal the synthesis of specific components is
strengthened by the observation that protein D2 not omigeded [30]. These components turned out to be two chlorophyll
contributes to the stabilization of the PSIl complex in thgrecursors, namely Mg-protoporphyrin monomethyl ester and
membrane, but is also involved in the regulation of D1 synthdgig-protoporphyrin, which may replace light in the induction
at the transcriptional or post-transcriptional level [12]. of thehsprOA andhsprOB nuclear genes, encoding cytosolic

The transduction of the light stimulus by the photosynthesisid plastid-localized heat shock proteins, respectively [29].
generated redox potential not only regulates the expression oin summary, we can assume that proteins involved in the
genes directly involved in photosynthesis, but also seemsoecalled heat shock respons€irreinhardtiiact as chaperones
be a major factor in the control at the cell cycle. Iboth in the cytosol and in the chloroplast. Different signal
Chlamydomonas eugamefogenes whose expression ipathways are followed leading to their synthesis depending on
regulated by illumination are likely to be important ithe external stressor. Moreover, it seems possible that the light
controlling cell proliferation [16]. Nuclear genes that anegulated production of the HSPs is a protection system to
specifically induced during the dark-to-light or the light-tomaintain a functional photosynthetic apparatus during stress.
dark transitions have been already identified. In the case of tmerder to stimulate this protective function, intermediates of
of these genes, light affects the level of expressiohlorophyll synthesis may act as plastidic signals.
independently from active photosynthesis. Four genes are
positively or negatively regulated upon activation of
photosynthesis and one is expressed transitorily at bBthotosynthesis and stress by herbicides
transitions. or minerals

In the context of light-induced expression of genes and
stabilization of proteins, the heat shock proteins should be d&ak photosynthetic machinery is not only challenged by light.
with as well. Although changes of temperature normally ocdtiralso plays a central role in response to other stress
in nature, fast heat shock is not a usual environmental stressditions, e.g. exposure to herbicides or mineral stress.
for aquatic organisms. Heat shock response pathways ahe 4984, aC. reinhardtii mutant that was resistant to
relevant topic in the study afhlamydomonasdaptive 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) and
responses since induction of heat shock proteins (HSP) Zahloro-4-ethylamino-6-isopropylamino-s-triazine (atrazine)
been observed not only after the exposure to a heat shock itgalf isolated. These herbicides inhibit photosynthesis by
but also following exposure to both white light and UV lighpreventing transfer of electrons in PSII from the primary
Apparently, heat shock response is a universal cellular respatable electron acceptor, @n the D2 protein to the secondary
that involves the increased expression of a group of gkges Etable electron acceptorg@n the D1 protein. It has been
genes) in organisms exposed to a variety of environmental pnoposed that the herbicide binds the D1protein at the Q
physiological stresses [30]. The number and nature of HSRding site instead of Qand thereby blocks the electron
proteins show some variations from one species to the othramsfer to Q. Nucleotide sequence analysis identified a
but the HSP70 protein is highly conserved during evolutisingle T-A to G—C transversion in tpebA gene, encoding
[19]. A chaperone function has been proposed for the HSRR@ D1 protein, as the reason for the observed resistance [11].
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This mutation causes a substitution of a serine in the wégposed to high light for more than 2 h although no loss of the
type protein for an alanine in the mutant protein, and mBy protein was observed, the-carotene content was
cause a structural change in the protein, altering the herbigagificantly reduced. An increase of the zeaxanthin content
binding site of the D1 protein. Interestingly, the aminoacigias found, which was higher than could be accounted for by
substitution occurs in a region that is totally conservélde light-induced de-epoxidation of violaxanthin in the
between spinachSpinacia oleracep tobacco RNicotiana xantophyll cycle reactions [10]. The role of the xantophyll
tabaccun), pigweed Amaranthus hybridys soybean cycle is seen in the non-photochemical quenching of excited
(Glycine maxandC. reinhardtii Such conservations usuallytriplet chlorophyll by zeaxanthin in the antenna and the light
reflect strong functional constraints on the protein. Indedwrvesting activity of violaxanthin as it passes excitation energy
the herbicide resistant mutants show higher sensitivitpto chlorophylls. It was postulated that a hydroxylation of
towards excess light. In the case of the pigweed, Hirschbbrgarotene into zeaxanthin under high light conditions could
and Mcintosh [25] showed that a herbicide resistant mutdetan additional source for zeaxanthin that might be involved
contains a substitution of the same serine residue foinaon-photochemical quenching (Fig. 2) [9]. Contrary to this
glycine. postulation is the observation that mutants with a defect in
WhenC. reinhardtiicells are subjected to mineral stresgijther thea- or b-branch of carotenoid biosynthesis exhibit
as caused by magnesium or sulfur deficiency, an inactivatiess non-photochemical quenching but are still able to tolerate
process of PSII takes place concomitantly with a decreasdiigh light [42]. A double mutant, however, affected in bath
the D1 levels and in the quantity of light-harvesting complexdb branches had almost no non-photochemical quenching
of PSII (LHCII) [6]. After cessation of mineral stress, in a fewnd was extremely sensitive to high light. These results suggest
chloroplast proteins there is a cascade of events stimulatedhay in addition to the xantophyll cycle pigmeras;arotene-
a changed phosphorylation leading to newly synthesizeéetived xantophylls, such as lutein, work not only as structural
components of the photosynthetic machine. The synthesis@fponents of the subunits of the light-harvesting complexes
thylakoid proteins increases and the total amount of D1 rideg also as photoprotective elements. Carotenoids have also
8 or 9 times. The synthesis of new proteins results irb@aen described to have a very important protective role in
significant increase of functional PSII and in the production séveral heterotrophic microorganisms [Mendez-Alvarez S,
new LHCII. As a result, the ratio between PSII polypeptid&ifenacht K, Eggen RIL, in preparation; 39]. These results
and LHCII increases, which signals the start of the synthesiggest a conserved scavenging function of carotenoids, saving
of new chlorophylis. the cells from the harmful effect of reactive oxygen species
In addition to the discussed proteins, other main componegeserated in different processes.
of the photosynthetic apparatus show striking changes when
C. reinhardtiiis under stress. When the cells are exposedto
high light, UV, oxidative stressors, etc. their caroteno®ldaptive responses to oxidative stress
composition dramatically changes.

Molecular oxygen is used by most respiring organisms as a
terminal electron acceptor. Due to partial reduction or
Carotenoids: switching from excitation of oxygen during various processes and in various
photosynthesis to photoprotection parts of the cell (e.g. at the chloroplast during photosynthesis,
at the mitochondria during respiration, etc.) highly toxic
Carotenoids are involved in at least two main functions iieactive oxygen species (ROS) such as superoxide radicals,
photosynthetic organisms, namely light collection ard/drogen peroxide, single oxygen or hydroxyl radicals may
photoprotection. To develop such functions, carotenoids masgse [20]. An increase in the generation of such ROS beyond
interact with chlorophylls, either for the dissipation of enerdiie ability of antioxidant defenses to cope with them is called
(in photoprotection) or for passing energy to them (ligbidative stress, also defined as a disturbance in the
harvesting in photosynthesis). In higher plants, the rolemboxidant-antioxidant balance in favor of the former [53],
carotenoids in photoprotection has been clearly demonstragsiilting in the oxidation of biomolecules and subsequently,
by the finding of lethal mutations in the carotenoids biosynthetica decreased growth and survival of organisms [27]. As it
pathways [8]. In the case & reinhardtii in 1958 a green has been discussed in other reviews, oxidative stress is
mutant strain was characterized that was deficient in xantophgherated when organisms are exposed to various
and contained a much lower total quantity of carotenoids themvironmental pollutants like transition metals, herbicides,
the wild type. This strain was able to carry out photosynthek@ogenated compounds and radioactivity [2]. Moreover, the
but could grow only under low light because of its very higiroduction of reactive oxygen species is also increased when
photosensitivity. Later, several other mutants deficient amganisms are exposed to higher visible- and UV-light
carotenoids were isolated, and many of them also showddtansities or drought [23, 40, 56]. Against these toxic oxygen
high light sensitivity [21]. InC. reinhardtii when cells were species, aerobic organisms possess several enzymatic and
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Fig. 2In Chlamydomonas reinhardtiells exposed to high light intensities, zeaxanthin is not only produced by light-induced de-epoxidation of violaxanthin
in the xanthophyll cycle reactions (shadow square) but also by hydroxylatisoavbtene

non enzymatic defense mechanisms. As described ab@letathione peroxidase homologous gene and an ascorbate
carotenoids play an important protective role in the photfeeroxidase gene that are involved in the oxidative stress
induced oxidative stress. defense [Leisinger U, Riufenacht K, Pesaro M, Zehnder A,
The enzymatic defense known@ reihardtiiis mainly Eggen R, Structure of a glutathion peroxidase homologous
based on the activity of some well known enzymes likgene and its function in the oxidative stress response in
catalases, peroxidases like gluthatione peroxidase (GSEhJamydomonas reinhardtiSubmitted; and unpublished
ascorbate peroxidase (APX) and superoxide dismutases (S@&1n]. Current elucidation of their function will give more
that have already been studied in detail in higher plants [B8)ts towards the cellular oxidative stress response.
43, 55]. In the non enzymatic response, glutathione, ascorbate,
vitamin E and carotenoids have a special relevance as
scavengers [8, 39]. Indirect antioxidant functions are carriédlaptive responses to metals
out by enzymes that replenish the pool of scavengers and of
reduced substrates for the antioxidant enzymes andNuymerous metals are known to have specific biochemical
enzymes that transport and eliminate toxic compounds [3@jactions and to be nutritionally essential for life. However, as
Several of these enzymes have been studied, cytosolic amdsult of their chemical reactivity, many metals are also
chloroplastic activities have been compared, and attemgigetereous to biological systems by several different
have been made to understand the whole cellular oxidativechanisms. For this reason, organisms have developed
stress response [47]. The mentioned studies have been maiiffiyrent metal homeostasis strategies to control the availability
performed at the physiological and biochemical level anfl simultaneously essential and troublesome metals. Copper
only recently have the genes encoding these enzymes hie@nwell known example of a metal that is essential for life but
isolated. This allows for a more detailed examination of ti¥etoxic at high concentrations. For example, copper has an
adaptive response to oxidative stress. Recently, our lab bgsential function in the catalysis of respiration (cytochrome
been successful in cloning and characterizing a less knagxidase), oxygen transport (hemocyanin) and photosynthesis
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(plastocyanin). IrC. reinhardtii the biological significance of studies of the toxicity of Cd, Co, Cu, and Ni to walled and
the copper-regulatory mechanisms is indicated by the fact tall-less strains o€. reinhardtiishowed that the wall-less
high concentrations of copper induce deflagellation of the cedtsain was consistently more sensitive than the walled strain
and even higher concentrations may cause the cells to enttystll four metals, indicating that the cell wall plays a role
[17]. Terrestrial photosynthetic organisms absolutely need @uwonferring metal tolerance [33]. These authors described
in order to preserve plastocyanin levels that are high enodigat for both strains the toxicity of all metals was pH-
for subsistence. Aquatic algae and cyanobacteria, on tlependent, being less toxic at pH 5 than at pH 7. Since there
contrary, can be photosynthetically active under Cu-deficiamtre no differences in the magnitude of the pH effect between
growth conditions. To maintain photosynthetic activity undéne algal strains, it was suggested that there must be
copper-deficient condition€. reinhardtiisubstitutes a hemeconsiderable competition for ionic binding sites on the plasma
protein (cytochrome6) for an otherwise essential coppemembrane.
protein, viz. plastocyanin [37]. This replacement is regulated In the case of other cations, namely N&, Li* and C&,
at the transcriptional level by the availability of coppeadaptive responses that are involved in regulating the internal
Coordinated with the expression of the cytochrafhigene is concentrations of these cations were described. The isolation
the expression of the gene encoding coproporphyrinoggrdifferent mutants allowed to postulate the existence of
oxidase, an enzyme in the heme biosynthetic pathway. Tééseral genes involved in the maintenance of ion homeostasis,
gene is located in the nucleus and, like the cytochangene, involving interlinked regulation of NaK* and Li* fluxes
its transcription is induced by the absence of copper. Thigoss the plasma membrane together with the expression of
finding supposed a novel metalloregulatory response in whioteins with osmoregulatory functions, such as the synthesis
the synthesis of one redox cofactor (heme) is controlled by thhehe accumulation of glycerol in the cytosol. It has been
availability of another (Cu). As another part of the coppdetermined that genes involved in glycerol biosynthesis and
homeostasis i€. reinhardtii copper uptake mechanisms havia/Li* efflux are activated by both ionic and non ionic osmotic
been described [24]. The authors demonstrated the preseigmals, implying that components of the regulatory pathways
of a saturable and temperature-dependent copper uptateshared [36, 45]. With respect to calcium, Quarmby and
pathway which operates under both copper-containing diartzell [46] demonstrated th@hlamydomonasells contain
copper-deficient conditions. The uptake mechanism is firtevo distinct signal transduction pathways, which are involved
tuned and avoids th&t. reinhardtiicells maintained in fully in the deflagellation process and react to external changes.
copper-supplemented conditions should accumulate coppéerlie deletereous effects of calcium stres€ oreinhardtiicells
excess. Even if copper is in the environment, it might be irage underlined not only by deflagellation but also by the fact
non-available chemical form for the uptake mechanisms of that phototaxis and light-induced stop responses are also known
cells. InC. reinhardtii,a cupric reductase activity, which iso be calcium dependent [18]. The?Ciluxes in the cell are
increased under copper-deficient conditions, has been describeded into action by changes in calmodulin (CaM) actions
[24]. This enzyme seems to be involved in a copper reductaraong others. CaM, a ubiquitous calcium-binding protein,
assimilation pathway. This observation is supported by the feegulates many cellular processes and stimulates the activity
that cupric reductase activity is regulated in coordination with several target proteins. Its action is dependent on the
copper uptake, and more importantly, that the changes in cogesence of calcium and is mediated through the binding of
transport and cupric reductase activity occur in responsahle Ca-CaM complex to the respective proteins [3]. In
physiologically relevant copper ion concentrations. Chlamydomongscalmodulin mRNA production is possibly

In the presence of other meté&lsreinhardtiihas various coupled with the synthesis of other proteins on the flagellar
adaptive mechanisms to avoid toxic effects of excessapfparatus [58]. Moreover, CaM has a potential role in metal
metals. Cells that were cultured in the presence of subletioxicity since, besides calcium, other metals, i.e. Cd, Zn, and
concentrations of the toxic heavy metal cadmium synthesiz, are capable of binding to CaM and activating CaM-
and accumulated peptides consisting solely of glutamic aclépendent enzymes [3].
cysteine and glycine, which were able to sequester most
cadmium and avoided lethality [26]. When the cells were
cultured in the presence of mercury, glutathione was tGenclusion
principal thiol-containing compound produced at increased
levels, what might indicate a heavy metals detoxificatiokil environments vary in space and time. Populations may
function for glutathione as described for other eukaryotiespond by evolving a diverse array of responses based on
organisms [44]. Finally, cells treated with silver producedphenotypic plasticity and genetic variation. Adaptive responses
sulfur containing peptide, although it was not accumulatack regulated by coordinated cascades of events, involving
at high levels [26]. The complexation of metals is alghfferent cellular compartments and structures, several kinds
described to occur in the cell wall 6f reinhardtii which of biomolecules and various signaling systems. In the
possesses a high affinity for metallic cations [5]. Comparativaicellular chlorophyte Chlamydomonas reinhardtii
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adaptation implies participation and coordination of differei#. Ferris P, Goodenough UW (1994) The mating-type locus of
genomes, several organelles and multiple pathways to maintain Chlamydomonas reinhardtiontains highly rearranged DNA sequences.

cellular integrity and the cell cycle. According to it

5.

phototrophy, th&€hlamydomonasetabolism and cell cycle
are strongly dependent on light. As a consequence, the tricarboxylic acid cycle in growing cells. Arch Microbiol 128:64—71
photosynthetic apparatus has a remarked relevance and nutfeafagné G, Guertin M (1992) The early genetic response in the green
and chloroplast encoded genetic informations are interlinked unicellular algaChlamydomonas eugametgown under light/dark

and co-regulated. Subsequently, adaptive responses stronglyc

Cell 76:1135-1145
Fuchs G, Stupperich E, Eden G (1990) Autotrophic @xation in
Chlorobium limicola Evidence for the operation of a reductive

ycles involves genes that represent direct responses to light and
photosynthesis. Plant Mol Biol 18:429-445

depend on different light-dark response pathways apfl Garvey JE, Owen HA, Winner RW (1991) Toxicity of copper to the
qualitative and quantitative pigment composition. Moreover, green algaChlamydomonas reinhardfChlorophyceae), as affected
these functions are interlinked to different enzymatic and non- by humic substances of terrestrial and freshwater origin. Aquat Toxicol

enzymatic mechanisms that permit the algae to adapt under19:89-96

several stressful conditions such as oxidative stress, miné?al

Goodenough UW, Shames B, Small L, Saito T, Crain RC, Sanders MA,
Salisbury JL (1993) The role of calcium in tBlelamydomonas reinhardtii

stress, treatment with herbicides, presence of metals or high nating reaction. J Cell Biol 121:365-374

concentrations of other ions, etc. The coregulation of all these von Gromoff ED, Treier U, Beck CF (1989) Three light-inducible heat-
functions is the cornerstone that perntitslamydomonas

to maintain a normal cell cycle and to adapt to an alwadfs

changing environment.

21.

22.
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