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Abstract Lichens are poikilohydric symbiotic organisms
that can survive in the absence of water. Photosynthesis
must be highly regulated in these organisms, which live
under continuous desiccation-rehydration cycles, to avoid
photooxidative damage. Analysis of chlorophyll a fluores-
cence induction curves in the lichen microalgae of the
Trebouxiophyceae Asterochloris erici and in Trebouxia
jamesii (TR1) and Trebouxia sp. (TR9) phycobionts, iso-
lated from the lichen Ramalina farinacea, shows differ-
ences with higher plants. In the presence of the
photosynthetic electron transport inhibitor DCMU, the
kinetics of Q4 reduction is related to variable fluorescence
by a sigmoidal function that approaches a horizontal
asymptote. An excellent fit to these curves was obtained by
applying a model based on the following assumptions: (1)
after closure, the reaction centers (RCs) can be converted
into “energy sink” centers (sRCs); (2) the probability of
energy leaving the sRCs is very low or zero and (3) energy
is not transferred from the antenna of PSII units with sRCs
to other PSII units. The formation of sRCs units is also
induced by repetitive light saturating pulses or at the
transition from dark to light and probably requires the
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accumulation of reduced Qa, as well as structural changes
in the reaction centers of PSII. This type of energy sink
would provide a very efficient way to protect symbiotic
microalgae against abrupt changes in light intensity.
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Abbreviations

A Antenna

b Photosystem II reaction center

B, Fraction of closed PSII reaction centers at time ¢

Chyp Constant that determines the degree of curvature
of fluorescence induction curves

cl Closed RC

DCMU  3-(3',4-dichlorophenyl)-1,1-dimethylurea

E Energy influx

F, Minimal Chl a fluorescence intensity in dark-
adapted samples

Fn Maximal Chl a fluorescence intensity in dark-
adapted samples

F, Maximum variable Chl a fluorescence
(Fy=Fn—F,)

F,/F.,  An estimate of the maximal quantum yield of

PSII photochemistry
Fy Fluorescence intensity at time ¢ during exposure
of samples to light

®psI1 Effective quantum efficiency of PSII
photochemistry

J Light absorption flux per antenna complex or
reaction center

K Rate constant for the transformation of closed

centers to energy sink centers
op Open RC
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NPQ Non-photochemical quenching of excited state of
Chl a

OKJIP  Reference to the typical shape of a fluorescence
induction curve (O, origin; K, J, I, three
inflection points that appear successively in the
induction curve; P, peak)

PQ Plastoquinone

PSI Photosystem I

P700 Reaction center of the PSI

PSII Photosystem II

D22 Probability of excitation energy transfer between
two different antenna systems

P2b Probability of excitation energy transfer between

the antenna and P680
Phe Pheophytin

D2G Global probability for excitation energy transfer
(“exciton” transfer) from one PSII unit to
another

RC Reaction center

S Energy sink

ROS Reactive oxygen species

St Complementary area of the fluorescence
transient

St Complementary area of the fluorescence
transient at time ¢

Vi Relative variable fluorescence at time

t(VtZFt_FO/Fm_Fo)

Introduction

Lichens are symbiotic associations (holobionts) estab-
lished between fungi (mycobionts) and certain groups of
cyanobacteria (cyanobionts) or unicellular green algae
(phycobionts) (Margulis and Barreno 2003). Similar to
plants, all lichens carry out oxygenic photosynthesis. They
are poikilohydric organisms, such that their water content
is mainly determined by the availability of water in the
environment. The vast majority of lichens are desiccation-
tolerant, surviving in a state of suspended animation until
water becomes available, which allows them to resume
normal metabolism (Rundel 1988; Fos et al. 1999; Jensen
et al. 1999). In the hydrated state, exposure to intense light
produces photoinhibition; however, under drought condi-
tions, lichens seem to tolerate high light levels (Tuba et al.
1996; Jensen et al. 1999; Bukhow and Carpentier 2004;
Bartak et al. 2005; Kopecky et al. 2005; Kranner et al.
2005). Alternative mechanisms of energy dissipation have
been described in mosses and lichens, in which new
quenching centers appear to be functional during desicca-
tion (Heber et al. 2006; Kranner et al. 2003; Heber et al.
2007; Veerman et al. 2007; Heber 2008; Gasulla et al.

2009; Fernandez-Marin et al. 2010). According to Bilger
et al. (1989), desiccation in green algal symbionts induces a
functional interruption of excitation energy transfer
between the light harvesting chlorophyll (Chl) a/b pigment
complex and photosystem II (PSII), implying a light-in-
dependent mechanism as a direct effector. In bryophytes
and lichens, an alternative quencher of chlorophyll fluo-
rescence, characterized by a long-wavelength (740 nm)
emission, was detected. Veerman et al. (2007), employing
steady-state, low-temperature, and time-resolved chloro-
phyll fluorescence spectroscopy, provided evidence of a
pigment molecule energetically coupled to PSII having an
emission band at 740 nm that dominates fluorescence
decay in the lichen Parmelia sulcata under desiccation.
The presence of this quencher has been also detected
(Komura et al. 2010) by sub-picosecond fluorescence
spectroscopy in the dried state of the lichen Physciella
melanchla, which contains the phycobiont Trebouxia sp.
Komura et al. (2010) proposed the operation of a new type
of strong quenching operating in dried lichens, probably
associated with the antenna of PSII. Slavov et al. (2013)
after an ultrafast fluorescence spectroscopy study in Par-
melia sulcata and kinetic target analysis suggested that two
mechanisms are implied in photoprotection during desic-
cation. The first proposed mechanism is a direct quenching
of PSII by the formation of a fluorescent (maximal emis-
sion at 740 nm) chlorophyll-chlorophyll charge-transfer
state. The second mechanism, according to Slavov et al.
(2013), involves a spillover (energy transfer) from PSII to
PSI facilitated by a rearrangement of thylakoid membranes
during desiccation, which would bring PSII and PSI units
into direct contact.

Heber et al. (2007) offered additional evidence for
alternative mechanisms, identifying in dehydrated mosses
and lichen a fluorescence quenching mechanism that is
independent of light activation. Heber and co-workers
(Heber et al. 2007, 2011; Heber 2008) subsequently offered
convincing proof for the existence of alternative pathways
for the dissipation of light energy. In lichens subjected to
drying, chlorophyll fluorescence decreases and the
stable light-dependent charge separation in the RCs of the
photosynthetic apparatus is lost. The removal of structural
water is thought to produce a conformational change, such
that energy is redirected to alternative sinks where the
absorbed light energy is very rapidly (within a picosecond
or a few femtoseconds) converted into heat, thus depriving
functional RCs of energy and protecting them against
photoinactivation (Komura et al. 2010; Heber et al. 2011).

Less is known about the protection mechanisms of the
photosynthetic machinery of lichens under hydrated con-
ditions. Usually, the duration of the hydrated state is short
and the water content of the thallus is constantly changing,



as it equilibrates with the water potential of the sur-
rounding atmosphere. Lichen growth depends on the
photobionts photosynthetic rate and this is dependent on
the lichen water status (Green et al. 2008). The recovery of
photosynthesis after desiccation also needs a period that
can take from minutes to hours (Kranner et al. 2003) and
high water content causes a depression of photosynthesis
by increased thallus resistance for CO, diffusion (Palmg-
vist et al. 2008 and references therein). These circum-
stances allow light intensities to often exceed those that
saturate photosynthesis, therefore facilitating the formation
of reactive oxygen species (ROS). The xanthophyll cycle
and the formation of non-photochemical quenching of the
excited state of Chl (NPQ) have been considered the main
way that most lichens dissipate excess light energy in the
hydrated state (Kranner et al. 2005; Heber et al. 2006). A
role of state transitions to adjust the input of energy
between PSII and PSI has been described for cyanobac-
teria (Allen et al. 1989) or the free living microalga Ch-
lamydomonas (Lemeille and Rochaix 2010). Slavov et al.
(2013) found that the 740 nm fluorescence band, which is
predominant in desiccated lichens, is also present in
hydrated samples of Parmelia and they propose that it
represents a chlorophyll-chlorophyll charge transfer state
whose formation provides an efficient quenching mecha-
nism. Recently, Treves et al. (2013) described a new
species of Chlorella (C. ohadii, Trebouxiophyceae) with a
remarkable resistance to photoinhibition in the hydrated
state.

Light energy absorbed by chlorophyll molecules is
either used in photosynthesis, dissipated as heat, or re-
emitted as fluorescence (Krause and Weis 1991; Strasser
et al. 2000; Govindjee 2004). These three alternatives are
competitive; thus a decrease in one leads to an increase in
one or both of the others. Hence, changes in photosynthesis
and heat dissipation can be investigated by measuring the
yield of Chl a fluorescence. When photosynthetic cells are
illuminated after a dark period, fluorescence emission has a
fast rise followed by a slow decreasing phase (Kautsky
effect; see Govindjee 1995 for a historical review). During
the fast rise (ms-s), Chl a fluorescence transient shows
several phases or steps, usually termed OJIP, where O is for
origin, the first measured minimal level, J and I are inter-
mediate levels, and P is the peak (for a review and dis-
cussion, see Stirbet and Govindjee 2012). Many models
have been constructed to explain the changes in Chl a flu-
orescence emission (Lazar 1999; Lazar and Schansker
2009; Stirbet and Govindjee 2011, 2012, and references
therein). Most of these models, based on the early theory of
Duysens and Sweers (1963), assume that when the primary
quinone acceptor (Q) of the RC of PSII is reduced by
photochemical reactions, the corresponding reaction center

is closed and the Chl a fluorescence of the antenna is high,
whereas when Q, is in the oxidized state, the RC is open
and the fluorescence of the antenna is quenched, i.e. it is
decreased (Duysens and Sweers 1963; Krause and Weis
1991; Maxwell and Johnson 2000; Govindjee 2004;
Strasser et al. 2004; Baker 2008; Stirbet and Govindjee
2012). See chapters in Govindjee et al. (1986) and Papa-
georgiou and Govindjee (2004) for full understanding of
the relation between Chl a fluorescence and various pho-
tosynthetic reactions.

Searching for the mechanisms of photosynthesis pro-
tection in lichen during the hydrated state, we have found,
by analysing Chl a fluorescence transient in the presence of
the electron transport inhibitor DCMU (3-(3',4’-dichlor-
ophenyl)-1,1-dimethylurea), evidence for the formation of
a special kind of reaction centers (RCs) that work as energy
sinks (sink reaction centers, sRCs) in Trebouxiophyceae
phycobionts. The physiological significance of the forma-
tion of sRCS and the possible relationship with the shape of
fluorescence induction curves in Asterochloris erici and the
two Trebouxia phycobionts (7. jamesii and T. sp. TRO),
which ever coexist in the lichen Ramalina farinacea
(Casano et al. 2011) is discussed in this paper. We propose
a new alternative mechanism to prevent photooxidative
damage in lichen phycobionts based on the transformation
of closed RCs in energy sink RCs able to dissipate excess
of light energy as heat.

Materials and methods
Biological material

An axenic strain of the lichen phycobiont A. erici (Ah-
madjian) Skaloud et Peksa (SAG 32.85 = UTEX911) was
used in this study. Stock cultures of A. erici were main-
tained in 10-ml tubes with 3 x N Bold’s basal medium
(BBM3N, Bold and Parker 1962) supplemented with 10 g
casein hydrolyzate and 20 g glucose per litre (Ahdmajian
1973). TR1 (Trebouxia jamesii (Hildreth and Ahmadjian)
Girtner) and TRY (Trebouxia sp.) were isolated in our
laboratory (Casano et al. 2011) from a population of the
lichen R. farinacea (L.) Ach. according to Gasulla et al.
(2010). Samples were cultured in liquid or semisolid
BBM3N medium in a growth chamber at 15 °C, under a
14-h/10-h light/dark cycle (light intensity: 25 pmol pho-
tons m~2 s~ "). Cell suspensions from A. erici, TR1 and
TRY (volume: 1 ml) were removed from 2-week-old stirred
cultures and the cell number was counted using a haemo-
cytometer. The final cell density was adjusted, using ster-
ilized medium, to provide 10° cells/ml, and sterile
cellulose-acetate discs were then inoculated with 50 pl of



this suspension. The discs were then placed in Petri dishes
(Goldsmith et al. 1997) on BBM3N agar supplemented
with 10 g casein and 20 g glucose per litre. Experiments
with algae grown on discs were carried out for 21 days
after inoculation. Cultures were maintained at 20 °C under
a 12-h photoperiod, with 30 umol photons m > s~ ' of
white light. For each experiment, several plates were ran-
domly chosen; every plate contained five cellulose-acetate
discs that were also randomly chosen for the different
treatments. Each experiment was repeated four to nine
times starting from new stock material, using fresh new
cultures, dishes and plates.

Chlorophyll a fluorescence measurements

Chl a fluorescence was measured in vivo with a Handy
PEA (Plant Efficiency Analyser) fluorometer (Hansatech
Instruments Ltd, Norfolk, England) or with a Dual-PAM
fluorometer (Walz, Effeltrich, Germany). The discs were
placed on a microscope slide wrapped with moist filter
paper to keep them in a hydrated state. Samples were kept
for 30 min in dark before fluorescence was measured. The
fast induction kinetics of Chl a fluorescence was monitored
using a Handy PEA fluorometer. The excitation light was
provided by light-emitting diodes (emission maximum at
about 650 nm). The maximal intensity (100 %) was about
3000 pumol photons m 2 s~ ! of PAR (photosynthetic active
radiation).

Chlorophyll a fluorescence and P700 oxidation kinetics
were measured simultaneously under saturating light pulses
of 3000 wmol photons m~2 s~' using the Dual-PAM 100
fluorometer. The P700 oxidation state was obtained by
simultaneous measurements of absorbance changes at 830
and 875 nm, using a beam of modulated light produced by
two LED lamps. Chl a fluorescence and difference between
absorbance changes at 830 and 875 nm were measured by
the same photodiode.

DCMU treatments

For DCMU (3-(3',4'-dichlorophenyl)-1,1-dimethylurea)
treatments, samples were soaked in 100 uM DCMU in
0.25 % ethanol for 30—45 min in darkness prior to fluo-
rescence measurement.

Theory

For interpretation of the experimental results, we need to
make a theoretical analysis of the fluorescence induction
curves in the presence of DCMU. Strasser (1978) postu-
lated that for any possible complex arrangement of inter-
connected pigment systems, energetic communication,

between them, can be expressed by simple equations in
terms of energy fluxes between pigment systems (as out-
fluxes and influxes), rate constants, lifetime of the excited
states, probabilities of exciton transfer and exciton density
(Strasser 1978, 1981, 1986; Strasser et al. 2004). The total
energy influx (£) to a determined pigment system “i” is
given as the sum of all energy influxes, E; = J; + XEj;,
where J; is the light absorption flux by the pigment system
i and Ej; is the energy transfer flux from a pigment system
“h” to a pigment system “i”. The energy outfluxes from
“1” to another location (antenna, RC) or form (heat, fluo-
rescence, photochemical energy) “j” is given as E; = XE;;.
The probability p;; that an exciton is transferred or trans-
duced from “i” to “j” is expressed in terms of the energy
outflux as: p;; = E;/ZE;;.

In Fig. 1A a bipartite model for PSII is schematically
presented. This model assumes that light energy (J) is
collected by the antenna pigment—protein complex of PSII
(green squares) and then it can be converted to heat or
fluorescence (red arrows); or transferred to other antenna
units; or channelled to the PSII reaction center (labelled as
“b”). Arrows are used to symbolize the energy fluxes. The
RCs can be in two possible states: open or closed. In open
RCs, all the energy influx is employed in photochemistry:
excitation of Pggo and transfer of one electron to the pri-
mary acceptor Phe. The actual process can be more com-
plex with implication of the accessory chlorophyll Chlp,.
For a review on the current state of primary photochem-
istry, see Mamedov et al. (2015). In closed RCs, forward
photochemistry is absent but there is only energy cycling.
In accordance with the theory of energy fluxes (Strasser
1978, 1981, 1986; Strasser et al. 2004), this model can be
defined by the following equation system:

EY =J+EPpn(l — B) + BESpxn
ES' =J + E®pxn(l — B) + BESpy + ES'ps,
E' = EXpx

E{' = ESpx»

(1)

where “E;” is the total energy influx into a given pigment
system i; “A” is the pigment—protein antenna component
of PSII; “b” is the PSII RC; “op” represents open centers;
“p2” is the probability of energy transfer between two
PSII antenna systems; “p,,” and “py,” are the probabilities
of energy transfer from antenna to PSII RCs or back
transfer from RCs to antenna, respectively; “J” is the light
absorption flux by the pigment system; and “B” is the
fraction of closed RCs (zero when all RCs are open and 1
when they are all closed). Solving this equation system,
and after a series of calculations it can be theoretically
deduced (see Strasser et al. 2004; Tsimilli-Michael and
Strasser 2013, for a detailed explanation starting from a
more complex, but similar, tripartite model) that the



relationship between the proportion of closed reaction
centers (B) in the presence of DCMU and the relative
variable fluorescence (V), defined as the ratio of the
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Fig. 1 Bipartite models of energy transfer in photosystem II (PSII).
A Model for energy transfer in PSII open and closed connected
RCs, a simplified version of Strasser’s tripartite model (Strasser 1978,
1981, 1986). B Model for PSII energy transfer between open RCs
(labelled as “b”, following Strasser’s nomenclature) and RCs that act
as energy sinks (sRCS), as described by Eq. 9. C Model for PSII
energy transfer in A. erici as described by Eq. 16, assuming the
conversion of closed RCs in sRCs. Green squares represent the
antenna pigment—protein complexes; blue circles the open RCs; red
circles the closed RCs. Small purple circles or squares indicate that a
conformational or structural change in the RCs has transformed them
into sRCs. Orange arrows represent the input of light energy
(J) reaching the photosystem units. Black arrows indicate the transfer
of energy between the antenna and the RCs and among different PSII
units. Red discontinuous arrows represent the losses of energy as heat
or fluorescence emission. Blue arrow represents the conversion of
PSII units with closed RCs in sPSII units (PSII units with sRCs).
Here, K is the rate constant for the conversion; p,, is the probability of
energy transfer between two different antenna complexes; p,;, is the
probability of energy transfer from an antenna complex to an open or
closed RC; and p, is the probability of energy transfer from the
antenna to a sink center. P680 and Phe represent the primary donor
and the primary acceptor of PSII, respectively, in the first step of
charge separation

variable fluorescence (F,) to the maximal variable (Fy)

— ﬂ — (F_Fo)
fluorescence (V = R = (FosFy)

) is:

B

Y (1= B) ®

where Chyp is a constant that determines the curvature of
the hyperbola defined by Eq. 2. Chyp is also proportional
to the connectivity (probability of energy exchange)
between PSII RCs, as Chyp = (Fy/F,) p>g, where Fy is the
maximal variable fluorescence (F,, — F,), and p,g is the
global probability for energy transfer (exciton transfer)
from one PSII unit to another (Strasser et al. 2004).
Expressions of the form of Eq. 2 are also derived in models
that are not based on the theory of energy fluxes, such as
those by Joliot and Joliot (1964), Lavergne and Leci (1993)
or Lavergne and Trissl (1995); see Joliot and Joliot (2003)
for a historical perspective.

Equation 2 is consistent with experimental data obtained
in the presence of DCMU, an inhibitor of photosynthetic
electron transport in PSII between Q4 and Og. Under these
conditions the experimental fluorescence induction curve
approaches to a hyperbola with a vertical asymptote
(Fig. 2, red squares) when plotted in a relative variable
fluorescence (V,) vs. proportion of closed reaction centers
(By) graph, which degenerates into a straight line (Fig. 2,
dashed line) only in the case of lack of connectivity
(p2g = 0) among different PSII units. An exception is the
case of A. erici described in this paper, where the V, versus
B, data of DCMU-treated cells (Fig. 2, blue circles)
approach a horizontal (Fig. 2, yellow diamonds) instead of
a vertical asymptote.

1.2

Vvt

Experimental
@ Vert. asymptote
—= = = Non-connected
¢ Hor. asymptote

0.6 0.8 1 1.2
Bt

Fig. 2 Relative variable chlorophyll a fluorescence (V;) expressed as
a function of the fraction of closed centers (B;). Blue circles
experimental data; dotted line results expected for disconnected RCs;
red squares (vertical asymptote), results expected for connected RCs
according to models for chlorophyll a fluorescence induction,
described by Eq. 2; yellow diamonds (horizontal asymptote), non-
linear regression fitting of experimental data to Eq. 10. The exper-
imental data are the mean from five different samples. See text for
further details



An approach to explain the abnormal behaviour of A.
erici was obtained from the model shown in Fig. 1B. Here,
we propose that in A. erici, after DCMU treatment, closed
RCs are converted into energy sink centers, where most of
the energy is dissipated as heat and fluorescence. We
assume that the probability of energy leaving the PSII units
containing sink RCs, including their antenna, is very low or
zero; i.e. these PSII units act, as a whole, as true energy
traps. In accordance with the theory of energy fluxes
(Strasser 1978, 1981, 1986; Strasser et al. 2004), the
equations defining this model are as follows:

EX =J+Elp»(1 - By)
E\ =J+ELpn(1 — By)

(3)

Ey = Epoy
E, = EZPZS

where “s” is a “modified” RC acting as an energy sink.
Equation 3 can be easily solved to give the expressions
describing the total energy influxes in the antenna and RCs:

J
Eop —F —
A A 1 —pzz(l — B;)
Jpav
Ey=—"2" 4
* 71— pn(l - By “)
Jsz
Eg=—2
s 1 —p22(1 —BS)

For extreme cases in which all centers are open (EZPO) or
are sinks (E% y):

op J
A0 —
5o l=px» (5)
Exm=J
Thus,
1—pxn 1 —pn
EP=FP — 2 . EP _EP (- P2 _\(_p
A A07 —pn(1—By) Atot A0l7 —pn(l— B, ( s)
1 B,
Es — Es ) . Es — Es ) S
A A.maxl 7[722(1 _ B;)’ Atot A.max 1 7]722(1 _ Bs)
P2s D2sBs
E =E\ e Eqpot = By o
s A,max 1 —[)22(1 _ Bs) s fes;tot A,max 1 _[722(1 _ Bs)

(6)
where EY ., E} o, and Eq o are the total energy influxes in
all open antenna, “sink” antenna, and sink RCs,
respectively.

As
O]
F, = EAl?()PZf (7)

and, assuming that all centers are converted to sRCs
F;n = Ez,max(pﬂ +p2spsf)a (8)

where pyr and pg are the probabilities of fluorescence
emission from the antenna and from sink centers,

respectively and F7}, is the maximal fluorescence emission
when all centers are sink centers.
Thus,

1 —pxn)(1 —By)
Fope = ExaP2r = EXp (I_MTB;
S

(= pn)(1 - By)
¢ 1 —pgz(l —BS)
Fy = E;,,tot(P% + pst)

9
= E} max % (P2t + Paspst) ®)
=F B

m 1 —pzz(l — Bs)
Fo[(1 = pa)(1 — By)] + F}, By
1 —pzz(] — BS) ’

which can be converted by substitution and simplification
to:

Ft_Fo_V_ Bs
Fs, —F, ' 1 —pn(l —By)

This function yields a hyperbola with a horizontal
asymptote and it can be applied to the experimental data
(Fig. 2, yellow diamonds), albeit very roughly. Note that in
this model P26 = P22

A better approximation is obtained if we consider that
the conversion from closed to sRCs needs some kind of
structural, conformational or biochemical change, which
starts after the light is switched on and takes a time (7) until
it is completed (Fig. 1C). In this case, after a certain period
there should be a variable population that would include
opRCs, cIRCs and sRCs. Both closed and sink centers are
centers with Q, reduced and then

Do

Fl:Fop,l+Fs,t:

(10)

B =B, + B; (11)
and
dB;
— = kB, 12
dr cls ( )

where k is the rate constant for the conversion of B to B,.
Therefore, after a time (¢) the fraction of By = Be ™™
(Eq. 12) and

B, =B(1 —e ™), (13)

and then,

Vo= #e’k’ (see Eq. 1) (14)
1 + Chyp(1 — B)

and

Vi = #M(l —e ) (15)

and consequently:



B » B
= ¢
1+ Chyp(1 — B)

where

F,
Chyp = (m - l)pzz, (17)

F,
for this final model (Fig. 1C).

Results

Analysis of chlorophyll a fluorescence induction
curves in the presence of DCMU

Chlorophyll a fluorescence transient usually shows three
characteristic steps between minimal (O) and maximal
(P) fluorescence emission intensity; these are K, J and I,
which were clearly distinguished when plotted on a loga-
rithmic time scale (Strasser and Govindjee 1991, 1992;
Strasser et al. 2004; Lazar 1999). The K, J, I, and P steps
corresponded, in the two Trebouxiophyceae genera studied
here, to time intervals of about 0.3, 3, 60-80, and 300 ms,
respectively (Fig. 3). The herbicide DCMU is an inhibitor
of electron transport between the quinones Q5 and Qg of
PSII (Velthuys 1981; Stirbet and Govindjee 2011); it works
by displacing Qg from its binding site at the D1 protein of
the PSII reaction center complex (Velthuys 1981). The
fluorescence kinetics in the presence of DCMU represents
the photosynthetic events leading to the complete closure
of RCs (Lazar 1999; Strasser et al. 2004). Figure 3 shows
the results obtained during the recording of fluorescence
induction with a PEA fluorometer for samples maintained
for 30 min in the dark and in the presence of 100 uM
DCMU by careful addition of 500 pl of DCMU solution on
to the algae disc in darkness. In contrast to control samples,
Chl a fluorescence rise in DCMU-treated algae had a sig-
moidal shape and did not show the K, J, I inflection points.
DCMU-treated algae showed higher values of F, than
control samples. F,, values did not change, but the time
needed to get F,,, was shorter in DCMU-treated algae than
in control ones (the rise time of DCMU-treated algae to F,
is similar to the rise time of the J level in uninhibited
samples). Most of these results were similar to those
extensively described for many species in previous works
(T6th et al. 2005; Stirbet and Govindjee 2012 and refer-
ences therein). To6th et al. (2005) reported for Pisum sati-
vum leaves treated with DCMU that when the DCMU
treatment was carried out in the presence of low light, the
value of F, significantly increased (at 1 pmol photons
m~2 s~ light intensity the F, was ~48.5 % higher, and at
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Fig. 3 Chlorophyll a fluorescence induction curves obtained in
control (red squares) and DCMU-treated (blue diamonds) cultures
of Asterochloris erici, and the R. farinacea phycobionts TR1 and TR9

0.3 pmol photons m—> s™', it was ~39 % higher than the

F, of the non-DCMU-treated leaf discs). Therefore, it can
be assumed that the small increase of F, in DCMU-treated
algae cells was a consequence of exposure to dim light
(< 2 pmol photons m~2 s~ ') during the addition of DCMU
or during the transport of the leaf discs from the petri
dishes to the fluorometer.

To estimate the kinetics of Q4 reduction, the curve of flu-
orescence induction was normalized as V; (Strasser et al. 2004),

where V; = " . Then, following Strasser et al. (2004),
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where S, represents the normalized complementary area at
time t during the induction (the area between a line parallel
to the r-axis joining F,, to the ordinates axis, and the
induction curve represented as V) with respect to the total
normalized complementary area (i.e. from =0 to
t = max), and B; is the fraction of closed RCs (identical to
the fraction of reduced Q) that has a value of zero when
all the RCs are open, and 1 when all the RCs are closed.
The model based on the energy flux theory (Strasser 1978,
1981; Strasser et al. 2004; Tsimilli-Michael and Strasser
2013) predicts that the B, versus V; curves approach a
hyperbolic curve with a vertical asymptote (Fig. 1A).
However, our experimental data for A. erici and for the
TR1 (Trebouxia jamesii) and TR9 (Trebouxia sp.) phyco-
bionts isolated from R. farinacea showed sigmoidal curves
approaching a horizontal asymptote (Fig. 4A—C, blue cir-
cles). Therefore, an alternative model was needed to
explain the behaviour of these microalgae.

We consider that some RCs could be converted from the
closed state (closed RCs, cIRCs) to a kind of energy sink
(sink RCs, abbreviated as sRCs), where most of the energy
input is converted into heat and fluorescence (Fig. 1B, C).
This model is described by the following equation (see
“Theory” section):

V= 5 ek 5 (1—eM),
1 + Chyp(1 — B) 1 —pn(l1—B)
(16)

Figure 4A—C shows that this model is consistent with
the experimental data for A. erici and Trebouxia TR1 and
TRY (blue circles). Multiparametric non-linear regression
was performed using the programs Datafit 9® (Oakdale
Engineering, Oakdale, PA, USA) and Sigma plot 10®. The
computed R* values for the three studied phycobionts were
higher than 0.999 (Table 1) and the model-predicted values
(Fig. 4, red triangles) fitted well with the experimental
values (Fig. 4, blue circles). The parameters calculated are
shown in Table 1. The value of p,,, the probability of
interconnection between RCs, was high in the three spe-
cies, with maximal values for TR9 (~0.83) and minimal
for TR1 (~0.65). On the other hand, TR1 had the highest
value for the rate constant k for the conversion of closed
into sink centers (~ 9500 sfl) and TRY the lowest
(~3100 sfl). These results show that a very active
exchange of energy between PSII units is present in tre-
bouxoid phycobionts. Equation 16, derived from this

12

A. erici

0 0.2 0.4 0.6 0.8 1 1.2

Bt
1.2
1] TR1 /
0.8 0°®
@
06 08 1 12
Bt
1.2
TR9
| / °
0.8 5
(6]
@
£ 06 e
0.4 -
0.2 -
0 ‘ ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1 1.2
Bt

Fig. 4 Fitting of the model described by Eq. 16 to experimental data.
Blue circles experimental data obtained for DCMU-treated cells; red
triangles non-linear regression

Table 1 B, (proportion of closed reaction centers) vs. V, (variable
fluorescence) curve parameters

Species P26 K™ R?

Asterochloris erici 0.7 £ 0.0 8912 £ 96  0.9996
TR1 (Trebouxia jamesii) 0.6476 + 0.0029 9483 £ 157 0.9998
TR (Trebouxia sp.) 0.8266 &+ 0.0461 3093 + 8 0.9998

pac global probability for excitation energy transfer (“exciton”
transfer) from one PSII unit to another, K rate constant for the
transformation of closed centers to energy sink centers, R regression
coefficient

Results are the mean £ SE of 3-5 independent experiments



model, can be easily transformed to represent F, as a
function of time and it also fits very well to the original
experimental data (Fig. SA, C). Green triangles and purple
circles, in Fig. SA-C, represent the computed time-course
for closed and sink units, respectively.
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Fig. 5 Time course of relative variable fluorescence (V, = F, — F,/
F., — F,) in DCMU-treated cells. Blue circles experimental data
obtained for DCMU-treated cells incubated for 30 min in the dark;
red discontinous line non-linear regression results; green triangles
calculated time course for closed RCs; black circles calculated time-
course for sink centers. Results presented here are the mean from five
different samples. There were no significant differences found when
the experiments were repeated (five times, n = 2-5 per experiment)
with different cultures (R> was always >0.99)

Figure 6 shows results obtained for TR9 when several
saturating pulses (3000 pmol photons m s~', 1 s) were
applied, separated by dark time intervals of 1 s. In the
presence of DCMU, there was a large increase in F|,
between the first and second saturating pulses. The fol-
lowing pulses had only a small effect on the increase in F,
in DCMU-treated samples. The increase in F, without a
decrease in F, in DCMU-treated samples indicated the
presence of closed centers (centers with reduced Q) at the
start of the second and successive saturating pulses. A
quantification of closed centers at the start of the second
and successive pulses is shown as an inset in Fig. 6. The
proportion of closed RCs was calculated as:

(FY/FR)
(Fu/Fu)’

where F; and F}, are respectively the variable Chl a fluo-
rescence and the relative maximal fluorescence values for
the second and successive pulses. Following the first pulse,
around 39 % of the RCs were closed in DCMU-treated
cells after 1 s of darkness; meanwhile there were only
about 15 % cIRCs in the untreated cells. The proportion of
cIRCs increased up to 46 % after another four successive
saturation pulses in DCMU-treated cells, but remained
constant in non-DCMU-treated cells. These results were
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expected because DCMU blocks electron transport beyond
Oa-

However, the reduction kinetics of the remaining open
RCs during the successive light pulses in DCMU-treated
cells can be adjusted to the model described by Eq. 16.
Figure 7 shows that after the first pulse, the sigmoidicity of
the B, versus V; curves was clearly diminished because
there was a very fast rise of V; at low B, values in DCMU-
treated cells. This is apparently a consequence of the
increase in connectivity (Table 2, p,g) and the increase in
the value of the rate constant (Table 2, K) for the conver-
sion of cIRCs into sRCs. These results also showed that a
large majority of RCs can be re-opened (Qa oxidized)
during the dark interval. The loss of sigmoidicity in the B
versus V, curves, and the apparent increase in the rate
constant (K) could indicate that a proportion of the re-
opened centers retained, at least partially, the characteristic
of sRCs (the capacity to act as energy sinks). Figure 8
shows a spider-plot including some of the parameters of the
so-called JIP-test (Strasser et al. 2000, 2004) calculated
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Fig. 7 B, (proportion of closed RCs) vs. V, (relative variable
fluorescence) curves of TR9 DCMU-treated cells after successive
light saturating pulses. For details of samples, and treatments, see
Fig. 6 legend

from fluorescence curves of DCMU-treated cells. The JIP-
test is a frequently used tool for the rapid screening of
many samples providing information about the structure,
conformation and function of their photosynthetic appara-
tus (Strasser et al. 2000). The main disadvantage of this test
is that the derived parameters (see below) are not direct
measurements, but inferred quantities based on many
assumptions (see Supplementary material). The use of
spider-plots (also called “radar-plots”) was recommended
for the presentation of JIP-test results by Strasser et al.
(2000) as a multi-parametric description of structure and
function of each photosynthetic sample, presented by a
polygonal line. According to Strasser et al. (2000), the
spider-plot provides a direct visualization of the behaviour
of a sample and thus facilitates the comparison of plant
material. Strasser et al. (2004) defined the specific trapping
flux (TR/RC) as the rate per RC, by which excitons are
trapped by RCs resulting in the reduction of Q,, i.e. in the
increase in fraction B of closed RCs; hence TRt/RC (in
arbitrary units), which is equal to dB/dt. TRo/RC
expressing the specific trapping flux at time 0, can be
calculated, according to Strasser’s definition, by the
extrapolation of dB/dt versus V, curves to V, = 0 (Sup-
plementary material). We note than in the Strasser’s orig-
inal JIP-test, TRo/RC is calculated in a different way,
taking as an assumption that the shape of the O-J part of a
normal transient (# <2 ms) measured in vivo is quite
proportional to the O-J rise in the presence of DCMU
(Strasser and Strasser 1995; Strasser and Stirbet 1998).
Once the value of TRo/RC is obtained, it is easy to
calculate other parameters of the JIP-test, as the absorption
flux per active RC (ABS/RC = TRo/RC (1/¢p,); ¢po, =
1 — (F,/F,,) = maximum quantum yield of primary pho-
tochemistry); the energy dissipation flux per active RC
(Dio/RC = ABS/RC — TRo/RC) and the corresponding
quantum yield of energy dissipation (¢p, = 1 — @p,). In
Fig. 8 we can see that the relative values of TRo/RC, ABS/
RC, Dio/RC and ¢p, increased after every successive light
pulse; meanwhile, the values of @p, (Fy/Fp,), S (normalized

Table 2 B, (proportion of

1 2
closed reaction centers) vs. V; Pulse P2 K R Fim Fo cIRCs (%)
(relative variable fluorescence) 0.8212 £ 0.0023 3171 + 4 09993 3504 £270 1335 £ 96 -
curve parameters in TR treated
with 100 tM DCMU 2 0.9845 4+ 0.0006 5402 £+ 99 0.9973 3484 + 240 2164 + 143 38.78

3 0.9764 4+ 0.0010 5373 £ 106 0.9972 3475 + 237 2237 + 149 42.40

4 0.9636 + 0.0020 5223 + 140 0.9964 3453 + 231 2267 £ 152 44.64

5 0.9562 £+ 0.0023 5471 £ 159 0.9959 3436 + 226 2297 £ 163 46.46

P2 global probability for excitation energy transfer (“exciton” transfer) from one PSII unit to another,
K rate constant for the transformation of closed centers to energy sink centers, R* regression coefficient, F,,
maximal fluorescence, F,, minimal fluorescence, c/RCs percentage of closed reaction centers at the start of

the light pulse

Results are the mean + SE of five independent experiments
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Fig. 8 Spider-plots (Strasser et al. 2000) showing the quantitative
extent of changes in various fluorescence parameters during the
application of successive saturating light pulses in DCMU-treated and
untreated TRO cells. Values are relatives to the first pulse for each
treatment (black circle with radius 1). S,, complementary area
normalized to variable fluorescence [Area/(F,, — F,)], N turnover
number (expresses how many times Qx has been reduced from time 0
to time F,,), S./tr, average excitation energy of open RCs; Fy,
maximal fluorescence, F, minimal fluorescence, F,/F,, ratio of
variable to maximal fluorescence, TRo/RC specific trapping flux at
time 0, ETo/RC specific flux of electron transport at time 0, V),
probability that a trapped exciton moves an electron in the transport
chain beyond Qa, @g, quantum yield of electron transport at time 0,
¢p, quantum yield of energy dissipated at time 0, ABS/RC absorption
flux per RC, DIo/RC dissipated energy flux per RC at time zero, RC/
CSo density of RCs (Q4 reducing PSII reaction centers) taking F, as a
measure of the cross section (CS) size, RC/CSm density of RCs (Qa
reducing PSII reaction centers) taking F,,, as a measure of the cross
section (CS) size, p,g grouping probability, K rate constant for the
transformation of closed centers to energy sink centers. Definitions of
JIP-test parameters are from Strasser et al. (2000, 2004)

complementary area over the induction curve), N (turnover
number) and S/t (average number of open centers in the
time span from O to time F,,) (Appenroth et al. 2001),
decreased. The increase in ABS/RC, indicated that the
fraction (~ 60 %) of RCs reopened after the pulse during the

dark interval received more energy. The increase in energy
dissipated (DIo/RC, ¢p) was also coherent with the forma-
tion of sRCs and their function as energy dissipation traps.

Formation of sRCS in the absence of DCMU

The formation of sRCs in the presence of DCMU was
probably induced by the blockage of electron transport
beyond Q4. We speculate that sSRCs have a role in pro-
tection against excessive light under natural conditions. To
test this hypothesis we have performed light treatments that
can saturate the acceptor side of PSII. The first one was the
application of several saturating pulses as described for
DCMU-treated samples in the preceding section. This
allows a direct comparison of results with and without
DCMU treatment; but we need to take into account that in
DCMU-untreated samples, the area complementary to the
induction curves (S,,) diverges from B, (fraction of closed
RCs) because electron transport beyond Q4 is open, and
also because fluorescence emission can be influenced by
several factors, such as the redox state of the plastoquinone
pool and the acceptor and donor sites of PSI (Téth et al.
2007; Vredenberg and Bulychev 2003; Munekage et al.
2004; Stirbet and Govindjee 2012). In Fig. 6 we can see
that after the first light pulse, samples that were not treated
with DCMU had a much smaller increase in apparent F,
than DCMU-treated algae, but showed a decrease in F,
that was not observed in DCMU-treated samples. Subse-
quent pulses had no effect on F, in control samples and
only a small effect on F,,. The presence of three inflection
points (K, J, I) in the induction curves of non-DCMU-
treated samples was observable during the successive
pulses, indicating that under these conditions there was not
a massive blockage of electron transport. This was con-
firmed quantitatively by the analysis of the JIP-test, which
did not show a decrease in the parameter Eto/RC (electron
transport beyond QA per RC) during the successive light
pulses (Fig. 8). Just as experiments in the presence of
DCMU, untreated algae showed an increase in ABS/RC,
TRo/RC, DIo/RC and ¢p, parameters after successive light
pulses. As mentioned above, the complementary areas of
the induction curves (S,,) in the absence of DCMU cannot
be directly related to the state of Q4 reduction, as shown by
the complex kinetics of the fluorescence transient of TR9
cells during a single saturation pulse of 3000 pmol photons
m 2 s ' (Fig. 9A, first pulse). However after this first
pulse, the S, versus V, (complementary area vs. relative
variable fluorescence yield) kinetics during the successive
light pulses was simplified and approached hyperbolic
curves with horizontal asymptotes (Fig. 9A, second and
successive pulses). The second pulse data could be well
fitted (R* > 0.99) to the double hyperbola equation
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where § is the complementary area and a, b represent the
amplitudes (the respective asymptotes) for each hyperbola.
This equation is derived from Eq. 10, but adapted to the
hypothetic existence of two populations of RCs, each one
characterized by a different connectivity (p,, and pb,,
respectively). We note that Eq. 10 describes the conversion
of open centers into sink centers without mediation of
conformational or structural changes. Figure 9B shows our
experimental results (exp, blue diamonds) obtained during
the application of a second saturating pulse, the results of
fitting these data to Eq. 18 (R* = 0.998; orange circles)
and the deconvolution of this curve into two horizontal
hyperbola (hypl, red squares; hyp2, red triangles). If every
one of these hyperbola were related to a different popula-
tion of active RCs, then the population described by hypl
would contain about 72 % of the active RCs with very high
connectivity (p,; = 0.97); and hyp2, 28 % of active RCs
with low connectivity (p, = 0.03). During the third, fourth
and fifth pulses the relative size (amplitude) of both pop-
ulations was constant, but the population described by hyp2
lost the connectivity (p5, = 0) and for this population, the
evolution of V, (variable fluorescence) as a function of St
(complementary area) approached a straight line (Fig. 9C).

A second set of experiments was performed with a Dual-
PAM 100 fluorometer. A standard recording of fluores-
cence induction and P700 oxidation kinetics was started
with plants or algae that had been maintained for
20-30 min in the dark. A first saturating pulse was applied
to determine the F,, and F, values. After this first pulse, the
sample was illuminated for 10 s with far red light (720 nm)
and a second saturating pulse was applied to determine Pm
(the maximal oxidation of P700). After a delay period in
darkness, the actinic light was switched on and, after a
short time, a third saturating pulse was applied. Then,
successive pulses of saturating light were applied at fixed
intervals. Figure 10A shows a typical Chl a fluorescence
induction experiment carried out with A. erici cells. In this
experiment pulses of saturating light (3000 pmol photons
m~? s~ ') were applied every 30 s in the presence of actinic
light (120 umol photons m 28, Ana 635 nm). The
quantum yields of PSII (@psyy), as inferred from fluores-
cence data, and PSI (¢psy) fell to a minimum after
switching on the actinic light, as is characteristic at the
fluorescence emission maximum during the Kautsky tran-
sient for plant and algal material (Fig. 10A, third saturating
pulse). Meanwhile, ¢npq (the yield of energy dissipated by
downregulatory non-photochemical processes; Kramer
et al. 2004) was still at very low values, but o (the yield
of energy that is dissipated by other non-photochemical
processes; Kramer et al. 2004) was high (corresponding to



120 q r 1.2

A
100 Tt
5 - 08
Lt 80
g
z - 06 :
Z 3 ® Phi()
o 007 X o Phi(ll)
2 L w
=4 0.4 A Phi(NO)
T a0 = Phi(NPQ)
= - 0.2 F
20 Lo
0 ©
0 #8000 T T 0.2
0 200 400 600 800
Time (s)
1.2 - - 0.8
B
1 0.7
L 0.6
s 081 Fos >
S 06 Loa 8 119
S ’ 2 E
T o4 03 o 0.9 1
AoV | o2 0.8
0.2 1 ——P700/V | 0.1 0.7
0 T T T T T T T T 0 06 —
200 0 200 400 600 800 1000 1200 1400 1600 - ¥
) > 0.5 A f
time/ms
0.4 /
*
0.3 1
C 127 r 0.8 0.2 7 ,"
1] 0.7 014/
.
r 06 0 T T T T 1
0.8 A >
> Los5 2 0 0.2 0.4 0.6 0.8 1
o 06 .—-M o4 8 St
32 ~
= 04 03 a
0.2 11
0.2 1 L o1 F 09 4 M
0 —_—— 0 | -
0.8 ’d
200 0 200 400 600 800 1000 1200 1400 1600 0 ',é
time/ms ' N
0.6 1 b d
o
S 0.5+ *
1.2 4 - 0.8 0.4 /
D I »
11 : 034 4
06
N 024
= 0.8 L o5 a /
S 06 Loa 8 011 4
- 4 S >
2 03 ~ 0 T T T T 1
Y 04 o> o
’ L 0.2 0 0.2 0.4 0.6 0.8 1
02 1 L 0.1 st
0 — 0
-200 0 200 400 600 800 1000 1200 1400 1600
time/ms
Fig. 10 A Fluorescence quenching analysis of A. erici cells by the fluorescence (¢no). B-D Fluorescence (red lines) and P700 (blue
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relative maxima of fluorescence emission). If we analyse
the fluorescence transients obtained during the first pulses
(Fig. 10B-D), we find in the first place that the basal flu-
orescence emission (apparent F,) increased from the first to
the fourth pulse, also that during the third and fourth pulses
the characteristic OJIP shape of the fluorescence transient
was lost (Fig. 10C, D) and finally that P700 was not
reduced, indicating that electron transport beyond Q5 was
blocked. In fact, during these pulses, the shape of the flu-
orescence induction curve was very similar to the transients
observed after DCMU treatment. The Bt versus Vt curve
approached a hyperbola with an horizontal asymptote
Fig. 10E, F), as in the case of DCMU-treated cells that fits
reasonable well (R* > 0.96) with Eq. 16, which describes
the conversion of cIRCs (closed reaction centers) to sSRCs
(sink reaction centers) accompanied by an structural or
conformational change. Therefore, these results indicated
that sRCs were transiently formed in algal cells in the
absence of DCMU.

Discussion

The study of the kinetics of the fluorescence transient in the
presence of DCMU has led to several authors to propose
different models (for a comprehensive review see Stirbet
and Govindjee 2012) to explain the relationship between the
reduction of Q4 and the emission of fluorescence. It is well-
established that the relationship between the propor-tion of
reduced Q4 and fluorescence emission is non-linear, except
in the case (puddle model) in which the RCs are not
connected (Lavergne and Trissl 1995; Stirbet et al. 1998;
Kramer et al. 2004; Strasser et al. 2004). Independent of the
starting point of theoretical assumptions of different models,
all of the models have used equations similar to Eq. 1 (see
the “Theory” section), which establish a numerical
relationship between the emission of fluores-cence and the
reduction of Q, in plants and algae. This equation describes
a hyperbolic function with a vertical asymptote (Strasser et
al. 2004) that has been demonstrated to be valid for most of
the plants studied thus far, inde-pendent of the possible
heterogeneity of their RCs, including the presence of non-
Qg reducing centers or of non-Q, reducing silent centers
(Strasser et al. 2000; Strasser et al. 2004; Schansker and
Strasser 2005; Tsimilli-Michael and Strasser 2013).
However, we show in this paper that the fluorescence
kinetics of A. erici and the Trebouxia TR1 and TR9
phycobionts of R. farinacea cannot be fitted to this function,
as its relation with variable fluorescence approaches a
horizontal asymptote (Fig. 8C). This type of curve has been
obtained in studies on higher plants exposed to very low
temperatures (77°K) (Strasser and Greppin 1981). Those
results were explained in a

model that considers the following points: 1) at low tem-
peratures an acceptor pool surrounds the RC complex so
that a closed RC can become open again; 2) the primary
acceptor pool Q can transfer electrons to several neighbour
units; and 3) at room temperature, and in the presence of
DCMU, a secondary acceptor R (plastoquinone) is reduced,
preventing the reopening of the closed reaction center.
However, the equations derived to describe this model do
not fit in with our experimental results with A. erici and the
phycobionts TR1 (Trebouxia jamesii) and TR9 (Trebouxia
sp.) (R? < 0.90).

We have considered here several approaches based on
Strasser’s theory of energy fluxes (Strasser 1978, 1981,
1986; Stirbet et al. 1998, 2004; Strasser and Tsimilli-
Michael 2001; Tsimilli-Michael and Strasser 2013). The
best fit to the experimental results for DCMU-treated algae
was obtained by using Eqgs. 2—-16 (Fig. 4). These equations
describe a model (Fig. 1D) that assumes the following: (1)
after closure of RCs, they are converted into sink centers
(sRCs); (2) the probability of energy leaving the sRCs is
very low or zero, thus sRCs centers act as true energy traps;
(3) sRCs have the same fluorescence yield as closed centers
(F, is not changed by DCMU treatments); (4) the con-
nectivity of PSII units with sRCs (sPSII) with other PSII
units is only one-way, i.e. energy can be transferred from
other PSII units to sPSII units, but not from sPSII units to
other PSII units; and (5) the conversion from closed RCs to
sRCs requires a structural, biochemical or conformational
change. This model fits perfectly (R* > 0.99) with the
original (F, vs. time) experimental data (Fig. 4).

Cleland et al. (1985) proposed that a direct effect of
photoinhibition is a permanent modification of PSII reac-
tion centers that makes them incapable of generating
charge separation (inactive RCs) but highly efficient in
trapping and in the dissipation of light energy. Krause et al.
(1990), in a study with isolated thylakoids, proposed that
photoinhibition is based on transformation of active RCs to
photochemically inactive fluorescence quenchers, which
convert excitation energy to heat. The existence of these
“heat sinks” (Krause 1988), or “silent reaction centers”
(Strasser et al. 2004) was also supported by results
employing the so-called JIP-test analysis (Kriiger et al.
1997; Strasser and Tsimili-Michael 1998), which showed
that in organisms exposed to light or heat stress, a pro-
nounced decrease in F,/F,, and in stability of TRo/RC
(trapped electrons per RC at ¢t = 0) occurs, while no
absorption changes were detected. Strasser and Tsimili-
Michael (1998) proposed that this apparent controversy is
due to the transformation of some RCs that, after a con-
formational change, act as efficient exciton traps but dis-
sipate all their excitation energy as heat from both the
antenna and the modified RC (see Strasser et al. 2004,
Tsimilli-Michael and Strasser 2013 for a model). The



formation of silent centers has been proposed to perform a
protective role against certain stresses (Thach et al. 2007;
Bussotti et al. 2011; Mathur et al. 2011) or a response to the
application of some growth inhibitors (Sanchez-Muifioz
et al. 2012). According to Tsimilli-Michael and Strasser
(2013), the conformation of an inactive center compared to
that of open RC is characterised by the substitution of the
rate constant (kpp) of the reaction PA — P™ A~ (P standing
for P680, i.e. the PSII RC, and A for the primary electron
acceptor of PSII) by a dissipation rate constant k;, of equal
magnitude. Concomitantly, the silent centers, throughout
the fluorescence induction, behave in respect to their flu-
orescence yield as open RCs but cannot become closed
(Tsimilli-Michael and Strasser 2013). However, as far as
we know, no structural model has been proposed for silent
reaction centers.

The sRCs, described in this paper, share some common
characteristics with silent centers, such as the capacity for
exciton trapping and the dissipation of this energy to avoid
damage to the photosynthetic machinery. However, there
are many differences between “traditional” silent centers
and sRCs. Firstly, sRCS are not a permanent form of
inactive centers, because they can be reoxidized (during a
short period in darkness) and re-reduced as evidenced by
experiments applying several successive saturating light
pulses to DCMU-treated algae (Figs. 6, 7). The main
pathway of Qx re-oxidation in the presence of DCMU is
the recombination of the electron on Q4 with the positive
charge located in the water oxidizing complex (in the S,
state if the illumination was given to a dark-adapted sam-
ple). The half-time of this process, as measured from the
decay of the high fluorescence yield in the dark after a
single turnover flash or from thermoluminescence emission
is ca. 1 s (Robinson and Crofts 1983, Keren et al. 1997).
The partial increase in the F, level after the illumination,
i.e. a residual fraction of centers in which Q4 cannot be re-
oxidized, can be explained by the formation of non-re-
combining states, such as S| Tyrp + QA in centers, which
had reduced Tyrp before the flash, i.e. S;TyrpQa — S».
TyrpQOa — S| Tyrp + Oa. The much smaller increase
after the second and following flashes is due to the almost
complete oxidation of Tyrp by the first flash (Lavergne and
Leci 1993; Keren et al. 1997; Vredenberg et al. 2006;
Msilini et al. 2011).

The application of successive saturating pulses, in
DCMU-treated algae (Fig. 8), results in an increase of
connectivity (p,g), an increase of the rate constant K and an
increase of several parameters of the JIP-test, such as ABS/
RC (energy absorbed per RC), TRo/RC (trapped energy per
RC) and DIo/RC (energy dissipated per RC). The increase
in ABS/RC has been associated with the formation of silent
centers, but the accumulation of this kind of centers is also
associated to a decrease in F,, (not observed in DCMU-

treated Trebouxiophyceae algae) and the increase in ABS/
RC is not accompanied by an increase in TRo/RC. On the
other hand, the increase in ABS/RC indicates, generally
speaking, an apparent increase in the size of the antenna.
This “apparent” increase does not mean, in many cases, a
“real” increase in the physical antenna complex size; for
instance, there is no increase in the physical antenna size
for the case of the “silent centers” mentioned above. In the
case of DCMU-treated Trebouxiophyceae algae, the
increase in the energy absorbed per RC (ABS/RC) can be
due to several factors, such as the increase in connectivity
(p2g), or the establishment of an effective transfer of
energy from the closed centers (that increase F|,, but do not
contribute to variable fluorescence) to the open (active)
RCs. The latter implies that those RCs that remained closed
(40-50 %) after a period in darkness between the succes-
sive pulses do not behave as energy sinks. Joliot and Joliot
(1964, 2003) described a p (connectivity) value ca. 0.7. The
values presented in Table 1 of our paper are in the range
0.65-0.82. The connectivity parameter reaches higher
values when successive saturating pulses in the presence of
DCMU are applied (Table 2). As discussed by Slavov et al.
(2013), the thylakoids of green microalgae do not have a
differentiation between grana stacks and stroma mem-
branes and this fact can facilitate rearrangements of the
photosynthetic complexes. Slavov et al. (2013) propose
that a drying-induced reorganization of the thylakoid
membrane, which changes the relative association and
distance of PSII and PSI particles, allows an energy
“spillover” from PSII to PSI. Changes in the ultrastructure
of the thylakoid membranes during desiccation of A. erici
can be observed by transmission electron microscopy
(Gasulla et al. 2013). According to our data, blockage of
electron transport in the hydrated state under high illumi-
nation increases connectivity among PSII units. We can
hypothesize that the architecture of green microalgae thy-
lakoid membranes also facilitates rearrangements of the
photosynthetic complexes in the hydrated state, allowing a
grouping of PSII units under photooxidative stress condi-
tions. This grouping facilitates a redistribution of the
excess of energy and its redirection to sRCs. Finally, if at
the start point of the second and subsequent pulses of a
succession of light pulses, some of the open centers behave
as sRCs unidirectionally capturing energy from closed
RCS, a large increase of the ABS/RC would be expected,
as well as an increase in the apparent value of the rate
constant K and TRo/RC (trapped energy per RC at time
zero). This explanation is consistent with the data presented
in Fig. 8.

The horizontal hyperbola shape of the B, versus V;
(fraction of closed RCs vs. variable fluorescence) curves
found in the three microalgae that belong to the family
Trebouxiophyceae studied here, can be readily interpreted



as a rapid increase in energy dissipation (rapid increase of
fluorescence emission), which competes with energy
redistribution from the closed centers. This behaviour,
according to our model (Eq. 17; Fig. 1C), would be the
consequence of the formation of sink RCs (sRCs). In the
same way, the increase in DIo/RC (energy dissipated by
RC at time zero) and ¢p, (yield of energy dissipated) for
successive light pulses on the DCMU-treated algal cells
(Fig. 8) indicates an increase in energy dissipation by
SRCS. Therefore, the JIP-test data of DCMU-treated Tre-
bouxia cells are consistent with the model proposed for
sRCs.

We also investigated if the formation of sink RCs was
possible in the absence of DCMU. We observed that in
experiments where successive saturating pulses were
applied (Fig. 9), after the second pulse, the S, (comple-
mentary area) versus V, (relative variable fluorescence)
curves approach a horizontal hyperbola. This curve can, in
turn, be deconvoluted (Eq. 18) to two horizontal hyper-
bolic functions, each one representing a sub-population of
active RCs with different connectivity (p,g). The main
subpopulation (~ 72 % of the active RCs) remains constant
in size and with a very high connectivity (p,g ~0.97) from
the second until the last (fifth) pulse (Fig. 9B, C, red
squares). However the second subpopulation (Fig. 9B, C,
green triangles) was characterized by low connectivity
after the first pulse (pog ~0.03) which is lost (pyg = 0)
after the following pulses. We emphasize here that the only
solution that we have found (following Strasser’s energy
flux theory for a bipartite model) to explain the occurrence
of horizontal hyperbola in B, (proportion of closed RCs)
versus V, (relative variable fluorescence) curves is the
formation of RCs that apparently behave as energy sinks
which take excitation unidirectionally from other RCs
(Fig. 1B). Hence, the formation of sRCs is not restricted to
DCMU-treated algae. Further, we found that when per-
forming the saturation-pulse kinetic method, at the fluo-
rescence emission maximum during the Kautsky transient,
when @pg; is at a minimum and @no (the proportion of
energy trapped by PSII that is neither transformed in
photochemistry nor in NPQ) is at a maximum, the St
(complementary area) versus V, curves derived from the
fluorescence transient are also hyperbola with a horizontal
asymptote, which fit in with Eq. 16. Then, the questions
arise about how light energy captured by all the centers can
be unidirectionally directed to SRCs and what is the nature
of these centers. We suggest, as a hypothetical explanation,
that the excitation energy, after the RCs are closed, can be
directed to alternative acceptors which act as actual energy
sinks. In other words, after closure of the RCs, an energy
spillway is opened and this energy is directed to a sink.
Consequently, it implies that the probability of energy
transfer from the antenna to that sink (in a SRC) becomes

greater than the probability of returning energy to another
antenna system. This hypothesis can be supported by ear-
lier observations, most of them related to desiccation-as-
sociated processes in poikilohydric photoautotrophs
(Kopecky et al. 2005; Kranner et al. 2005; Heber and
Shuvalov 2005; Heber et al. 2006). There is, for instance,
increasing evidence for zeaxanthin-independent dissipation
of excess light energy within the RC of PSII, involving
several possible pathways for non-radiative QA decay
(Ivanov et al. 2008; Yamakawa et al. 2012). Heber et al.
(2007) proposed that desiccation-induced conformational
changes of a chlorophyll protein complex result in fast,
radiation-less dissipation of absorbed light energy. In
another article, Heber et al. (2011) concluded that: “under
desiccation, photoprotection is achieved by drainage of
light energy to dissipating centers outside the RCs before
stable charge separation can take place”. Reversible
quenching of fluorescence by strong illumination is sug-
gested to indicate the conversion of the RCs from energy
conserving to energy dissipating units. This permits them
to avoid photoinactivation”. Slavov et al. (2013) described
that in the hydrated state of Parmelia lichen, a special far
red (F740) emitting antenna complex is present. This
complex would become a quencher in the desiccated state,
although no pronounced quenching is observed in the
hydrated state. Slavov et al. (2013) proposed that PSII in
the hydrated lichen is in a kind of “semi-quenched” state
where a small amount of Chl — Chl charge transfer states
are formed in the antenna, which, however, does not lead to
a pronounced quenching yield. Treves et al. (2013) made a
first report of a desert Chlorella (in the same group—
Trebouxiophyceae—of green microalgae as the study
species) with a very large, regulatable capacity to dissipate
excitation, possibly through accelerated re-combinations.
Since the desert Chlorella faces challenges similar to the
lichen Trebouxiophyceae phycobionts studied here, we
could be uncovering a related phenomenon, which may
prove to be a property of this group of green microalgae.
Interestingly, Heber (2008) found that better protection is
achieved during the dry state if the chlorolichen was des-
iccated under light rather than under darkness. Activation
of zeaxanthin-dependent energy dissipation by protonation
of the PsbS protein of thylakoid membranes was not
responsible for the increased loss of chlorophyll fluores-
cence by the lichen Cladonia rangiformis during drying in
light. Heber (2008) concludes that light interacts with
structural changes providing increased photoprotection.
The ecophysiological significance of the formation of
sink centers could be to prevent damage under strong
fluctuating light conditions when lichens are in a hydrated
state, such as at the end of diurnal spring or summer
storms. Frequent drying and wetting cycles, and the cor-
related inactivation and re-activation of photosynthesis,



leads to a pattern observed in most terrestrial habitats and
produced, for example, by nocturnal dewfall or fog (Lange
1970; Kershaw 1985; Pospisil and Dau 2000; Okegawa
et al. 2010). Sunrise activates net photosynthesis (CO,
exchange above the zero line), but the peak is not reached
until 1-2 h later, when the water content of the lichen starts
to decrease (Lange 1970; Kershaw 1985; Belnap et al.
2003; Lange et al. 2006; del Prado and Sancho 2007). The
net photosynthesis rate of lichens depends in a large part on
the water content of their thalli (Lange et al. 2006; del
Prado and Sancho 2007; Belnap et al. 2003). In many
lichens, when the thallus is fully saturated with water,
diffusion of CO, to the chlorobiont is hindered, and the
CO, assimilation rate does not reach a maximum (Lange
and Tenhunen 1981), thus potentially exposing the organ-
ism to light damage. This scenario can be avoided by
invoking the mechanism discussed in this paper, as it will
contribute to preventing light damage during excess of
light or after an abrupt change of light intensity when the
lichen is fully hydrated.
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