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Photosynthetic organisms use sunlight as the primary source of energy to support their metabolism. In eukaryotes, reactions
responsible of the conversion of light into chemical energy occur in specific organelles, the chloroplasts. In this study, we showed
that mitochondria also have a seminal influence on cells” energy metabolism and on photosynthetic reactions. This is illustrated
by the observation that the strong photosensitivity of Chlamydomonas reinhardtii cells depleted of the chloroplast protein PGRL1
was rescued by the introduction of a mitochondrial mutation affecting respiratory complex I. Functional analysis showed that
such a reduced respiratory activity influenced chloroplast electron transport with consequent overreduction of plastoquinone
and donor-side limitation of photosystem I (PSI). As a consequence, damage due to excess light affected more photosystem II
(PSII) rather than PSI. Double mutant cells are able to grow under excess illumination, while single pgri1 are not, thanks to the
presence of an efficient repair mechanism of PSIIL. These results also underline the seminal biological relevance of the regulation
of electron transport reactions within the photosynthetic complexes. Photosynthetic organisms evolved a strategy to respond to
excess light where damage is targeting preferentially to a specific complex, PSII. Cells are able to endure extensive damage
targeting this complex thanks to an efficient repair mechanisms, while if PSI is affected, there are drastic consequences on

growth.

Photosynthetic eukaryotic organisms rely on two
organelles, chloroplasts and mitochondria, for the
synthesis of the molecules fueling their metabolism,
NAD(P)H and ATP. The two organelles share common
features, such as membrane-bound enzymatic com-
plexes implicated in electron transfer coupled to proton
translocation and the generation of a proton motive
force driving the synthesis of ATP.

In chloroplasts, light energy fuels the electron trans-
port from water to NADP" to generate NADPH via
photosystem II (PSII), cytochrome b,f (Cyt bf) complex,
and photosystem I (PSI) in a pathway designated as
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linear electron transport. Linear electron transport is
coupled to proton translocation from the chloroplast
stroma into the thylakoid lumen and establishes a
transmembrane electrochemical potential, exploited by
the ATP synthase for the synthesis of ATP. However,
the electrons can also follow alternative pathways,
which play an essential role, especially at fluctuat-
ing light intensity, in conditions where demand/
availability of ATP and NADPH are continuously
changing (Kramer and Evans, 2011). Such alternative
electron flow (AEF) pathways include as examples the
plastid alternative oxidase, the water-water cycle, and
the so-called cyclic electron flow (CEF) around PSI
(Cardol et al., 2011). During CEF, electrons from PSI are
recycled to the Cyt bf complex, contributing to the
proton translocation and ATP biosynthesis but not to
synthesis of NADPH. In the model organism used in
this work, the green alga Chlamydomonas reinhardtii,
two pathways involved in CEF have been identified.
One involving the NDA2 NADPH:plastoquinone oxi-
doreductase (Desplats et al., 2009; Jans et al., 2008) that
uses NADPH to reduce plastoquinone (PQ) and
the other relying on a PGR5-PGRL1 complex with pu-
tative ferredoxin:plastoquinone oxidoreductase activ-
ity (Dang et al., 2014; Hertle et al., 2013; Petroutsos et al.,
2009; Tolleter et al., 2011; Yamori and Shikanai, 2016).

In mitochondria, the transfer of electrons from the
substrates NADH and succinate is catalyzed by the
enzymatic complexes I, II, III, and IV, with molecular
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oxygen being the final acceptor. Electron transfer is
again coupled to the synthesis of ATP through an
electrochemical transmembrane gradient generated by
complexes I, III, and IV. As in chloroplasts, electrons
can also follow alternative routes, bypassing complex
III and complex IV activities via the alternative terminal
oxidase (AOX; Dinant et al., 2001) or bypassing com-
plex I activity via an alternative NADH dehydrogenase
(such as Ndal; Lecler et al., 2012). These two routes are
not coupled to the formation of electrochemical trans-
membrane gradient and they reduce the energy yield
of respiration but also act as regulators in stress con-
ditions (Zalutskaya et al., 2015), maintaining the ratio
between reduced and oxidized forms of ubiquinone
(Vanlerberghe, 2013) or NADH consumption (Lecler
et al., 2012).

In photosynthetic organisms, both chloroplast and
mitochondria respond to many different stimuli origi-
nating from the environment and are in continuous
communication. This is well exemplified by C. rein-
hardtii mutants affected in respiratory complexes that
experience a reorganization of the photosynthetic ap-
paratus favoring ATP synthesis over NADP" reduction
in the chloroplast through activation of CEF (Cardol
et al., 2003). On the other hand, alterations in chloro-
plast proteins were also shown to impact mitochondria.
For example, the photosynthetic pgr/1 mutant altered in
CEF showed an increased respiration (Dang et al., 2014;
Petroutsos et al., 2009; Tolleter et al., 2011). The recent
finding that in diatoms, optimized carbon fixation
and growth require exchange of NADPH and ATP
between plastids and mitochondria also points to an
evolutionarily conserved seminal role of mitochondria-
chloroplast cross-talk (Bailleul et al., 2015).

In this study, we investigated the mutual influence of
respiratory and photosynthetic activity by analyzing a
C. reinhardtii double mutant And4pgrll that harbors
mutations in both (1) the nuclear gene PGRL1 leading to
an altered CEF and chloroplast ATP biosynthesis and
(2) the mitochondrial complex I gene nd4 leading to a
near complete loss of complex I activity. We show that,
remarkably, the mitochondrial mutation is able to res-
cue the photosensitivity of pgril mutant, further sup-
porting the reciprocal influence of the two organelles.
This phenotype is not due to increased photosynthetic
capacity of the double mutant but rather to the fact that
excess light damages PSII more than PSI with a much
milder effect on growth due to the presence of efficient
repair mechanisms.

RESULTS

A Mitochondrial Mutation Restores the Ability of the pgril
Mutant to Grow under Strong Illumination

The mutant strain affected in the expression of the
chloroplast localized protein PGRL1, altered in photo-
synthetic electron transport rate (ETR), showed altered
mitochondrial composition and activity (Dang et al.,
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2014; Massoz et al., 2017; Petroutsos et al., 2009). Con-
sidering that, in order to investigate a reciprocal influ-
ence of respiratory and photosynthetic activities, pgrl1
was crossed with several mitochondrial mutants (de-
scribed in Salinas et al., 2014). In particular we selected
(1) a complex III mutant, dum11, harboring a 0.7-kb
mitochondrial DNA deletion and unable to grow under
heterotrophic conditions; and (2) three complex I mu-
tants with reduced respiration. These are dumb5, pre-
senting a thymine deletion in the 3’ untranslated region
of the mitochondrial nd5 gene; dum25, in which two
codons of ndl are missing; and And4 presenting an in
frame deletion of codons 2 to 24 of the mitochondrial
nd4 gene (Massoz et al., 2017).

As in C. reinhardtii, the mitochondrial DNA is inher-
ited from the mating type minus parent (mt ; Matagne
et al., 1989), we crossed an mt" pgrll strain with the
various mt~ mitochondrial mutants. Progeny from all
crosses was screened to ensure the selection of strains
carrying both mutations. The Mendelian transmission
of the pgrll mutation was assessed thanks to the resis-
tance to paromomycin and was confirmed by PCR. The
uniparental transmission of mitochondrial DNA mu-
tations was instead confirmed by PCR and sequencing
(Supplemental Fig. S1). A large number of double
mutants were obtained from all crosses involving pgrl1
and complex I defective strains, while the cross between
pgrll and complex III mutant (dum11) did not yield any
viable double mutant progeny. This suggests the com-
bination of these two mutations is lethal even under
continuous illumination. This observation indicates
that in the absence of PGRL1 cells can survive with a
reduced respiration but cannot if this is completely
inactivated.

Respiratory activity, measured as oxygen consump-
tion in the dark, showed an insensitivity to complex I
inhibitor rotenone in the complexI'pgrll double mutant
(And4pgril strain) for cells grown mixotrophically in
control light conditions, confirming that the contribu-
tion of complex I to the overall respiration is negligible
in this strain, as it is for the single complex I mutant
And4 (Table I). These measurements also highlight that
in And4pgrll, the overall respiration activity is in-
creased by ~50% compared to parental strain And4, in
agreement with previous findings showing an in-
creased respiration in pgrll (Petroutsos et al., 2009).

Table 1. Total respiration and respiration in presence of mitochondrial
inhibitors for the wild type, pgrl1, And4, and And4pgrl1

Total dark respiration (average = s, n > 3) expressed in nmol O, X
min~" X 107 cells™" * sp and measured in the absence or in the
presence of 100 um rotenone, 1T mm KCN, or T mm SHAM for cells

grown in CL 60 uE m~% s
wild Type  pgrll And4  And4pgrll
Total Respiration CL 37 =6 57 *6 21 *3 39*10
+Rotenone 226 33*x8 18*x4 36x9

+KCN 13 £1 178 10x£2 22=*5
+SHAM 273 38x15 162 30=x10
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Respiratory activity was also evaluated after inactivat-
ing the mitochondrial electron transport at the level of
cytochrome (involving complexes III and IV) or the
AOX pathway, using the specific inhibitors KCN or
salicylhydroxamic acid (SHAM), respectively. Both the
cytochrome ¢ pathway and the AOX-dependent respi-
ration were increased in pgril and And4pgrll with re-
spect to the wild type and And4, respectively (Table I),
suggesting that the absence of PGRL1 impacts the
overall electron flux in the mitochondrial transport
chain without specifically inducing one pathway with
respect to the other.

Interestingly, we observed that the combination of
mutations affecting mitochondria and chloroplast
resulted in a specific peculiar feature of double mutants.
While single pgril mutant shows a clear photosensi-
tivity when exposed to a strong illumination, as previ-
ously reported (Dang et al., 2014; Kukuczka et al., 2014),
all double mutants showed a rescued growth even if at
a slower rate than the wild type and And4 (Fig. 1A;
Supplemental Fig. S2). The rescued growth was ob-
served for all double mutants, dumbpgrll, dum25pgril,
and And4pgrll, independently of the specific complex I
mutation (Supplemental Fig. S2A), confirming that the
decreased photosensitivity was indeed due to the mi-
tochondrial mutation (Fig. 1B; Supplemental Fig. S2B).
This surprising growth phenotype was confirmed in lig-
uid cultures (Fig. 2B; Supplemental Fig. S2) and in pres-
ence of an exogenous organic source (Supplemental Fig.
52B), demonstrating it is not correlated to specific growth
conditions.

Modulation of Photosynthetic Apparatus and Electron
Transport in And4pgril

Photosynthetic activity in And4pgrll was investi-
gated in more detail to clarify the reason for the rescued
ability to grow under strong illumination. The maximal
photochemical efficiency of PSII in dark-adapted cells
(®PSII max) was first estimated exploiting chlorophyll
fluorescence showing a slight but significant decrease
with respect to the wild type in all three mutants grown
in phototrophy at control light (CL) intensity (Fig. 2A),
as already observed for the pgrll mutant (Dang et al.,
2014; Kukuczka et al.,, 2014; Massoz et al., 2017;
Petroutsos et al., 2009). In cells grown at high light (HL)
intensities, all genotypes, including the wild type,
showed a substantial decrease in ®PSII due to photo-
inhibition. This effect was more evident in the mutants
with the largest impact on And4pgrll, revealing an ad-
ditive effect of the two mutations on PSII photosensi-
tivity (Fig. 2A). Again, this observation did not depend
on the growth medium, even if the impact was larger in
mixotrophy (Supplemental Fig. S3). PSII efficiency did
not recover even if cells were treated with far-red light,
confirming that its strong decrease in And4pgril is at-
tributable to photoinhibition (Supplemental Fig. S3).
PSII efficiency was also measured in light-adapted cells
(PPSIT’). CL-grown cells exposed to increasing light
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Figure 1. Characterization of the wild type, And4, pgrll, and
And4pgrl1 growth under strong illumination. Impact of chloroplastic
and mitochondrial mutation on growth of C. reinhardtii strains is
assessed by spot test (A), i.e. cells plated in different dilutions on solid
media in mixotrophic (TAP) or photoautotrophic (TMP) conditions for
wild type, pgrl1, And4, and And4pgrlT mutant strains. The cells were
grown at HL intensity of 850 uE m™ s™'. Photos were taken after 3 to
5 d. Impact of mutation was also assessed in liquid culture (B) in pho-
toautotrophic conditions (TMP) for wild type, pgrll, And4, and
And4pgri1 at a HL intensity of 1,500 wE m~2 s~". Error bars indicate sp
(n = 3-6 independent biological replicates). Statistically significant
differences compared to the wild type are indicated with an asterisk.
Two asterisks instead indicate significant differences with both the wild
type and And4pgrl1.

intensities in all genotypes showed a progressive PSII
saturation (Fig. 2B). In HL-grown cells, instead,
And4pgrll PSII efficiency showed no light-dependent
change, confirming that this photosystem is inhibited
and is unable to sustain a strong light-dependent ac-
tivity (Fig. 2C). Such a strong PSII photoinhibition is not
attributable to defects in NPQ that is activated in all
strains even more rapidly than in the wild type
(Supplemental Fig. S5).

Photosynthetic ETR was evaluated exploiting the
carotenoid electrochromic shift signal (ECS; Bailleul
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Figure 2. Analysis of PSII efficiency of the wild type, And4, pgrl1, and
And4pgrll. A, ®PSII monitored with a PAM fluorimeter measured after
30 min of dark adaptation of wild-type, pgrl1, And4, and And4pgrl1
strains grown photoautotrophically in CL and HL conditions. Data are
expressed as averages = sp, n= 4. Values significantly different from the
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et al., 2010). This signal originates from the transmem-
brane potential; thus, it responds to the activity of both
PSII and PSI, at difference from fluorescence analysis
that is mostly emitted by the former. Total and alter-
native electron flows (TEF and AEEF, respectively) were
increased in all genotypes in response to HL (Fig. 3). In
And4pgrll, alternative electron transports independent
from PSII were found more active than in the other
genotypes, both at CL and HL (Fig. 3B). Interestingly,
HL contribution of AEF, determined by inhibiting PSII
activity with DCMU, reached even ~50% of the TEF for
And4pgril.

The composition of the photosynthetic apparatus
was investigated in these strains by western-blot anal-
ysis (Fig. 4; Supplemental Fig. S4A). The relative
amount of PSII in HL, quantified using anti-D1 and D2
antibodies, was drastically decreased in And4pgrll with
respect to the other mutants and the wild type (Fig. 4;
Supplemental Fig. 54), in accordance with the observed
reduction in ®PSIIL. PSI content assessed by the anti-
PsaD antibody was instead strongly reduced in pgr!1
grown in HL, consistent with previous observations
(Dang et al., 2014), while this was less affected in the
other strains. Introduction of the mitochondrial muta-
tion in And4pgrll thus caused light damage to affect
more PSII content while PSI recovered. At the same
time, there was no compensating increase in NDA2
(Supplemental Fig. S4A), involved in another mecha-
nisms for AEF. The relative accumulation of PSI and 11
was further verified using 77K fluorescence where they
can be detected from their specific emissions at 685 and
715 nm, respectively. And4pgril cells showed a strong
relative increase in PSI emission compared to the other
genotypes both in CL and HL conditions (Fig. 5;
Supplemental Fig. S4B), consistent with western-blot
results.

The above measurements were performed in cells
incubated with DCMU in order to minimize state
transitions, since PSI fluorescence could increase
because of LHCII association. The comparison of the
same spectra in the absence of DCMU (Supplemental
Fig. S4B) can provide also additional information on
the possible activation of state transition. Indeed,
And4pgrll showed a stronger activation of state transi-
tions with evidence of LHCII associated with PSI even
in HL conditions (Supplemental Fig. S4B).

The above results suggest an altered balance between
PSI and PSII in And4pgril with respect to the parental
strains. This hypothesis was further strengthened by
estimating the plastoquinone (Q,) redox state (Hertle
et al, 2013). In And4pgrll, different from all other
strains, Q, is very easily reduced even using dim light

wild type are marked with an asterisk (ANOVA, Pvalue < 0.05). B and
C, PSII quantum yield dependence from illumination intensity for wild-
type, pgrl1, And4, and And4pgrl1 strains grown photoautotrophically in
CL (B) and HL (C) conditions. Measurements were performed using
1-min steps of increasing light intensity (n =4 = sp).
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Figure 3. Photosynthetic electron transport rate of the wild type, And4,
pgrl1, and And4pgrl1. TEF (A) and AEF (B) electron transport rates
evaluated from ECS relaxation kinetics. Rates are normalized to the total
PSI and PSIl amount quantified using a saturating flash. Data refer to the
rates measured in wild-type, pgrl1, And4, and And4pgrl1 strains grown
photoautotrophically in CL (n=6 % sp) and in HL condition (n=4 = sp).
Asterisks indicate statistically significant differences between the same
genotype in CL and HL conditions. Different letters instead indicate
statistically significant differences between genotypes in the same light
conditions (ANOVA, P value < 0.05).

(Fig. 6A), suggesting that PSII is easily saturated in this
strain. This observation also explains the stronger state
transition activation that is promoted by accumulation
of reduced plastoquinone (Vener et al., 1995; Zito et al.,
1999). An independent evidence of altered balance of
electron transport can be obtained by estimating the
oxidization of PSI (P,,,"/total P, ratio) in illuminated
cells. The fraction of oxidized PSI is clearly higher for
And4pgrll with respect to the wild type and And4,
reaching a complete oxidation already under relatively
dim illumination (150 wmol photons m™2 s™'), sug-
gesting that PSI electron transport is strongly limited
from its donor side (Fig. 6B).

In summary, our data suggest that the double mutant
does not show an increased ability to use strong illu-
mination for photochemistry. With respect to both pa-
rental strains, it in fact shows a decrease in PSII content
and efficiency. However, this is paralleled by a higher
PSI content, especially if compared to pgril. As a
consequence, ETR is easily saturated at the level of PQ
that becomes the limiting step causing a donor side

Plant Physiol. Vol. 176, 2018
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limitation to PSI. A way to mimic the restriction of
electron transport at the level of PQ and to mimic PSI
donor side limitation induced by the mitochondrial
mutation is to artificially inhibit electron transport us-
ing DCMU. Under these conditions, when pgri1 cells
were exposed to strong illumination, PSI showed re-
duced light sensitivity, as observed by immunode-
tection (Fig. 7).

DISCUSSION

Chloroplasts and mitochondria are organelles with a
central role in energetic metabolism of photosynthetic
organisms. Their activity in photosynthetic eukaryotes
is tightly linked (Raghavendra and Padmasree, 2003)
and undergoes both short- and long-term modulation
in response to environmental stimuli. The strong in-
terconnection between these organelles is evidenced
also in this work where the introduction of complex I
mitochondrial mutation (And4, dum5, and dum25) in the
pgrll background causes significant, although some-
what unexpected physiological effects. Surprisingly,
reduction of complex I function altered photosensitivity
in pgril and allowed the survival of double mutants
under strong illumination. Investigation of the altera-
tions in photosynthetic apparatus in the double mutant
And4pgrll evidenced an altered PSI and PSII content
with respect to parental strains, particularly in HL
conditions. In And4pgrl1, PSII is in fact more prone to
photoinhibition while PSI content is higher, especially
under strong illumination, with an increased capacity
for electron transport that is independent from PSII
(Figs. 4-6).

And4pgrll also showed altered balance of electron
transport with a more reduced PQ pool (Fig. 7)
that stimulates state transitions with the association
of LHCII to PSI even under strong illumination
(Supplemental Fig. 54). In order to understand how a
mitochondrial mutation can cause this phenotype, it
should be considered that mitochondria use reducing
power exported from the chloroplast to synthesize ATP
(Taniguchi and Miyake, 2012). This activity is particu-
larly important in pgril as shown by their increased
respiratory activity (Table I, Dang et al, 2014;
Petroutsos et al., 2009) and by our finding on the in-
ability to isolate pgr/1 mutants depleted of mitochon-
drial complex IIl. In And4pgril, the reduction of
mitochondrial respiration likely affects efficiency of
reducing power export from the chloroplast. Those re-
ducing equivalents accumulated in the stroma thus
would be available to NADPH-PQ reductase enzymes
like NDA?2 that, in the absence of PGRL1, are the ex-
pected responsible players of the high AEF activity in
the double mutant (Fig. 4). NDAZ2 protein content is not
increased in pgri1 (Dang et al., 2014) nor in And4pgril
(Fig. 5), but this does not exclude an increased activity,
nor the possibility that other NAD(P)H:PQ oxidore-
ductase present in the C. reinhardtii genome (Terashima
et al.,, 2011) can be responsible for the increased AEF
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Figure 4. Immunodetection of total extract
membrane for the wild type, And4, pgrl1,

and And4pgrl1. Immunodetection of total 10

WT

pgrli And4 pgrl1 And4

1 10 1 10 1

extract of wild type, pgrll, And4, and
And4pgrl1 culture grown photoautotro-
phically in HL using an antibody against

o— D1

PSIl (D1), PSI (PsaD), and cytochrome f

(Cyt f); 10 or 1 pg of chlorophyll was

loaded (n > 6). a— PsaD

o— Cytf

activity in And4pgrll. Independently from the molecu-
lar mechanisms responsible, this increased AEF in the
double mutant in turn leads to reduction of the PQ pool
even though PSII efficiency is much reduced.

One striking observation was that the introduction of
a mitochondrial mutation in And4pgrll showed a pos-
itive effect on the fitness under strong illumination even
if PSII was strongly damaged. This finding can be
explained by the above-described limitation of electron
transport at the level of PQ. It is interesting to observe
that this damage to PSII is paralleled by a higher sta-
bility of PSI, which is more abundant and active in
And4pgrll with respect to pgrl1 in HL conditions (Figs. 5
and 6). This can be explained by the observation that
PSl is limited from the donor side with an accumulation
of P700" under illumination. P700" is well known to be
an efficient quencher of excitation energy (Shubin et al.,

2008); thus, donor-limited PSI can safely dissipate the
excess absorbed energy as heat. On the contrary, in
pgrll electrons are accumulated at the PSI acceptor side,
a condition where PSI is likely to be photoinhibited
(reviewed in Chaux et al., 2015). This picture thus
suggests that the double mutant And4pgril does not
have an increased fitness because of a more efficient
photosynthetic ETR, but because the damage from ex-
cess illumination in the double mutant targets preva-
lently PSII instead of PSI as it occurs in the parental
strain pgrl1.

In order to understand why this difference in the
damage localization has such a strong effect on growth,
it should be considered that in all photosynthetic or-
ganisms PSII is damaged even under dim illumination
(Roach and Krieger-Liszkay, 2014) and a very efficient
system for PSII repair evolved to replace damaged D1

Figure 5. The 77K fluorescence analy- A 12 7 —mpoLsoomu B 12 9 —mpcLioom
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Figure 6. Redox state of Q, pool and PSI analysis. A, PQ redox state
assessed by the fluorescence parameter 1- gL in wild-type, pgrl1, And4,
and And4pgrl1 cells grown in HL conditions. B, Oxidized PSI fraction
both in function of increasing light intensities in cells grown in HL
conditions. The fraction is calculated as the ratio between the amount of
oxidized P700 at a specific light and the total P700 quantified in the
same sample using a saturating light (2,050 mol of photons m™?s™ ") in
the presence of DCMU and DBMIB. pgrl1 is not shown because its
photosensitivity impairs obtaining a good signal from HL-grown cells.
All measurements were performed using 25 X 10° cells/mL resus-
pended in TMP medium supplemented with 20% Ficoll.

subunits with high turnover rates (Andersson and Aro,
2001). This mechanism allows cells to maintain a suf-
ficient photosynthetic electron transport and growth
even if they sustain a high level of damage. To our
knowledge, a mechanism with equivalent efficiency to
repair PSI has not been described, and here recovery
from light damage is much less efficient since it requires
the whole supercomplex to be degraded and then
reassembled (Kudoh and Sonoike, 2002; Martin et al.,
1997; Sonoike, 1996; Tikkanen and Grebe, 2018). In the
absence of an efficient repair, PSI, if damaged, accumu-
lates within the cell. Damaged PSI clearly has a negative
impact on photosynthetic efficiency but also directly
produce ROS species with a toxic effect on cells (Hippler
et al., 2000). The impact of the damage localization is
further supported by the observation that inhibition of
PSII using a specific inhibitor (DCMU) protects PSI from
light damage in pgrl1 (Fig. 7). DCMU addition clearly
does not enhance photosynthesis but, again, has a ben-
eficial effect to PSI in pgril by limiting electron excess
(Fig. 7). Thus, limitation of PSII function, either by
DCMU or by complex I mutation, equally leads to in-
creased overall fitness by reducing PSI damage.

The results presented here suggest that evolution se-
lected a strategy to stand excess light by concentrating
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damage to a specific complex, PSII, and in particular its
subunit D1 that is efficiently resynthesized without the
need of dismantling the whole complex (Pokorska et al.,
2009). With this strategy, PSII inhibition acts as a safety
valve for all other components of the photosynthetic
apparatus that are thus protected and can have a much
higher stability (Tikkanen et al., 2014; Tiwari et al., 2016),
avoiding a costly high turnover for all components. This
work clearly demonstrates the impact of such as strat-
egy, since the double mutant And4pgri1 did not show an
increased photosynthesis with respect to parental strains
but still was able to survive at high light intensity in
contrast to pgril, because the damage was localized to
PSII and not to PSL. In this strain, damage to PSII shows a
protective effect on PSI by reducing electron flux to PSI
avoiding overexcitation (Tiwari et al., 2016).

Regulation of photosynthetic electron flux can pro-
vide a significant contribution to PSI protection even
when PSII damage is not as extensive, as observed here

CL

WT pgrit
% 100 50 100 50

ATPB = e e ==

PSAD = we = v
HL

WT pgrit
% 100 50 100 50
ATPB DN e

PSAD e s e e

HL + DCMU

WT pgrit

% 100 50 100 50

PSAD =

Figure 7. PSI photoinhibition in pgrlT cells exposed to phototrophic
high light conditions can be rescued by the addition of DCMU. Cells
acclimated to low-light (CL) conditions (TAP medium at 20 umol
photons m~2 s~ illumination) were shifted to HL (200 wmol photons
m~? s~ ")/photoautotrophic conditions for 24 h. A control culture was
kept in low light/photoautotrophic conditions. For DCMU treatment
(indicated as + DCMU), 10 um DCMU was added upon shift to pho-
totrophic conditions. Changes in protein abundance of the PSI subunit
PSAD in pgrl1 and the wild type at CL and HL in the absence and
presence of DCMU. Detection of the chloroplastic ATPase ATPB subunit
was utilized as a loading control. Cells were adjusted to a total chlo-
rophyll amount of 2.5 mg (100%) or 1.25 mg (50%) prior to protein
separation by SDS-PAGE.
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in And4pgrll. The so-called photosynthetic control, in
fact, involves a decrease of the Cyt b,f complex turno-
ver rate (Finazzi and Rappaport, 1998) activated under
excess illumination by low lumenal pH (Colombo et al.,
2016; Tikhonov, 2014). Such a decrease in lumenal pH
slows down the rate limiting step in linear electron
flow, namely, the oxidation of PQH, at the Q, site of the
bf complex (Stiehl and Witt, 1969), thus increasing the
saturation of PQ pool. Observations presented here
clearly suggest that under strong illumination, such a
state is much safer for the cells since any eventual light
damage is concentrated in PSII while PSI is instead
safeguarded with a major positive impact on the cells
ability to survive under strong illumination.

MATERIALS AND METHODS
Strains and Growth Conditions

The wild-type strain used in this study is derived from the wild-type 137¢c
strain of the green algae Chlamydomonas reinhardtii. The pgrl1 mutant used in this
study is the paromomycin-resistant insertional mutant described by Tolleter
etal. (2011), which was crossed with our wild-type strain to obtain both mating
types and to be able to reduce the genetic background difference with our
mitochondrial mutants. The dum11, the complex ITI-deficient mutant described
by Dorthu et al. (1992), and the complex I-deficient mutants dum25, dum5, and
And4 are described (Cardol et al., 2002; Massoz et al., 2017; Remacle et al., 2001,
2006).

The double mutants were obtained by crossing an mt" pgr/1 with mt™ mi-
tochondrial mutants.

Cells were routinely grown at 25°C in Tris-acetate phosphate medium (TAP;
Harris, 1989) or with no acetate (TMP) with 50 umol photons m 257! illumi-
nation for CL illumination. Spot tests were performed plating 20 L of a 10° cell
culture on solid media in mixotrophic (TAP) or photoautotrophic (TMP) con-
ditions. Cells were grown under HL intensities at 850 (solid medium) and 1,500
(liquid medium) umol photons m2s7h

Algal growth was measured through daily changes in the cell number
monitored using a Cellometer Auto X4 cell counter (Nexcelom Bioscience). For
cultivation in the presence of inhibitors, the wild type and pgrl1 were treated
with 10 um DCMU.

Whole-Cell Respiration and Oxygen
Evolution Measurement

Whole cells from mixotrophic culture (TAP) grown at CL and HL were
harvested by centrifugation and suspended in TAP medium ata concentration of
1 X 107 cells. Their respiratory rate was measured in the dark at 25°C using a
Clark-type O, electrode (Hansatech). Measurements were made in 2-mL total
volume of cells culture. For the inhibition studies, 1 mm KCN, 1 mm SHAM, and
100 uMm rotenone were used.

Chlorophyll Fluorescence Measurements

Chlorophyll fluorescence was measured in vivo on C. reinhardtii cells, using a
Dual PAM 100 fluorometer (Walz). Cells were collected during the exponential
growth phase and dark-adapted for 30 min keeping them gently mixed. After
the dark adaptation, photosynthetic parameters were assessed using saturating
pulses (200 ms, 9,000 uE m2s™h) during an actinic light treatment (12 min,
starting from 0 to 438 uE m2s7h.

After 30 s of illumination, saturating pulse is given to fully reduce PSII ac-
ceptors and reach the maximal fluorescence yield (F,,). These three values allow
the calculation of the maximal quantum yield of PSII photochemistry ®PSII
max [F,/F,, = (F, — Fy)/F,] and the PSII quantum yield at a given light in-
tensity ®PSII" [(F,” — F,)/F,’] (Demmig-Adams et al., 1996; Maxwell and
Johnson, 2000). The Q, redox state was estimated by the parameter 1-q;
(Kramer et al., 2004). NPQ measurements were obtained after maintaining cells
for 10 generations under HL.
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The 77K fluorescence spectra between 650 and 800 nm were recorded in a
buffer containing 60% (w/v) glycerol, 10 mm HEPES (pH 7.5) with an excitation
at 440 nm (LS 50 luminescence spectrometer; Perkin-Elmer).

Spectroscopic Measurements

The spectroscopic analysis was performed in vivo using a Joliot-type spec-
trophotometer (JTS-10; Biologic). Photosystems stoichiometry and photosyn-
thetic electron flows were performed measuring the electrochromic shift (ECS)
spectral change in intact cells, representing a shift in the pigment absorption
bands associated with changes in the membrane potential and consequently
photosystems activity (Bailleul et al., 2010).

ECS was measured as the difference between the signals at 520 and 546 nm (the
positive and negative peaks of the ECS signal, respectively) to eliminate minor
additional spectral changes that were associated with the membrane potential.

For these measurements, the final cellular concentration was 7 X 10° cell/mL
for CL-adapted cells and 25 X 10° cell/mL for HL-adapted cells. DCMU (20 pm)
and hydroxylamine (1.5 mm) inhibitors were employed to irreversibly block
PSII charge separation, acting as acceptor and donor side inhibitors of PSII,
respectively.

TEF and AEF were measured assessing the relaxation kinetics of the ECS
signal in the dark after a steady-state illumination (Joliot and Joliot, 2002;
Sacksteder and Kramer, 2000). AEF was estimated as the residual photo-
chemical activity insensitive to a 20 um DCMU treatment. In detail, cells were
illuminated with saturating actinic light until the achievement of an ECS
steady-state level (15 s at 940 uE m 2 s7'). The signal at steady state is pro-
portional to transmembrane potential generated by PSII, Cyt b6f complex, PSI,
and from transmembrane potential dissipation by the plastid ATP synthase.

When light is switched off, photosystem activities stop immediately, while
ATP synthase and Cyt b6f complex activities remain unchanged. The difference
between the slopes of the ECS signal measured in the light and after the light is
switched off is proportional to the rate of PSI and PSII photochemistry (Dang
et al., 2014; Joliot and Joliot, 2002).

The amplitude of the ECS was normalized on the total amount of PSI obtained
with hydroxylamine and DCMU treatment corresponding to one charge trans-
ferred across the membrane per PSI center (Joliot and Joliot, 2002). Data are directly
expressed in electrons transferred per second per photosystem I (e™' s~ PSI™").

The PSI content was evaluated based on the maximum change in the ab-
sorption of P,q," in cells treated with DCMU and DBMIB (dibromothymoqui-
none; 300 uv) at a saturating actinic light (2,050 wmol of photons m2s7,
630 nm) in an equal number of cells. Under these conditions, rereduction of P, *
through photosynthetic electron flow is largely slowed down, thereby allowing
to evaluate the full extent of photooxidizable P,,.

The fraction of oxidizable PSI at a specific light intensity (45, 150, and
320 umol of photons m~?s ') is calculated as the ratio between the change in the
absorption of P, " at a specific light and the maximum change in the absorption
of P,,* achievable in the presence of DCMU, DBMIB, and a saturating light of
2050 pmol of photons m 2 s™". The measurements were performed using 25 X
10° cells/mL resuspended in TMP medium supplemented with 20% Ficoll.

Western-Blot Detection

SDS-PAGE was performed on total protein extract as described (Emonds-Alt
et al., 2017; Remacle et al., 2010). Polyclonal antibodies directed against C.
reinhardtii Psb1 (D1, Agrisera; 1:10,000), PsaD (PSI, Agrisera; 1:2,000), and PetA
(CytF, Agrisera; 1:50,000) and antibodies against NDA2 (1:1,000; Jans et al.,
2008), D2 (1:1,000), RbcL (1:5,000), and ATPA subunits were used.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Determination of the double mutation in
Anddpgril.

Supplemental Figure S2. Impact of chloroplastic and mitochondrial mu-
tation on growth of Chlamydomonas reinhardtii strains.

Supplemental Figure S3. Analysis of photosystem II efficiency of the wild
type, And4, pgrll, and And4pgril.

Supplemental Figure S4. 77K fluorescence analysis of the wild type, And4,
pgrll, and And4pgril.
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