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Light acclimation in the lycophyte Selaginella martensii depends
on changes in the amount of photosystems and on the flexibility
of the light-harvesting complex Il antenna association with both
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Summary

e Vascular plants have evolved a long-term light acclimation strategy primarily relying on the
regulation of the relative amounts of light-harvesting complex Il (LHCII) and of the two pho-
tosystems, photosystem | (PSI) and photosystem Il (PSIl). We investigated whether such a
model is also valid in Selaginella martensii, a species belonging to the early diverging group of
lycophytes.

e Selaginella martensii plants were acclimated to three natural light regimes (extremely low
light (L), medium light (M) and full sunlight (H)) and thylakoid organization was characterized
combining ultrastructural, biochemical and functional methods.

e From L to H plants, thylakoid architecture was rearranged from (pseudo)lamellar to pre-
dominantly granal, the PSII : PSI ratio changed in favour of PSI, and the photochemical capac-
ity increased. However, regulation of light harvesting did not occur through variations in the
amount of free LHCII, but rather resulted from the flexibility of the association of free LHCII
with PSII and PSI.

e In lycophytes, the free interspersed LHCII serves a fixed proportion of reaction centres,
either PSII or PSI, and the regulation of PSI-LHCII(-PSII) megacomplexes is an integral part of
long-term acclimation. Free LHCII ensures photoprotection of PSII, allows regulated use of
PSI as an energy quencher, and can also quench endangered PSI.

Introduction

The success of vascular plants under the diverse light environ-
ments in land habitats has been correlated with the evolution of
grana—intergrana thylakoid differentiation inside the chloroplast
(Anderson ez al., 2012), which is the expression of so-called ‘lateral
heterogeneity’ (Andersson & Anderson, 1980). Photosystem 1I
(PSII), with its chlorophyll (Chl) @/b-containing light-harvesting
complex LHCII, is mainly located in the stacked domains, while
photosystem I (PSI), LHCI and ATP synthase are confined to the
stroma-exposed regions. Cytochrome b4/ (Cytbsf) mediates elec-
tron transport from PSII to PSI, transferring electrons from
reduced plastoquinone (PQ) to plastocyanin, and is enriched in
stroma-exposed membranes (Armbruster ezal, 2013; Wunder
eral., 2013; Grieco etal., 2015). Some auxiliary thylakoid pro-
teins have also been assigned to different thylakoid domains; for
example, the PSII subunit S (PsbS), a key regulatory protein in
nonphotochemical quenching (NPQ; Wilk ez al., 2013), resides
in grana membranes, while proteins involved in PSII repair are
enriched in stroma-exposed domains (Suorsa ez al., 2014).
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Starting from a complete absence of lateral heterogeneity in
the Chlé-containing algae Prasinophyceae (Song & Gibbs,
1995), grana—intergrana differentiation was gradually refined in
the green lineage (Gunning & Schwartz, 1999). However, the
main evolutionary forces that drove grana evolution still remain
elusive. It has been suggested that enhancement of light harvest-
ing, prevention of PSII-to-PSI energy spillover, spatial separa-
tion of cyclic electron transport from linear electron transport
or better regulation of PSII turnover has facilitated differentia-
tion of grana and the subsequent lateral heterogeneity (Nevo
etal., 2012; Pribil et al., 2014). Evolution of thylakoid organiza-
tion in the green lineage up to vascular plants has also influ-
enced regulation of photosynthetic mechanisms (Grouneva
eral., 2013). The dynamic structure of the thylakoid system
allows vascular plants to cope with fluctuating irradiance
(Anderson eral., 2012). Short-term mechanisms include dissipa-
tion of excess of light energy (qE), regulation of excitation
energy distribution between PSI and PSII, the PSII repair cycle,
and fine-tuning of electron transport via alternative electron
acceptors, such as plastoquinol terminal oxidase (PTOX; for
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reviews, see Demmig-Adams eral, 2012; Tikkanen & Aro,
2014; Goldschmidt-Clermont & Bassi, 2015; Jarvi et al., 2015;
Tikhonov, 2015). Long-term acclimation to natural light
regimes relies primarily on two types of adjustment, namely,
changes in (1) the relative amount of LHCII, resulting in
changes in the Chla: & ratio, and (2) the PSI: PSII ratio, which
is modulated in favour of the less excited photosystem (Walters
& Horton, 1994; Murchie & Horton, 1998; Lichtenthaler &
Babani, 2004). Because shade-acclimated plants are limited in
light harvesting, they have more LHCII relative to PSII and,
correspondingly, low Chla: & values (2.3-2.7); moreover, the
understory enrichment in far red light is balanced by a lower
PSI : PSII ratio (Lichtenthaler & Babani, 2004; Hogewoning
etal, 2012). Conversely, less LHCII, a high Chla: 4 ratio
(3—4.5) and a high PSI : PSII ratio characterize sun-acclimated
plants, which prioritize energy conversion capacity and photo-
protection ability (Anderson eral, 1988; Lichtenthaler &
Babani, 2004; Ballottari ezal., 2007). Changes in LHCII/photo-
system stoichiometry upon sun/shade acclimation are mirrored
in well-known variations of thylakoid architecture, shade plants
indeed having more appressed thylakoids relative to nonap-
pressed thylakoids than sun plants. To what extent such varia-
tions are linked to the supramolecular organization of the
complexes is unclear. In angiosperms, low-light acclimation
causes accumulation of LHCII trimers not stably bound to PSII
(Pantaleoni et al., 2009; Koufil etal., 2013; Ware etal., 2015).
However, the function of these free LHCII trimers, also called
‘extra LHCII (Koufil eral, 2013), is still largely unknown.
According to a ‘lake model’ organization of PSII units, the free
LHCII interspersed between PSII units in grana stacks should
enhance the efficiency of light harvesting (Kramer ez al., 2004).

Tracing back the evolution of sun/shade acclimation in the
green lineage is challenging. Modulability of the PSII antenna
size has been documented in various green microalgae (e.g.
Maxwell etal, 1995; Webb & Melis, 1995; Teramoto etal.,
2002). In the marine macroalgaec Ulvophyceae, the Chla: b
ratio was found to be similar to that of extreme shade land
plants (Yamazaki eral, 2005) and could undergo long-term
light-driven regulation (Bischof ezal, 2006). Bryophytes, the
simplest, nonvascular extant land plants, can modulate thy-
lakoid stacking and carotenoid complement, but lack flexibility
in the Chlz: 4 ratio (Aro, 1982; Marschall & Proctor, 2004;
Gerotto eral., 2011). A certain ability to modulate the antenna
size occurs in rainforest ferns, with Chla: 4 varying in the range
of 1.8-2.9 (Nasrulhag-Boyce & Haji, 1987; Nasrulhag-Boyce
& Duckett, 1991). Fossil forests of lycophytes suggest that
ancestral vascular plants must have been capable of acclimation
to light regimes ranging from full sunlight to shade. Lycophytes,
as early diverging vascular plants, offer a rare opportunity to
investigate the evolution of the photosynthetic mechanisms that
emerged upon acclimation to land habitats (Ferroni ezal,
2014). In this study, we investigated whether the thylakoid
organization that sustains long-term light acclimation (low light,
medium light and full sunlight) in the lycophyte Selaginella
martensii is consistent with the current models of thylakoid
photoregulation in vascular plants.
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Materials and Methods

Plant material

Selaginella martensii Spring (Selaginellaceae) was cultivated in
a humid glasshouse of the Botanical Garden of Ferrara (Italy)
at 25-30°C. The medium light (M) condition corresponded
to the natural light regime which is usual for this species in
the glasshouse. Shading by plants growing above gave a daily
peak of the photosynthetic photon fluence rate (PPFR) of
¢ 50 pmol m™ s~ over a spectrum of 400-700 nm. For long-term
acclimation, some plants were transferred to extremely low light,
under the shade of broadleaved plants (L; ¢. 5 pmol m 2s 1Y), or
to direct sunlight (H; ¢. 1500 pmol m~*s™'). Supporting infor-
mation Fig. S1 exemplifies the daily light regimes. Experiments
were performed between March and October in 2010-2014. All
analyses focussed on terminal branches of plants light-acclimated
for at least 3 wk to each condition.

Electron microscopy

Small segments of terminal branches were fixed with 3% glu-
taraldehyde in 0.1 M Na-K phosphate buffer (pH 7.2) for 4 h at
4°C. After overnight post-fixation with 1% OsOy in the same
buffer, routine protocols for dehydration, embedding and stain-
ing were applied (Baldisserotto ezal., 2007). Ultrathin sections
were observed with a Hitachi H800 electron microscope (at the
Electron Microscopy Centre, University of Ferrara).

Photosynthetic pigment analyses

Photosynthetic pigments were extracted with 100% methanol at
80°C for 10 min and extracts were analysed spectrophotometri-
cally for pigment quantification (Wellburn, 1994).

Thylakoid isolation

Branches were sampled after 12 h of darkness or 1h of light
exposure (1000 pmol m™~*s™ ") using a halogen lamp screened
with 4 cm of water. Branches were ground in an ice-cold mortar
for 1min and thylakoid isolation was performed essentially
according to Jarvi ez al. (2011). Thylakoids were rapidly frozen in
liquid nitrogen and stored at —80°C. Chl content was deter-
mined after extraction with 80% (v/v) acetone (Porra etal.,

1989).

SDS-PAGE and immunoblotting

Thylakoid proteins were separated by SDS-PAGE on a 15%
acrylamide, 6 M urea resolving gel (Laemmli, 1970). Proteins
were stained with the quantitative, highly sensitive dye SYPRO®
Ruby (Invitrogen; Lopez et al., 2000) and imaged at five different
exposure times with a Geliance 1000 Imaging System (Perkin-
Elmer). Alternatively, they were electroblotted onto a polyvinyli-
dene difluoride membrane (Millipore) for immunodetection.
Western blotting with specific antibodies and detection with
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enhanced chemiluminescence were performed following standard
protocols. Chla-binding CP47 subunit of PSII (CP47), LHCII,
PSI and PsbS antibodies were kindly provided by R. Barbato,
NAD(P)H dehydrogenase-like complex subunit H (NdhH) anti-
body by D. Rumeau, and ferredoxin-NADP" oxido-reductase
(FNR) antibody by H. V. Scheller. Lhcb6, Cytfand ATP- anti-
bodies were purchased from Agrisera (Vdnnids, Sweden; product
codes AS01010, AS06119 and AS05085, respectively).

Nondenaturing large-pore blue native polyacrylamide gel
electrophoresis (IpBN-PAGE)

Thylakoids were solubilized in darkness at a final Chl concentra-
tion of 0.5 mg ml™! with 1.5% (w/v) B-dodecylmaltoside (DM)
on ice for 2 min (Ferroni ez al., 2014) or with 2% (w/v) digitonin
at room temperature for 10 min under gentle agitation (Jarvi
etal, 2011). To allow the best separation of large super- and
megacomplexes, native complexes were separated using [pBN-
PAGE as described by Jarvi eral. (2011). For 2D separation of
the individual protein subunits, the IpBN-PAGE strips were
incubated for 1 h at 21°C in Laemmli buffer containing 5% (v/v)
2-mercaptoethanol (Laemmli, 1970) and subsequently analysed
by SDS-PAGE and silver staining. Band intensity in [pBN lanes
was quantified using IMAGE] freeware (National Institutes of

Health, Bethesda, MD, USA).

Chlorophyll fluorescence

Modulated Chl fluorescence was analysed with an ADC OS1-FL
portable PAM fluorometer (ADC Bioscientific Ltd, Hoddesdon,
UK). Samples were dark-acclimated for 30 min before recording
induction curves under white actinic light of 1600 pmol m *s !
brought to the sample through fibreoptics from a halogen lamp.
Quantum yields of complementary processes were calculated
according to Hendrickson ezal. (2004) and corresponded to
actual PSII photochemistry [Y(II)], regulated thermal dissipation
[Y(INPQ)] and constitutive dissipation of heat and fluorescence
[Y(NO)]. Fluorescence yields were combined for a synthetic com-
parison of general photochemical [Y(PSII)/Y(NO)] and nonpho-
tochemical [Y(NPQ)/Y(NO)] capacities (Lazdr, 2015). After
induction as just described, the relaxation kinetics of Y(NPQ) was
followed in darkness for 40 min in a semi-logarithmic plot to dis-
tinguish Y(NPQ) components differing in their decay times
(Guadagno eral, 2010). In S. martensii, YINPQ) decay was
approximately biphasic, with a fast-relaxing component qE and a
more slowly relaxing component qT, leaving an unrelaxed fraction
ql (Ferroni ezal., 2014). The contribution of the three compo-
nents to Y(NPQ) was calculated by fitting the relaxation curves
with two exponential decays (qE and qT) and a constant (qI). The
correctness of the Y(qI) value was checked by comparison with the
residual difference between maximum PSII yield values (£,/Fy)
measured before and after the induction/relaxation protocol.
Single turnover fast fluorescence (FF) relaxation kinetics were
measured using a double-modulation fluorometer (Photon Sys-
tem Instruments, Drasov, Czech Republic). Fluorescence decay
kinetics in the range of 150 ps to 100 s were obtained, analysed
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and interpreted as described by Vass etal (1999) and
Allahverdiyeva et al. (2013).

The F730/F685 fluorescence ratio was calculated from nor-
malized fluorescence emission spectra recorded at room tempera-
ture using a microspectrofluorimeter (RCS, Firenze, Italy)
mounted on a Zeiss Axiophot microscope (excitation, 436 nm;
Pancaldi ez 2/, 2002).

P700 redox state

PSI activity was analysed with a Walz Dual-PAM-100 (Heinz
Walz GmbH, Effeltrich, Germany; Klughammer & Schreiber,
1994). After 30 min of dark acclimation, the maximum
absorbance of P700" (Py1) was assessed according to the instru-
instructions,  applying ~a  saturating  pulse
(6000 pmol m~*s™'; 300 ms) on top of far-red pre-illumination
(720 nm wavelength; 191 umol m™?s™'; 95 duration). Light
curves were subsequently recorded by exposing the sample to
increasing actinic light (53-1594 pmol m s~ ', each lasting
6 min). Steady-state () and maximum P700" absorbances in the
light-acclimated state (Pf) were used to calculate the quantum
yield of PSI photochemistry [Y(PSI)] and the complementary

ment

nonphotochemical yields corresponding to acceptor-side [Y(NA]
and donor-side [Y(ND)] limitation of PSI. Notes S1 contains
additional theoretical details.

Statistical analyses

One- or two-factor analysis of variance (ANOVA) was performed
with ORIGINPRO 2015 (OriginLab Corp., Northampton, MA,
USA) (statistical significance at 2<0.05).

Results

Thylakoid architecture is heavily rearranged upon long-
term light acclimation

Long-term light acclimation affected the angle of insertion of the
ventral microphylls on the stem, which decreased from L to H
plants (Fig. la—c). Far from the vein, the S. martensii leaf section
is made up of three layers: large conical cells of the upper epider-
mis, a few sparse mesophyll cells, and lower epidermal cells. Leaf
thickness in the section increased from L to H plants (Fig. 1d—f).
In each leaf layer, cells contained chloroplasts, but the most rele-
vant for photosynthesis was the single cup-shaped large chloro-
plast present in each upper epidermal cell. Upon long-term light
acclimation, the organelle modulated the concavity of its top sur-
face, from slightly convex in L plants to concave in M plants and
markedly concave in H plants (Fig. 1g—i). Inside the chloroplast,
the thylakoid system included two structurally different regions,
which qualify the organelle as a ‘bizonoplast’, as described by
Sheue eral. (2007) in Selaginella erythropus. In a typical bizono-
plast, such as that in M plants (Fig. 1h), the upper zone of the
thylakoid system has a lamellar architecture, consisting of long
and parallel layers of appressed thylakoids (Fig. 1k), while the

lower zone has a typical granal structure (Fig. 1n); when present,
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Fig. 1 Variations in leaf and chloroplast
morphology in Selaginella martensii
acclimated to different light regimes.

(a—c) Terminal branches. (d-f) Light
microscopy images of microphyll sections
stained with toluidine blue; bars, 30 pm.
(g-i) Chloroplast morphology in the upper
epidermal cells; arrows indicate starch grains;
bars, 5 um. (j-1) Lamellar thylakoid
arrangement in the upper zone of the
thylakoid system; bars: (j, k) 0.25 um;

(1) 0.5 um. (m-o0) Lower zone of the
thylakoid system, showing a pseudolamellar
organization in low-light (L) plants (m) and a
granal organization in medium-light (M)
plants (n) and high-light (H) plants (o); bars,
0.25 um.

starch grains were found mainly between the two zones (Fig. 1h).
In L plants, the upper lamellae, each of which consisted of eight
to 10 stacked thylakoids, appeared very dark because the mem-
branes seemed to adhere at the lumenal side (Fig. 1j). The thy-
lakoid lumen was, by contrast, easily recognizable in the
thylakoids of M and particularly H plants, and a reduction in the
number of stacked thylakoids per lamella was also clearly evident
(Fig. 1k,]). In the lower thylakoid region, acclimation to extreme
shade in L plants resulted in a thylakoid system with pseu-
dolamellar organization, that is, a structure intermediate between
the lamellar and granal structures, with only short connecting
intergrana thylakoids (Fig. 1m). Similar to the upper zone, here
the thylakoid lumen was not always evident. In M and H plants,
by contrast, the granal structure of the lower region was typical,
with variable degrees of stacking even inside the same organelle
(Fig. In,0). The bizonoplasts of L plants did not store starch and
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H plants

WF’

had very clear stroma (Fig. 1g). In general, extreme shade pro-
moted extensive stacking, resulting in a generalized (pseudo)
lamellar organization, while in full sunlight the granal architec-
ture prevailed over the lamellar architecture.

Relative amount of electron transport chain complexes, but
not LHCII, is modulated depending on light regime

Sun/shade acclimation of the thylakoid membrane results pri-
marily from changes in the relative amount of photosynthetic
complexes, usually reflected by typical variations in pigment pat-
tern. Amounts of Chlaz and Chlé were very variable between dif-
ferent branches, with a nonsignificant decrease in H plants
(Fig. 2a). The Chla: b ratio increased very little from L to H and
remained typical of shade plants even in H conditions (Fig. 2b).
The total amount of carotenoids was also very variable, but
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Fig. 2 Thylakoid composition in Selaginella martensii acclimated to different light regimes. Plants were analysed after long-term acclimation to a low (L),
medium (M) or high (H) light regime. (a—c) Photosynthetic pigment content, expressed as nmol mg~" FW (a) and as molar ratios of Chla : Chlb (b) and Chl
(a + b):carotenoids (c); data are mean + 1SD with n=6. (d) Denaturing electrophoresis (SDS-PAGE) profile of thylakoid proteins; samples were loaded on
an equal Chl basis (1.5 pug) and the gel was stained with SYPRO Ruby; molecular marker on the left. () Immunoblot detection of thylakoid proteins
separated by SDS-PAGE (1.5 pg of Chl loaded, with the exception of NAD(P)H dehydrogenase-like complex subunit H (NdhH) and ferredoxin-NADP*
oxido-reductase (FNR), for the detection of which 2 pg of Chl was loaded). (f) Maximum photo-oxidizable photosystem I (PSI). The Py, value, obtained
from P700" absorption signals, was normalized on the specific Chl content of each sample. Values are mean =+ 1SD with n = 4. For each parameter,
different letters indicate a significant difference between long-term acclimation conditions (one-factor ANOVA followed by post hoc Tukey's test;

P <0.05). A quantitative analysis of protein band intensities is reported in Supporting Information Fig. S2.

higher in H plants (Fig. 2a). In line with expectations, the Chl gradient. Similar to LHCII, negligible variations affected the
(a+ b):carotenoid ratio markedly decreased from L to H plants PsbS protein, which regulates the transition of LHCII from the
(Fig. 2¢; Lichtenthaler & Babani, 2004). harvesting to the quenched state under high light (Figs 2e, S2b).

As the small variation in Chla: 4 ratio apparently contrasted ~ The increase in the relative amount of PSI found in H plants

with the extensive restructuring of the thylakoid system, the thy-  suggested a higher availability of electrons to the stromal accep-
lakoid protein profile was first analysed with denaturing gels  tors. In support of this inference, FNR was analysed and indeed
loaded on an equal Chl basis. When proteins were stained with ~ a clear enrichment of FNR occurred from L to H plants. From
the highly sensitive SYPRO Ruby, a fluorescent dye giving linear ~ FNR, electrons can be driven to the Calvin—Benson—Bassham
quantitative responses over a range of three orders of magnitude  cycle or, alternatively, can be recycled to the PQ pool. An NAD
(Lopez etal, 2000), two features were immediately evident: (P)H dehydrogenase-like complex (NDH) is known to work in
enrichment in PSI amount along the L-to-H gradient and invari-  close cooperation with PSI in the thylakoid membrane of higher

ability of the amount of LHCII (Fig. 2d). The increase in PSI plants to recover electrons from ferredoxin and recycle them to
content was independently confirmed by immunodetection of  the PQ pool (for reviews, see Rumeau ezal, 2007; Shikanai,
PsaA/B and through the determination of maximum photo- ~ 2014). The absence of the NdhH signal in L plants and the very
oxidizable PSI content, as the Py value (Figs2e,f, S2a). In low signal in M plants could be a consequence of low antibody
immunoblots, increasing trends were also found for the Cytfsub-  sensitivity. In spite of this, a specific and strongly up-regulated
unit of the Cytbfcomplex and the ATP synthase B subunit. The = accumulation of NDH was evident in H plants (Fig. 2e).

amount of PSII, evaluated as the content of one of its internal
Chla-containing antennae, CP47, did not change between L and
M plants, but decreased markedly in H plants. The amount of
LHCII was confirmed not to change upon long-term acclima-
tion. Lhcb6, forming the minor PSII antenna CP24, instead =~ The modulations in the relative amount of the electron flux com-
decreased in parallel to the PSII core complex along the light  plexes matched the general model of sun/shade acclimation.

Long-term acclimation modulates the degree of association
of LHCII with PSII

New Phytologist (2016) 211: 554-568 © 2016 The Authors
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However, in contrast to the model, the invariability of the
amount of LHCII raised the question about the way H plants, in
particular, could organize an LHCII size that potentially
exceeded the light-harvesting need of PSIL. To obtain informa-
tion on the association of LHCII with photosystems, thylakoid
protein complexes were separated by [pBN-PAGE, which is opti-
mized for efficient resolution of large thylakoid complexes, and
which was previously set up also for S.martensii (Jarvi etal.,
2011; Ferroni etal., 2014). The relatively stable PSII-LHCII
supercomplexes residing in grana cores can be sufficiently pre-
served using DM as a mild solubilizing agent (Pagliano ezal.,
2012).

A reference IpBN-PAGE was run using thylakoids of M
plants maintained under their growth light and attribution of
bands to specific complexes was based on a 2D IpBN/SDS-
PAGE separation (Fig.3a). Under these conditions, PSI and
PSII dimers, as well as ATP synthase, nearly co-migrated. Bands
with higher molecular masses than PSI and PSII dimers were
denoted as supercomplexes. In Fig. S3, the band profile of
S. martensii is compared with that of the model angiosperm

(@

IpBN-PAGE

Supercomplexes
.5 PSI-LHCIl
LHCII complex

LHCII trimer

PSII -LHCIl
— PSII dimer, PSI, ATPase

— PSlI monomer, Cyth6f

SDS-PAGE

MW
(kDa)

PsaA/B 58

46

30
25

17

6.5

PSIl monomer, Cytb6f
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Arabidopsis thaliana. In A. thaliana, four types of PSII super-
complexes were resolved and assigned to PSII core dimers asso-
ciated with one to four LHCII trimers (C,S, C,S,, C,S,M and
C,yS:M,) (Caffarri et al., 2009; Pietrzykowska ezal., 2014). In
S. martensii, a PSI-LHCII ‘state-transition-like’ complex was
migrating below the PSII-LHCII supercomplexes, in line with
our previous data showing that, in S. martensii, DM solubiliza-
tion also preserves some PSI-LHCII interactions (Ferroni ezal.,
2014). A second evident band included PSI, PSII and LHCII,
but had lower molecular mass than the C,S, of A. thaliana, sug-
gesting that this band arose from two co-migrating distinct
complexes of PSI and PSII, each associated with LHCII
(Fig. S3). Higher molecular mass supercomplexes, including
PSII and/or PSI with LHCII, characterized the upper part of
the gel (Fig. 3a). In the lower molecular mass region, LHCII
occurred mainly as a free trimer, but also as an LHCII complex
formed by trimeric LHCII associated with Lhcb6 (Ferroni et al.,
2014). The Cytbg migrated slightly faster than the PSII
monomers and was revealed by spots assignable to its subunits
PetA, PetC and PetD (Aro et al., 2005).

(b)
Dark High Light
L MHL MH
Fe SeTR SR TR MR S
PSII-LHCII
Supercomplexes

PSII dimer, PSI-LHCI

. e gl 5

LHCII complex

LHCII trimer

(c) Dark

High Light
L MHL MH

PSII-LHCIl
Supercomplexes

PSII dimer, PSI-LHCI

Fig. 3 Native thylakoid complexes of Selaginella martensii after solubilization with B-dodecylmaltoside (DM). (a) Reference silver-stained two-dimensional
large-pore blue native/SDS polyacrylamide gel electrophoresis (IpBN/SDS-PAGE) of thylakoid complexes in medium light-grown (M) plants of S. martensii
sampled under growth light conditions. Thylakoids at a Chl concentration of 0.5 mg ml~" were solubilized with 1.5% DM and an IpBN gel was loaded with
6.5 g of Chl. Assignment of spots to specific subunits is based on Ferroni et al. (2014) and Jarvi et al. (2011): photosystem | (PSI), revealed by its subunits
PsaA/B; photosystem Il (PSIl), revealed by its subunits D1, D2, CP43 and CP47; cytochrome bef (Cytbef), revealed by its subunits petA, petC and petD;
ATP synthase (ATPase); major light-harvesting complex Il (LHCII) and minor Lhcb6 antenna. The molecular marker is on the right. (b) IpBN-PAGE of
thylakoids isolated from plants grown under different light regimes (L, low light; M, medium light; H, high light) after 12 h of dark incubation or 1 h of
exposure to high light (1000 pmol m~2s~"). Solubilization and loading conditions were as in (a). (c) Upper portion of IpBN gel after staining with
Coomassie brilliant blue to enhance band contrast. A quantitative analysis of band intensities is reported in Supporting Information Fig. S4.
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Organization of thylakoid complexes was compared between
plants in the dark-acclimated state and after 1 h of exposure to
high light (Figs 3b, S4). Acclimation to darkness corresponds to a
condition in which both membrane and stroma are in an oxi-
dized state and the PSI-LHCII ‘state-transition-specific’ com-
plexes characterizing low-light-acclimated plants are absent
(Wientjes etal., 2013b). In the case of S.martensii, the dark-
acclimated state allowed analysis of PSII-LHCII supercomplexes
without the interference of the co-migrating PSI-LHCIIL. The
effects of the two variables, that is, long-term acclimation” and
‘dark vs 1 h of high light’, were tested with a two-factor ANOVA.
Long-term acclimation significantly affected the abundance of
PSII-LHCII supercomplexes, especially the highest molecular
mass ones, and of the LHCII complex, all being less represented
in H plants. The difference in the amount of supercomplexes was
better visualized after staining the IpBN gels with Coomassie blue
(Fig. 3c). The dark-to-high light transition did not cause statisti-
cally significant variations in the profiles of protein complexes.
Interestingly, the bands corresponding to the free LHCII trimers
and to co-migrating PSII dimers and PSI showed a constant
abundance across all samples.

From extreme shade to high-light regime, plants increase
their photochemical capacity while maintaining a high total
capacity of thermal dissipation

It is well established that sun/shade acclimation usually impacts
on the photochemical activity of PSII (Ballottari ezal., 2007;
Anderson et al., 2012; Zivcak et al., 2014). PSII maximum yield,
F/Fy, did not change between L, M and H plants (Fig. 4a). The
use of light energy was compared during a 10-min-long exposure
to high light. In all plants, the kinetics of Y(PSII) was character-
ized by a rapid decline during the first 30 s of exposure to high
light (Fig. 4b). Subsequently, Y(PSII) showed a faster recovery in
H plants (within 4 min) than in M plants (within 4 min), and
only a limited recovery in L plants (Fig. 4c). This difference in
kinetics was consistent with a gain in electron transport capacity
from L to H plants (Tikhonov, 2015). Fig. 4(c) compares the use
of light energy at the steady state in terms of complementary
quantum yields (Hendrickson ez al., 2004). Steady-state Y(PSII)
was lower in L plants than in M and H plants. Y(NO) comprises
the yields of all nonregulatory dissipative processes, fluorescence
emission included, and can also be used as a simple, though indi-
rect, index of the reduction state of the PQ pool (Grieco ezal.,
2012). Y(NO) was significantly lower in H plants, testifying to
an enhanced ability to keep the PQ pool oxidized compared with
L and M plants. Y(INPQ) did not differ between plants, which all
relied on the capacity to safely dissipate >60% of the absorbed
light as heat. The Y(NPQ) : Y(NO) ratio, which equals Stern—
Volmer-type NPQ, also confirmed an absence of significant vari-
ations (Fig. 4d). Conversely, the increase in the Y(PSII) : Y(NO)
ratio provided straightforward evidence of the gain in overall
photochemical capacity from L to H plants (Lazdr, 2015;
Fig. 4d).

Based on Y(PSII) kinetics and Y(PSII) : Y(NO), we hypothe-

sized that long-term light acclimation could affect the pool of
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Fig. 4 Comparison of photosynthetic quantum yields in Selaginella
martensii acclimated to different light regimes. Plants were analysed after
long-term acclimation to a low (L), medium (M) or high (H) light regime.
(a) Maximum photosystem Il (PSII) quantum yield (F\/Fp) after 30 min of
dark acclimation. Values are mean =+ 1SD (n = 15-18). (b) Slow induction
kinetics of PSII yield [Y(PSII)] during irradiation with high light

(1600 pmol m~2s~"); mean curves & 15D (n = 3). (c) Steady-state use of
light energy in leaves treated for 10 min with high light. Quantum yields of
energy conversion in PSII [Y(PSI], regulatory thermal dissipation
[Y(NPQ)] and constitutive energy loss [Y(NO)] were calculated as in
Hendrickson et al. (2004). Y(NO) is also an index of the plastoquinone
(PQ) reduction state (Grieco et al., 2012). Values are mean + 1SE (n=8).
(d) Yield ratios quantifying the total photochemical [Y(PSII)/Y(NO)] and
thermal dissipation [Y(NPQ)/Y(NO)] capacity. Values are mean + 1SE
(n=8). Different letters indicate a significant difference at P <0.05, as
determined using one-factor ANOVA followed by Tukey's test.

oxidized PQ available to re-open PSII after the reduction of the
primary quinone electron acceptor of PSII (Qn). FF relaxation
profiles reflect the kinetics of dark re-oxidation of Qa~ after
reduction by a single-turnover light flash (Vass eral, 1999).
Three types of processes act together to re-oxidize Qn~ (Vass
etal., 1999): (1) the fast (< 1-ms) forward electron transfer from
Qa~ to Qp/Qg~, whose amplitude depends on the proportion of
PSII containing a PQ molecule ready for reduction in the Qg
pocket before the flash; (2) the re-oxidation of Q4™ by an oxi-
dized PQ molecule moving from the PQ pool to the PSII that
had an empty Qg pocket at the moment of the flash, a process
accomplished in some milliseconds; (3) the slow re-oxidation of
Q™ by charge recombination with the oxygen evolving complex,
occurring within seconds. FF relaxation kinetics were similar in
M and H plants, but showed a slowdown in the middle portion
of the curve obtained from L plants, indicating a limitation in
the availability of oxidized PQ (Fig. 5; Table S1).

As Y(NPQ) is recognized as a composite of processes, different
kinetic contributions were evaluated by analysing Y(NPQ) dark
relaxation after high-light induction (Guadagno ezal, 2010). In
a logarithmic plot of Y(NPQ) vs time, the first change in the
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Fig. 5 Re-oxidation kinetics of the primary quinone electron acceptor of
photosystem Il (Qa) in Selaginella martensii acclimated to different light
regimes. Relaxation of single-turnover flash-induced Chl fluorescence yield
was recorded for plants acclimated to a low (L), medium (M) or high (H)
light regime. To allow comparison, relaxation curves were normalized
between minimum and maximum fluorescences. Three processes
contributing to the re-oxidation of Qx are indicated at the approximate
position of the curve where they occur: Qa~ — Qg, forward electron
transfer to the secondary quinone electron acceptor Qg; Qa~ — PQ,
forward electron transfer to a quinone molecule recruited from the
plastoquinone (PQ) pool; Q4~ — OEC, charge recombination with the
oxygen evolving centre (OEC) (see main text for further details and
Supporting Information Table S1 for quantification of characteristic kinetic
parameters). Each trace is the mean of four replicates.

slope corresponds to full relaxation of ‘high-energy quenching’
qE, which is the ApH-induced, carotenoid- and PsbS-dependent
main de-excitation pathway in vascular plants (Demmig-Adams,
1990; Li ez al., 2000). Y(qE) was indeed the main fraction of Y
(NPQ) in all samples. In spite of nearly overlapping curves,
H samples showed somewhat faster relaxation (#, 27.1s in H vs
31.2sin L and 32.2 s in M; P<0.05), while L plants had higher
amplitudes (Fig. 6a,b). A relatively minor fraction of absorbed
energy was funnelled into the de-excitation pathways responsible
for the middle phase of Y(NPQ) relaxation, here indicated as qT
(Fig. 6a,b). Imperfect logarithmic linearization of this phase was
evidence for a complex origin; in fact, this kinetic component
may arise from a mix of quenching processes relaxing with a #,, of
10-15 min (see e.g. Kalaji eral, 2014). Interestingly, the extent
of Y(qT) was evidently dependent on long-term light acclima-
tion, increasing along the light gradient (Fig. 6b). Finally, the
residual, photoinhibitory component Y(qI) showed that H plants
were the most resistant to photoinhibition, with their Y(ql) being
half that of L plants (Fig. 6b).

The high-light-promoted physical interaction between PSI
and LHCII does not necessarily result in enhanced energy
distribution to PSI

We previously proposed that in S. martensii the qT developed
upon high-light stress could depend on an LHCII-mediated pho-
toprotective energy spillover to PSI (Ferroni ez al., 2014). Parallel
trends of Y(qT) and PSI content suggested that long-term
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Fig. 6 Dark relaxation analysis of the yield of the regulatory thermal
dissipation, [Y(NPQ)], induced in Selaginella martensii. Plants were
analysed after long-term acclimation to a low (L), medium (M) or high (H)
light regime. (a) Dark relaxation of the quantum yield of regulatory energy
dissipation [Y(NPQ)] in plants previously exposed to 10 min of high light
for induction (1600 pmol m~2s~"). The straight dashed line approximates
the complete relaxation of the ‘high-energy quenching’ component (qE).
(b) Quantum yields of qE [Y(qE)], more slowly relaxing [Y(qT)], and
photoinhitory [Y(ql)] kinetic components, determined from Y(NPQ)
relaxation curves. Values are means of four replicates + 1SD. Different
letters indicate significant difference at P <0.05, as determined using
ANOVA followed by Tukey's test.

acclimation could also impact the labile PSI-LHCII interactions
occurring in the stroma-exposed domains. Such interactions can
be preserved using digitonin, a very mild detergent that solubi-
lizes only stroma-exposed membranes, being unable to penetrate
the compact structure of grana (Jarvi etal., 2011). A reference
IpBN-PAGE was obtained from M plants under standard growth
light (Fig. 7a). Based on the 2D separation of subunits and on
comparative IpBN runs with A. thaliana (Figs 7a, S3; Suorsa
eral., 2015), the following complexes were identified with
increasing molecular weight: LHCII free trimers; Cytbsf migrat-
ing very close to a small amount of LHCII complex; PSII
monomers; PSI approximately at the same height as ATP syn-
thase and traces of PSII dimer; three individual complexes
formed by PSI and LHCII (state transition-specific complexes); a
nearly continuous ‘train’ of higher molecular mass non-state-
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Fig. 7 Native complexes in stroma-exposed thylakoid domains of Selaginella martensii after solubilization with digitonin. (a) Reference silver-stained two-
dimensional large-pore blue native/SDS polyacrylamide gel electrophoresis (IpBN/SDS-PAGE) of protein complexes in stroma-exposed thylakoids of S.
martensii grown in medium light (M) conditions. Thylakoid aliquots containing 7.5 pg of Chl were solubilized with 2% digitonin at a Chl concentration of
0.5mg ml~". Identification of spots is based on Jarvi etal. (2011) and Suorsa et al. (2015): photosystem | (PSI), revealed by its subunits PsaA/B;
photosystem Il (PSIl), revealed by its subunits D1, D2, CP43 and CP47; cytochrome bgf (Cytbgf), revealed by its subunits petA, petC and petD; ATP
synthase (ATPase); major light-harvesting complex Il (LHCII) and minor Lhcb6 antenna. The molecular marker is on the right. At high molecular weight,
three individual complexes migrating more slowly than PSI were assigned to state-transition complexes (LHCII-PSI complexes 1, 2, and 3); note that the
same LHCII-PSI state-transition complexes were resolved also in the IpBN gel after f-dodecylmaltoside (DM) solubilization, where they co-migrated with
PSII-LHCII supercomplexes (see Fig. 3a). Heavier complexes are sustained by more labile interactions, not preserved with DM (see Fig. 3), and comprise
PSI and LHCII (PSI megacomplexes). Asterisks mark a megacomplex containing also PSIl. An extremely large PSI-LHCII-PSII megacomplex, mc1, was
found just entering the resolving gel. (b) IpBN-PAGE of thylakoids isolated from plants grown under different light regimes (L, low light; M, medium light;

H, high light) after 12 h of dark incubation or 1 h of exposure to high light (1600 umol m

~257"). As compared to the reference gel in (a), note that all

samples lack individual bands corresponding to PSI-LHCII state-transition complexes. A band corresponding to LHCI-less PSI units is marked in H samples
with an asterisk. (c) Upper portion of IpBN gel after staining with Coomassie brilliant blue to enhance band contrast. Individual PSI megacomplexes are

marked with a dash.

transition megacomplexes containing PSI, LHCII and, in some
cases, also a small amount of PSII; and an extremely large mega-
complex, just entering the separation gel and formed by PSI, PSIT
and LHCII (Yokono etal., 2015). Following the nomenclature
proposed by Suorsa eral (2015), this complex is indicated as
mcl.

The IpBN profiles of the digitonin-solubilized complexes were
examined with respect to the two variables ‘long-term acclima-
tion” and ‘dark vs 1 h of high light' (Figs 7b, S5). All profiles
lacked distinct bands of the state-transition complexes, character-
izing instead the low-light acclimated condition (Fig. 7a; Wient-
jes et al., 2013b). One band clearly resolved only in H thylakoids
corresponded to LHCI-less PSI cores (Figs 7b, S6). In general,
more complexes solubilized from H thylakoids (Fig. 7b,c). In
fact, long-term acclimation significantly affected the amounts of
PSI, Cytbgf, PSII monomers and the non-state-transition PSI
megacomplexes, but not mcl. Both PSI megacomplexes and mcl
accumulated upon a short-term exposure to high light, but,
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interestingly, the most marked accumulation of mcl occurred in
L plants (Fig. 7b,c).

As in angiosperms mcl is currently believed to have a PSII
photoprotective function through energy transfer from PSII to
neighbouring PSI  (Yokono eral, 2015), we compared
S. martensii plants with respect to PSI activity. Y(PSI) progres-
sively declines upon increasing irradiance and the extent of such a
decrease reflects the overall electron transport capacity (Fig. 8a).
Comparison of Y(PSI) between M and H plants fully matched
expectations, including an enhanced capacity of linear electron
transport in H plants, which resulted in a higher peak of Y(NA)
at low irradiance (Brestic ezal., 2015; Fig. 8c). Surprisingly, in L
plants, Y(PSI) actually overlapped or was even higher than that of
M plants (Fig. 8a). This result apparently contrasted with all
other biochemical and fluorescence analyses, indicating instead
L <M <H photochemical capacity. Complementary Y(ND) and
Y(NA) also overlapped between L and M plants (Fig. 8b,c).
Based on the methodological note reported in Notes S1, in L
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Fig. 8 Photosystem | (PSI) activity in Selaginella martensii acclimated to three light regimes. Plants were analysed after long-term acclimation to a low (L),
medium (M) or high (H) light regime. Light curves of the complementary quantum yields of (a) PSI photochemistry Y(PSI), (b) nonphotochemical energy
dissipation in donor-side limited PSI Y(ND), and (c) nonphotochemical energy dissipation in acceptor-side limited PSI Y(NA). Values are means of four
replicates + 1SD. (d) F730/F685 fluorescence emission ratio calculated from room-temperature emission spectra (see Supporting Information Fig. S7).
Values are means of six to 11 replicates + 1SE. Data were analysed with a two-factor ANOVA for the variables long-term acclimated condition (LMH) and
dark vs high-light treated (dh) and their interaction. (e) Correlation analysis between F730/F685 and amount of PSI-containing complexes, as evaluated
using IpBN-PAGE (see Figs 7, S5; mean value & 1SE). The shaded area represents the 95% confidence interval. For the largest mc1 PSI-LHCII-PSII
megacomplex, the outlier point indicated by the arrow corresponds to L plants exposed to 1 h of high light.

plants the trends of Y(PSI) and Y(ND) could be affected by a dis-
tortion caused by a quenched population of PSI, which was not
reached by the excitation collected by the antenna system. There-
fore, energy distribution between PSI and PSII was analysed in
terms of F730/F685 fluorescence ratio, calculated from room-
temperature emission spectra (Figs 8d, S7). Long-term acclima-
tion and exposure to high light had a very significant influence
on the energy distribution to PSI. The pattern of F730/F685
variation was compared with that of the PSI-containing com-
plexes solubilized with digitonin and resolved by IpBN-PAGE
(Figs 7b, S5). Correlation was very significant with PSI and PSI
megacomplexes, but surprisingly not with mc1 (Fig. 8e). In par-
ticular, in the mcl vs F730/F685 plot there was an evident out-
lier point, corresponding to the mcl complex accumulated in L
plants upon short-term high-light exposure. In the absence of this
point, the amount of mcl would correlate with F730/F685 with
adjusted R =0.861 and P=0.015. Therefore, high-light-treated
L plants accumulated too much mcl as compared to their actual
gain in energy distribution to PSI.

Discussion
Modulability of the Chla: 4 ratio and the amount of LHCII

upon sun/shade acclimation is not a universal property of all land
plants. The bryophytes lack this capability (Marschall & Proctor,
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2004; Gerotto et al., 2011) and, as is shown in this study, so does
the lycophyte S. martensii (Fig. 2). Selaginella martensii is capable
of modifying the leaf morphology and of regulating the amount
of thylakoid membrane protein complexes and, consequently,
the energy conversion capacity. More specifically, acclimation to
higher light intensities markedly increased the amounts of pro-
tein complexes known to reside in nonappressed membranes,
that is, PSI, ATP synthase, Cytbsf and NDH (Fig.2). The
amount of PSII, in turn, was higher in plants acclimated to low
light intensity.

As in angiosperms, in S. martensii only a minor part of LHCII
is engaged in forming stable supercomplexes with PSII in the
stacked domains of thylakoids, while the major part is found in
the form of free trimers released upon DM or digitonin solubi-
lization (Jarvi eral, 2011; Pagliano eral., 2012; Ferroni eral.,
2014). In A. thaliana, long-term acclimation to high light mainly
reduces the PSIl-associated LHCII proteins, that is, Lhcb1-3 of
the M trimers and the minor antenna protein Lheb6 (Kouril
etal., 2013; for Lhcb6, see also Ballottari ezal, 2007). Such
LHCII composition limits the possibility of assembling super-
complexes larger than C,S, (Kouril ezal, 2013). A lower amount
of C,8,M ;) manifests itself also as a decrease in the LHCII com-
plexes, that is, M trimer/Lhcb6/Lhcb4 units (Wientjes ez al.,
2013a). A comparable down-regulation of Lhcb6 occurred in H
plants of S. martensii, leading to less abundant, smaller PSIT units
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(Figs 2e, 3b, S4). However, such fine-tuning occurs in the frame-
work of an invariable free LHCII matrix. We decided to look
beyond interactions involving merely PSII to better understand
the location and role of the free LHCII. While the physiological
importance of PSI-LHCII interactions has been known for
decades in the context of short-term responses to changes in light
quality (‘state transitions’; for a review, see Goldschmidt-
Clermont & Bassi, 2015), growing evidence indicates the rele-
vance of LHCII interactions with both photosystems as a crucial
acclimation mechanism. As the amount of PSI-binding LHCII
in state-transition complexes is small compared with the abun-
dant free LHCII trimers, Grieco et al. (2015) demonstrated that
the LHCII lake mediates a more extensive connectivity between
PSI and PSII at the grana margins, which can be revealed by
high-molecular-mass  PSI-LHCII(-PSII)
megacomplexes in digitonin-soluble thylakoid fractions (Jarvi
etal., 2011). Whether it is technically possible to discriminate
between native interactions and mere aggregation has been ques-
tioned, especially for the heaviest mcl (Galka ez al,, 2012), which
nevertheless undergoes light-dependent regulation (Grieco ezal.,
2015; Suorsa eral., 2015; Yokono eral, 2015). Interestingly,
light acclimation responses of S. martensii strongly support a con-

non-state-transition,

trolled accumulation of such PSI megacomplexes.

Sheue eral. (2007, 2015) reported that in S. erythropus the
bizonoplast differentiation depends on light direction and inten-
sity and, in particular, the upper lamellar zone represents an
adaptation to deep shade. The generalized (pseudo)lamellar thy-
lakoid organization in L plants of S. martensii supports those
observations (Fig. 1g). In L plants, the assembly of larger PSII
units is indeed consistent with the most recent understanding of
thylakoid shade acclimation, which also includes a primary loca-
tion of free LHCII in stacked domains (Fig. 3b; Wientjes ezal.,
2013a; Kouril eral.,, 2013; Ware eral., 2015). Interestingly, and
in contrast to M plants, remodelling of the thylakoid architecture
in L plants occurs without remarkable changes in LHCII/PSII
stoichiometry (Fig.2¢). This observation can be explained by
assuming a denser packing of LHCII and PSII in the membrane,
which can result in a hindered transfer of excitons (Haferkamp
etal, 2010), hindered lateral mobility of plastocyanin in a
shrunken thylakoid lumen (Kirchhoff eza4l, 2011), slower diffu-
sion of PQ (Kirchhoff eral, 2000), and limited formation of
PQH, because of slow proton diffusion through the interthy-
lakoid gap (Tikhonov, 2015). Slowed Q4 re-oxidation (Fig. 5),
limited electron transport (Fig. 4b,d) and an extremely narrow
thylakoid lumen (Fig. 1j,m) can all be consequences of mem-
brane overcrowding in L plants. This would also indicate that the
transition from lamellar to granal organization may depend,
among other factors, on a less dense protein packing from L to H
conditions, finally resulting in a less strict lateral heterogeneity.
How this can be controlled 77 vivo remains to be elucidated, but
certain structural and functional analogies between the thylakoid
(pseudo)lamellae of S. martensii and the ‘pseudograna’ described
in A thaliana CURVATURE THYLAKOID1 (CURTI)
mutants suggest that factors regulating thylakoid curvature at the
grana margins could play a significant role (Armbruster ezal.,
2013).
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In DM IpBN gels, not only the band of free LHCII but also
that of co-migrating PSII dimers and PSI monomers remained
stable despite different light environments (Fig. 3b). The mainte-
nance of a relatively constant amount of LHCII and LHCII:
(PSI+PSII) ratio (Figs 2, S4) is not predictable from the current
long-term acclimation model suggested for angiosperms (Ander-
son etal., 2012). In S. martensii, free LHCII can apparently serve
a fixed proportion of reaction centres, either PSII or PSI, suggest-
ing a flexible association of LHCII with both photosystems.
Interestingly, the LHCII association balance appears to shift to
PSI upon short-term high-light exposure, leading to the accumu-
lation of mcl and other high-molecular-mass PSI-LHCII mega-
complexes (Figs 7b, S5). Conversely, the lighter state-transition-
type PSI-LHCII complexes do not participate in the response to
high light, confirming that their relevance for regulation of
energy distribution is specific to low light conditions (Wientjes
eral., 2013b; Mekala eral., 2015; Fig. 7a). We propose that the
accumulation of heavy PSI-LHCII(-PSII) megacomplexes pro-
vides instead a specific benefit to S. martensii in conditions of
excess light excitation.

We previously suggested that the ‘high-light qT” induced in
lycophytes reflects the occurrence of a photoprotective energy
spillover from PSII to PSI (Ferroni etal., 2014). In spite of an
unclear, possibly multifactorial origin of this NPQ component in
angiosperms (Demmig & Winter, 1988; Horton & Hague,
1988; Lokstein eral, 1994; Schansker etal, 2006; Joliot &
Finazzi, 2010; Nilkens eral, 2010; Cazzaniga etal, 2013), in
S. martensii its assignment to a PSI-based quenching mechanism
is supported by its evident correlation with the PSI amount
(Fig. 2d,f). Quenching of excess energy by PSI is probably espe-
cially relevant in H plants. More abundant FNR can drive elec-
trons downstream to the stromal acceptors, allowing a high
Y(PSI), and the specific accumulation of the NDH-like complex
also provides an additional safety valve against an over-reduced
electron transport chain (Figs 2e, 8a; Rumeau eral, 2007;
Shikanai, 2014). The use of PSI as an energy quencher for PSII
requires that a certain fraction of energy harvested by LHCII is
‘stolen’ from PSII and re-directed to PSI. Based on the results
obtained in A. thaliana by Yokono et al. (2015) and Suorsa et al.
(2015), mcl in particular can provide an ideal supramolecular
environment where the excitation energy reaching the closed-
state PSII can be effectively diverted to PSI. In H plants exposed
to high light, an accumulation of mcl, but also of other high-
molecular-mass non-state-transition PSI-LHCII(-PSII) mega-
complexes, was indeed observed and was accompanied by a gain
in energy distribution to PSI (Figs 7¢c, 8¢). Even though the
megacomplex interactions seem loosely cohesive after digitonin
solubilization and IpBN electrophoresis, they are presumably
more coherent 77 vivo and possibly involve almost all PSI units,
as indicated by the positive correlation between F730/F685 and
the PSI-LHCI core band (Fig. 8e).

The response to high light of S. martensii L plants provides fur-
ther insight into the significance of mcl in photoprotection.
Here, a large accumulation of mcl occurred, but resulted neither
in high Y(qT) nor in a proportional gain in energy distribution
to PSI (Figs 6b, 8¢). These findings, along with otherwise
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inexplicable distortions in Y(PSI) and Y(ND) determination
(Fig. 8a,b), strongly suggest that a population of PSI embedded
in mcl is in a quenched state, that is, has been excluded from the
excitation pathways. According to recent evidence, a very low
content of PSI, such as that characterizing L plants, can further
make PSI, not PSII, more prone to photodamage (Brestic ez al.,
2015). However, PSI can be preserved by the activation of
quenching mechanisms, which can involve zeaxanthin formation
directly in LHCI (Ballottari ez al., 2014) or the quenching poten-
tial (qE) of the whole LHCII lake interspersed between PSI and
PSIT (Tikkanen & Aro, 2014). In S. martensii, the qE-related
PsbS protein was present in stable amounts despite different light
conditions (Fig. 2¢), in striking contrast with the growth light-
dependent PsbS accumulation described in angiosperms and in
the moss Physcomitrella patens (Tikkanen ez al., 2006; Ballottari
etal., 2007; Gerotto eral., 2011). As PsbS is a component of the
megacomplexes (Suorsa eral., 2015), it is very likely that LHCII
can sustain, through PsbS, the quenching of PSI in mcl. In L
plants, PSII photoprotection is also ensured through the coopera-
tion of different mechanisms, beside qE. For instance, in the
appressed domains, a possibly lower connectivity of PSII units
could facilitate PSII protection, according to a hypothesis
recently put forward by Zivcak ezal. (2014). Moreover, in non-
appressed membranes, PSII can still benefit from a certain capac-
ity for energy spillover to PSI, which is apparently retained by
PSI-LHCII-PSII megacomplexes of lower molecular mass than
mcl (Fig. 8¢). As a consequence, PSII photoinhibition is kept
under control, despite the plant’s acclimation to extreme shade

(Fig. 6b).

Conclusions

Long-term light acclimation requires a set of changes that
safeguard a synergetic regulation of light harvesting and energy
conversion (Lichtenthaler & Babani, 2004; Anderson ezal,
2012). In contrast to angiosperms, the regulation of light har-
vesting in the lycophyte S.martensii does not occur through
variations in the relative amount of free LHCII, but results
from the flexibility of the free LHCII association with both
PSIT and PSI. We propose that the regulation of PSI-LHCII
(—PSII) megacomplexes is an integral part of long-term accli-
mation. Upon short-term high-light exposure, the interspersed
free LHCII ensures photoprotection of PSII through qE,
allows regulated use of PSI as an energy quencher, and can
even quench endangered PSI. In view of this high complexity,
the thylakoid organization in the bizonoplast cannot properly
be considered as a primitive trait that would have been lost in
more derived lineages of vascular plants, as was recently pro-
posed (Sheue eral, 2015). The nearly invariable grana—inter-
grana thylakoid arrangement in the angiosperm chloroplast
(Solymosi & Keresztes, 2012) and the highly modulable thy-
lakoid architecture in the bizonoplast of Selaginella could
instead be two independent evolutionary outcomes in diver-
gent lineages of vascular plants.
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