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Introduction

The photosynthetic process

Photosynthesis is the basic process that modelled the biosphere, creating and sustaining the food chain. Solar
energy trapping is the trigger to convert water and CO, into complex organic molecules, which are the basis
to ensure life on Earth. Moreover, oxygenic photosynthesis produces molecular oxygen (O.) as a side-product,
which is responsible for the formation of the ozone layer, the evolution of the aerobic respiration, and
consequently the proliferation of multicellular organisms. Plants, algae, and cyanobacteria are the
photosynthetizers which provide the biosphere with both the organic compounds (such as glucose, sucrose,
and starch) and the O,.

The overall process is conventionally divided into two phases. In the first set of reactions, called the “light
reactions”, solar energy is trapped and used to oxidize water to produce oxygen, protons, and electrons, leading
to the reduction of NADP* to NADPH and the production of ATP. In the second phase, namely the “dark
reactions”, NADPH and ATP are used to fix the atmospheric CO; to produce glucose. The two phases and the

overall process can be summarized as follows to yield one glucose molecule:

Light reactions: 12H>O + light energy — 60, + 24H" + 24e~
Dark reactions: 6CO, + 24H" + 24e” — CsH 1206 + 6H2O
Overall: 6CO; + 12H,0 + light energy — CsH 1206 + 60, + 6H20.

Photosynthetic process annually converts approximately 200 billion tons of CO; into organic compounds while
releasing around 140 billion tons of O; in the atmosphere (Johnson, 2016). Nearly half of photosynthesis on
Earth is operated by cyanobacteria, while the rest is provided by algae and plants.

In vascular land plants, photosynthesis takes place in leaves. Both light and dark reactions take place inside
the chloroplast, an organelle that, with very few exceptions, is lens-shaped and 2-3 pm in length: in every
photosynthetic cell, around 100 chloroplasts are present. Each chloroplast is enveloped by two outer
membranes delimiting the stroma, an aqueous space containing the thylakoids (Fig. 1). The thylakoids can be
seen as a single, continuous, and closed membrane layer, whose shape and organization is modulated in
response to external stimuli. The thylakoid contains an aqueous space, the thylakoid lumen, and is the site
where the light reactions occur (Fig. 2).

The trigger of photosynthesis, i.e., the oxidation of water, is operated by a large chlorophyll-protein complex
embedded in the thylakoid membrane, the Photosystem II (PSII). The oxidation of water produces O as a by-
product and reduces the first mobile electron acceptor of the electron transport chain, the plastoquinone (PQ).
The reduced PQ (plastoquinol, PQHb>) serves as a carrier for the reduction of the subsequent enzymatic member
of the electron transport chain, the Cytochrome bgr (Cyt bgy). After the oxidation of the PQH; to PQ, the Cyt bsr
continues the electron transport chain by reducing the plastocyanin, a small water-soluble copper-protein that

needs a second light-driven reaction to return to its oxidized form. The second light-driven reaction involves
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another large protein-chlorophyll complex, the Photosystem I (PSI). PSI complex harvests light and catalyzes
the oxidation of plastocyanin and the reduction of the stroma-soluble mobile electron carrier ferredoxin. The
final step of the electron transport is operated by the ferredoxin-NADP" oxido-reductase, the enzyme that uses
the reducing power provided by ferredoxin to reduce NADP* to NADPH. This sequence of oxidoreductions
constitutes the linear electron transport and is summarized by the Z-scheme (Fig. 3).

The Z-scheme provides important insights about the energetic balance of the light reactions. Most of the
electron transfer steps happen between redox couples with low potential to redox couples with higher potential
(Fig. 3). Since all these steps are exergonic, the products of every reaction have a lower energy content
compared to the reagent. However, light-driven reactions include two endergonic processes in which PSII and
PSI harvest energy in form of photons and funnel the excitation to a special chlorophyll inside each reaction
center (P680 in PSII, P700 in PSI), causing the transition of one electron of the chlorophyll molecule to a
higher energetic level. The excited chlorophyll reduces the subsequent acceptors in the chain, and once
oxidized to a chlorophyll radical cation, it is brought back to its basal energetic level with an electron extracted
from water (PSII) or plastocyanin (PSI).

Oxidation of water is not only the trigger of photosynthesis and the responsible for O, production, but it also
releases protons that are pumped into the thylakoid lumen (Fig. 3). The creation of a proton gradient across
the thylakoid membrane is also sustained by the PQH, oxidation operated by the Cyt bsf'and serves as a store
of free energy. The only proton way back across the thylakoid membrane to restore the electrochemical balance
between stroma and lumen is the ATP synthase. This enzyme works as a molecular motor, allowing protons
to pass from the high proton-concentrated lumen to the low proton-concentrated stroma. The energy made
available by the process is used for the endergonic synthesis of ATP from ADP and inorganic phosphate, a
process known as photophosphorylation.
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Figure 1. Chloroplast schematic structure and inner organization with the special division between dark and light reactions (from
Johnson 2016).
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Figure 2. Organization of the thylakoid membrane complexes involved in the linear electron transport chain (from Johnson 2016).
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Figure 3. Z-scheme and redox potential relative to each step of the linear electron transfer (from Johnson 2016).




Structure and organization of the photosynthetic membrane in land plants

In the chloroplasts of land plants, the thylakoid system organizes into stacks of appressed thylakoids, called
grana, and thylakoids entirely exposed to the stroma, namley the stroma or intergrana thylakoids connected to
the grana (Fig. 4). A granum has a cylindrical shape and is composed of several layers (5 to 20) of appressed
thylakoids (Rantala et al. 2020). The diameter of the cylinders is almost invariably in a range between 300 and
600 nm depending on the plant species and the light conditions. Light also has an influence on the granum
thylakoid lumen width (from 4.5 nm in darkness to 9 nm in the light) and the proportion of grana membranes
on the total amount of thylakoid membranes.

Stroma thylakoids have a lamellar shape and interconnect the grana. Such structures tend to be less abundant
than the grana domains, but their proportion also varies largely depending on the illumination conditions.
The grana-intergrana differentiation depends on the ability of the thylakoids to adhere at their stromal side,
generating appressed and non-appressed domains of the photosynthetic membrane. The appressed domains are
exclusive of the granum core; the non-appressed domains characterize the stroma thylakoids, but also the upper
and lower granum end membranes, as well as the grana margins. In fact, a third fraction of the thylakoid
membranes exists and is constituted by the grana margins located at the border of each granum. Two theories
have been proposed about the exact location and composition of such structures: in the first, grana margins are
deemed to be highly curved regions of the grana membranes, not containing proteins (Armbruster et al. 2013);
a second hypothesis proposed that grana margins are large annular rings at the periphery of the grana stacks,

enriched in protein complexes (Danielsson et al. 2004).
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Figure 4. Schematic side and top views of the thylakoid membranes structure and organization inside the chloroplast. Green portions
of the thylakoid membranes represent the grana, which are characterized by a cylindrical tridimensional structure. Orange portions are
the stroma regions/lamellae, which interconnect the separated grana domains. Image from Johnson and Wientjes (2020)

The tridimensional organization of the thylakoid system in land plants has been a hotly debated topic for many
decades (reviewed by Kirchhoff 2019, Staehelin and Paolillo 2020). At present, reliable tridimensional
reconstructions of the granum are available based on cryo-electron tomography and illustrate the very complex
relation between the granum and the surrounding stroma thylakoids, as well as the plastoglobuli associated
with the membranes (Fig. 5). The tridimensional models of the grana may help solve disputes about the

organization of the grana margins, which include two types of membranes: the margins proper, that is flat



regions of continuity between the appressed grana regions and the stroma thylakoids, and the curvature areas,

that is the highly bended regions of the granum thylakoid (Rantala et al. 2020).

grana thylakoids

plastoglobule stroma thylakoids

Figure 5. Model of thylakoid membranes based on electron tomographic images. The stroma thylakoids are arranged spirally at the
border of each granum, forming right-handed helices. The tridimensional connection of stroma thylakoids involves bifurcations that
create left-handed helices. The plastoglobuli are in continuity with each other and with the membranes (from Staehelin and Paolillo

2020).

Photosynthetic complexes are distributed unequally in the two fundamental domains of the thylakoid
membrane, i.e., appressed and non-appressed. PSII and its light harvesting complex (LHCII) are present in the
grana and become particularly dense in their inner part, the grana core. PSI, its light harvesting complex
(LHCI), and the ATP synthase are found only in the stroma lamellae since their respective size hinders the
possibility for them to enter the grana core. Particularly, their stromal protrusions are too large to be
accommodated in the narrow space between the stacked membranes, the so-called stromal gap or grana
partition. The third complex, Cyt b¢f, is ubiquitous, and can be differently distributed between the two domains
according to the light condition (Johnson et al. 2014). This uneven distribution of the complexes along the

thylakoid membrane is called the “lateral heterogeneity” (Andersson and Anderson 1980).

Supramolecular organization of the photosystems in land plants

The event of light absorption is operated by the LHCII and LHCI antennae energetically connected to PSII
and PSI, respectively.

The PSII monomer is formed by 20 to 23 protein subunits and includes several pigments, including chlorophyll
a, pheophytin and carotenoids, together with co-factors like the quinones (Rantala et al. 2020). The reaction
center is located in the inner region of the core and it is constituted by PsbA (D1), PsbD (D2) and Psbl subunits
together with the o (PsbE) and B (PsbF) subunits of the Cytysso, and it is connected to two large chlorophyll a-
binding harvesting complexes, the CP43 and CP47 inner antennae (Rantala et al. 2020). Associated to the PSII
core are six types of Lhcb proteins subunits, which form the light harvesting complex of the PSII (LHCII).
Three of these subunits (Lhcb4, Lhcb5, Lhcb6) are directly bound to the PSII core and serve as an energetic
bridge to connect the PSII core with the major antenna trimers formed by combinations of Lhcb1, Lhcb2 and
Lhcb3 subunits. The LHCII subunits host chlorophyll @, chlorophyll » and xanthophylls, the most abundant of

which is lutein.



The complete functional unit of the charge separation is the PSII-LHCII supercomplex. A single supercomplex
is composed of a dimeric PSII core complex (C,) connected with a variable amount of peripheral antenna
complexes (Fig. 6). The different degrees of association between the core dimers and the antennae are dictated
by the strength of their binding. One PSII dimeric core strongly connected with two LHCII trimers, each
constituted by Lhcbl and Lhcb2, along with the bridging antenna monomer Lhcb5, forms the minimal PSII-
LHCII supercomplex, namely the C,S,. Other two LHCII trimers formed by Lhecbland Lheb3, together with
the bridging antenna monomers Lhcb4 and Lheb6, can be moderately bound to the C; core to build the C,S:M,
supercomplex (Fig. 6). The dimeric core of PSII can be involved in a further connection with one or more
antenna trimers composed of Lhcbl and Lhcb2, which are considered as loosely bound antennae, to form
putative C>S;M,L, supercomplexes. L-trimers constitute the largest pool of trimeric antennae and are also
known as “free trimers” or also “extra-LHCII” (Kouril et al. 2013), since they form the lake of antennae in
which the PSII-LHCII supercomplexes are immersed in the grana core membranes and, moreover, can
establish transient labile associations with both PSII and PSI in the grana margin regions, i.e., the thylakoid
regions in which the two photosystems are closer to each other (Suorsa et al. 2015, Grieco et al. 2015, Rantala
et al. 2017). Such flexibility of the L-trimers is extremely important because it allows to balance the excitation
between the two photosystems depending on the light conditions (Wientjes et al. 2013, Goldschmidt-Clermont
and Bassi 2015). Moreover, some studies converged on the idea that L-trimers can mediate the formation of a
megacomplex involving PSII and PSI, with bridging LHCI and LHCII, in the grana margins (Suorsa et al.
2015, Grieco et al. 2015, Rantala et al. 2017). Different from the PSII-LHCII supercomplexes, the PSI-LHCI-
PSII-LHCII megacomplexes have not been revealed by electron microscopy yet. While the energetic
connection between PSI and PSII in putative megacomplexes has been documented (Yokono et al. 2015,
2019), an open question still exists whether the megacomplexes are individual supramolecular entities or,
alternatively, the result of artifactual aggregations due to the use of detergents to solubilize the membrane
(Galka et al. 2012).

The second complex of the thylakoid membrane is the PSI complex. PSI core is formed by a PsaA/PsaB
heterodimer and also contains the cofactors that enable the electron transfer: 6 chlorophyll @ molecules, 2
phylloquinones and a FesS4 cluster (Caffarri et al. 2014). PSI core includes a set of other subunits (PsaC-L,
PsaN, PsaO) among which PsaC binds the redox active Fe4S4 cluster and, together with PsaD and PsaE, serves
as the docking site for ferredoxin on the stromal side of the PSI (Fig. 7, Rantala et al. 2020). The formation of
the PSI-LHCI supercomplex is mediated by the PsaF subunit of the PSI complex (Boekema et al, 2001).
Differently from the LHCII, LHCI is composed of two types of heterodimeric subunits: Lhcal/Lhca4 and
Lhca2/Lhca3, both located at one side of the PSI core like a belt (Fig. 7). On the other side, the PSI core is
available to the transient association with one LHCII trimer, originating a PSI-LHCI-LHCII supercomplex
known as the “state transition complex” (Pesaresi et al. 2009). At the PSI side opposite to the LHCI belt, the
docking site for LHCII to PSI is constituted by Psal., PsaH, and PsaO subunits of PSI core, with a stabilizing
role proposed for the Psal subunit (Pan et al. 2018, Plochinger et al. 2016). Because LHCI significantly affects



the energy transfer from LHCII to PSI, another route exists for LHCII to serve PSI through the mediation of
the LHCI belt (Benson et al. 2016).

PSII dimer
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Figure 6. Structure and components of the PSII-LHCII supercomplexes. In the upper part are depicted the interaction between the S-
and M-trimers with the PSII dimer to form the C2S2M2 supercomplex. In the lower part is represented the C2S2MzL2 formation due to
the binding of the L-trimers (from Rantala et al. 2020).
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Figure 7. Structure and components of the PSI-LHCI supercomplex. In the upper part is represented the formation of the PSI-LHCI
supercomplex mediated by PsaF. In the lower part is reported the binding of L-LHCII trimers to PsaH mediated by PsalL and PsaO
when LHCII is performing the harvesting function for the PSI (from Rantala et al. 2020).

Regulation of the light energy management in land plants

The high level of organization of the thylakoid membrane is a key factor that allows plants to dynamically
acclimate to light fluctuations, from short (seconds, minutes) to long (hours, days, season) timescales. At the
photosynthetic membrane level, the principal mechanisms that are adopted by plants in response to the
everchanging light conditions involve adjustments of the light harvesting process, dissipation of the excess of
absorbed energy, and photosynthetic regulation of electron transport between the two photosystems.

The light harvesting complexes rearrangement on the short timescale ensures the correct repartition of the
excitation energy between PSII and PSI in response to their unbalanced excitation. This unbalance is mainly
due the quantity and quality of the light available to the plant. Light can be scarce and therefore limiting for
the photosynthetic carbon fixation at sunrise, sunset and on cloudy days (Johnson and Wientjes 2020). In these
conditions, PSII tends to be overexcited in comparison to PSI (Wientjes et al. 2013). The sensor of the
unbalance between PSII and PSI is the redox state of the PQ pool: the accumulation of PQH> on the binding
site of the Cyt b¢f leads to the activation of the kinase STN7 and the phosphorylation of the LHCII antenna
associated to the PSII (Horton and Black 1980). Phosphorylated LHCII trimers are charge-repulsed by the
grana domains and migrate to the stroma lamellae domains, where they become an antenna for PSI (Sheng et
al. 2021). According to a wider context interpretation, the LHCII-L trimers form a lake embedding both PSII
and PSI, and they mediate an extensive energetic connectivity of the photosystems even in the absence of
phosphorylation. Therefore, the LHCII trimer movement from PSII to PSI should be considered as a particular

aspect of a more extensive mobility of phosphorylated LHCII under the low-light-acclimated state to enhance
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the PSI-LHCII interaction and relieve the potential over-excitation of PSII (Grieco et al. 2015). In contrast,
shadowing due to the presence of upper leaves (from the same plant or from other plants) modifies the quality
of the light. In fact, since the photosynthetic pigments absorb preferentially blue and red light, the shadowed
leaves are exposed to a green and far red-enriched light, the latter being preferentially absorbed by PSI. The
overexcitation of PSI is also sensed by the PQ cool, which in this case is mostly found in its oxidized form and
less interacting with the Cyt b4f. As a response, the STN7 kinase is inactivated, allowing the dephosphorylation
of LHCII by the constitutively active TAP38 phosphatase and the migration of the LHCII back to the grana
regions, where they enlarge the antenna size of PSII to maximize its light harvesting capacity (Pribil et al.
2010). The two opposite processes, modulated by the dual activity of STN7 and TAP38, are called state
transition 1 and state transition 2, respectively.

In presence of high light, the harvesting process is no more limiting, whereas the limit to photosynthesis is
imposed by the saturation of the electron sink represented by the Calvin-Benson-Bassham Cycle enzymes
(Farquhar et al. 1980, Horton 2012). Consequently, a bottleneck for the electron transport is formed beyond
PSI, saturating the electron transport chain, and increasing the persistency of excited chlorophyll states. When
chlorophyll remains excited for a longer-than usual time, the probability of the chlorophyll triplet state
formation increases, thus leading to the generation of singlet oxygen in PSII and to the reduction of O, to
superoxide in PSI. When reactive species of oxygen are formed, they can easily react with the surrounding
environment, leading to the photoinhibition and photodamage of the two photosystems (Li et al. 2009). The
photosynthetic membrane employs three main mechanisms to avoid the photodamage of PSII and PSI: the
“high-energy” dependent non-photochemical quenching of chlorophyll fluorescence (qE, Ruban 2016), the
photosynthetic control of the linear electron transport operated at the Cyt bgf (Takagi et al. 2017), and the O,
photoreduction by the pseudocyclic electron flow (Chaux et al. 2015).

qE is usually the major component of the measurable non-photochemical quenching of chlorophyll
fluorescence (NPQ) and sometimes the scientific literature has used the two terms as quasi-synonyms.
However, NPQ is a complex phenomenon, hiding a multiplicity of processes together with qE (Gilmore et al.
1998), such as the occurrence of state transitions that reduce the antenna cross section of PSII (qT, Demmig et
al. 1987, Quick and Stitt 1989), long-lasting zeaxanthin dependent quenching (qZ, Nilkens et al. 2010), PSII
photoinhibition (ql, Aro et al. 1993, Nawrocki et al. 2021), chloroplast avoidance movements (@M, Cazzaniga
et al. 2013), sustained quenching processes (qH and others; Demmig-Adams et al. 2015, Malnoe et al. 2017)
and energy spillover from PSII to PSI (Tiwari et al. 2016; extra-qT Ferroni et al. 2018). gE and photosynthetic
control are activated by the progressive acidification of the thylakoid lumen due to the proton-pumping activity
of PSII oxygen evolving complex and the PQH, oxidation at the Cyt bsf; importantly, the extent of the proton
concentration difference between stroma and lumen also depends on the proton conductance through the ATP
synthase (Kramer et al. 2004). The activation of qE is promoted by the protonation of the PsbS lumen-exposed
residues (Li et al. 2004) and the activation of the violaxanthin de-epoxidase enzyme, responsible for the
conversion of violaxanthin to zeaxanthin (Jahns et al. 2009). Zeaxanthin and PsbS are modulators of the NPQ

activity, which is considered the result of a conformational change involving PSII and LHCII, although the
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precise mechanism and location of the quenching site continues to be a debated issue. According to a
predominant idea, the switch from harvesting to dissipative/photoprotective conformation involves the major
LHCIL, which is considered the quenching site of qE (Horton et al. 1996). In this scenario, such switch is
produced by a progressive detachment of the LHCII antennae from the PSII supercomplexes, leading to a
decrease in the PSII antenna size and the aggregation of the detached LHCII, which quenches the energy of
the photons that it has absorbed (Betterle et al. 2009, Ruban 2018). Actually, the minor monomeric PSII
antennae can also act as quenching sites, leading to an extension of the above mentioned scenario to include
two quenching sites, i.e., the LHCII trimers and the minor antennae (Holzwarth et al. 2009). Another
hypothesis does not involve any disassembly of the PSII supercomplex but a change in the functionality of the
LHCII: in this case, the sites of quenching are not only the minor and major antenna complexes, where qE
depends on PsbS, but also the RC itself (Nicol et al. 2019, Bielczynski et al. 2022).

The ApH formation across the thylakoid membrane is also the trigger for the activation of the photosynthetic
control of the electron flow included in the P700 oxidation system (Takagi et al. 2017, Shimakawa and Miyake,
2019). Avoiding the overreduction of PSI is extremely important in land plants, since the damage of the latter
could require up to several days to be reversed (Sonoike 2011, Lima-Melo et al. 2019, Rodriguez-Heredia et
al. 2022). This simple observation leads to consider that the regulation of the membrane should primarily limit
the accumulation of electrons reaching PSI and not efficiently flowing out of it. A well-regulated
photosynthetic membrane will therefore favor the donor-side limited, oxidized state of PSI, because a reaction
center with P700" is stably photoprotected, P700" itself acting as a thermal quencher of excitation (Bukov and
Carpetier 2003). The maintenance of oxidized P700 is ensured by the presence of flavodiidron proteins (Flv)
in bryophytes, pteridophytes and gymnosperms, with Flv acting as oxidizers on the PSI acceptor side to prevent
the reduction of the latter (Takagi et al. 2017). In angiosperms the principle is the same, however, given the
absence of Flv, other mechanisms operate to ensure the P700 oxidation (Takagi et al. 2017). The P700
oxidation system includes a PSI donor-side mechanism, represented by the limitation of linear electron
transport at the Cyt bgf, and mechanisms operating at the PSI acceptor side, which increase the efficiency with
which electrons are removed from PSI. The latter are the cyclic electron flow around PSI, the photorespiratory
carbon oxidation, and the exploitation of electron sinks alternative to photosynthesis and respiration (reviewed
by Shimakawa & Miyake 2018).

Cyt bef plays an important role in controlling the electron transfer between PSII and PSI, acting as donor-side
regulator of the electron flow to PSI. In presence of high light and following the formation of the ApH across
the thylakoid membrane, Cyt b4f'is subjected to a downregulation which constrains the electron transfer from
PQH; pool and the oxidized plastocyanin; the change occurs in favor of the cyclic electron transport and
reduces the electron pressure on the PSI acceptor side (Huang et al. 2018, Yamamoto and Shikanai 2019, Tan
et al. 2020, Zhang et al. 2021). In the cyclic electron transfer, electrons are recycled from the acceptor side of
PSI to the PQH: pool through ferredoxin, going backwards to PSI via Cyt bsf and plastocyanin. Hence, cyclic
electron transport does not contribute to form NADPH, whereas it supports the formation of ApH across the

thylakoid membrane, thus enabling the synthesis of ATP. Being a modulator of ApH, cyclic electron transport
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is an activator of both gE and photosynthetic regulation (Johnson and Wientjes 2020). Two distinct pathways
are involved in cyclic electron transport: one is the chloroplast NADPH- dehydrogenase (NDH) dependent
pathway, where the NDH mediates the electron transfer from ferredoxin to PQ, while pumping protons into
the thylakoid lumen (Schuller et al. 2019); the second mechanism is the PGR5-PGRL1-dependent pathway, in
which PGR5-PGRL1 can be itself the oxido-reductase for the ferredoxin-PQ couple or, alternatively, it can
regulate the PQ reduction state at the Cyt bsf level (Joliot and Johnson 2011). Observational evidence shows
that the relative importance of the mechanisms alleviating the electron pressure on PSI at the acceptor side is
variable depending on the plant material and the experiment, e.g., the environmental adaptation of the species
and the stress under which the regulatory mechanisms have been probed (Zivcak et al. 2013, Sun et al. 2020,
2021, Shi et al. 2022).

The final level of short-term response in light energy management in the photosynthetic membrane is due to
ultrastructural changes in the thylakoid. STN7 kinase activity is suppressed when the photosynthetic membrane
is exposed to high light due to negative regulation by thioredoxin and ApH (Fernyhough et al. 1984, Rintamaki
et al. 2000, Mekala et al. 2015). The increase in non-phosphorylated LHCII results in a general increment of
grana diameter and thylakoid stacking degree because of the tendency of the LHCII trimers to stabilize the
granum layers (Johnson and Wientjes 2020). A progressive compartmentalization of the PQ pool also occurs,
which is hindered in reaching the Cyt bsf population residing in the stroma lamellae and, therefore, less
subjected to oxidation (Wood et al. 2020). Increase in grana size and stacking was proposed as a trigger of the
cyclic electron transport (Johnson 2018, Wood et al. 2020). Larger grana are also present in dark condition and
when shade is provided by upper leaves, which over-excite the PSI as previously mentioned. A most recent
hypothesis invites to consider the general ultrastructural level as a site of regulation beyond the individual
mechanisms involving the molecular and supramolecular level (Gu et al. 2022). It is proposed that grana stacks
control photosynthesis through thylakoid swelling/shrinking induced by osmotic water fluxes: such changes
could modify the diffusional pathlengths of mobile electron carriers, help the division of function of Cyt bsf
complex between linear and cyclic electron transport, modulate the luminal pH via osmotic water fluxes with
impact on the qE extent and kinetics.

Long term light acclimation acts at the gene expression level to fine-tune the thylakoid structure for an optimal
light harvesting capacity in coordination with the carbon fixing potential of the plant (Anderson 1986). For
instance, long-term light acclimation to high light induces a reduction in the grana size and stacking due to the
decrease in the LHCII population, which in turn is accompanied by an increase in the electron transport
capacity (Schumann et al. 2017). The reduction in grana size is accompanied by an increase in the ATP
synthase expression, which is hosted in the increasingly available stroma lamellae, thus leading to an increased
ATP production in plants long-term acclimated to high light. Conversely, low light long-term acclimation
promotes an increased light harvesting capacity for PSII (Johnson and Wientjes 2020). The long-term light
acclimation has also an impact on the PSI/PSII stoichiometry, but the direction of the change seems to depend
on the plant material. Along with these main molecular and structural modulations, the sun-shade acclimation

involves a large number of additional changes, which are summarized in Table 1 (Anderson et al. 1988,
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Lichtenthaler and Babani 2004, Schéttler and Toth 2013, Zivcak et al. 2014, Schumann et al. 2017, Mathur et

al. 2018).
Phenotypic trait Sun Shade
(or high light or blue light) (or low light or far red light)

Ultrastructure

Chloroplast size Regular Large

Thylakoid/stroma volume Small Large

(or thylakoid extension)

Stacking degree (thylakoids/granum) Low High (up to hundreds of
stacked thylakoids under deep
shade)

Appressed/Non-appressed membranes 1-1.5 4-5

Starch granules Abundant Small or absent

Photosynthetic pigments

Chlorophyll content per chloroplast Low High

Chlorophyll a/b ratio 2.9-4.5 2.3-2.8

Chlorophylls/carotenoids 4.3-5.5 5.5-7.0

Xanthophyll cycle pigment pool Large Small

Photosynthetic complexes

Reaction centres/Chlorophyll High Low

LHCII/Chlorophyll Low High

Electron transport chains/Chlorophyll Many A few

Electron transporters per chain High A few

LHCII/PSII Low High

PSI/PSII 0.6-1.0 Lower if plant grown under far
red enrichment (0.4-0.5),
similar or higher if not

ATP synthase activity /Chlorophyll High Low

Cyt b6f/Chlorophyll High Low

PsbS/Chlorophyll High Low

Photosynthetic function

Carbon fixing capacity

High (up to 40 pmol CO; m2s™h)

Low (<10 umol CO, m?2s™h

Intensity required for saturation of electron
transport

High

Low

Reaction centers activity High Low
Linear electron transport/Chlorophyll High Low
PSII functional antenna size Small Large
PSII connectivity High Low
PSII quantum efficiency (actual quantum yield | High Low
based on the same irradiance)

Cyclic electron flow High Low
Thermal dissipation (NPQ) High Low
Susceptibility to PSII photoinhibition Low High

Table 1. Contrasting photosynthetic characteristics of sun- and shade-acclimated angiosperms.
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Principles of chlorophyll a fluorescence measurement

A complete description of the biophysical processes underlying light absorption and photosynthetic electron
transport is necessary to understand the regulatory mechanisms through which the plant optimizes its
photosynthetic efficiency under various environmental conditions. Measurements of chlorophyll a
fluorescence (ChlF) are used to obtain detailed information regarding the primary events of light harvesting
and conservation in the electron transport chain (Kalaji et al. 2017) and, more specifically, regarding the
photochemistry of PSII. The two most widespread methods of ChlF analysis are pulse amplitude-modulated
fluorimetry (PAM) and continuous excitation fluorometry (Kalaji et a. 2014). The former is popular for the
quenching analysis of ChlF, the latter was mainly designed for the study of the fast polyphasic kinetics of ChlF
induction. Nonetheless, both methods can be used for both types of analysis (Kalaji et al. 2014).

PAM fluorometry, quenching analysis and energy partitioning

PAM fluorimetry is widely used to study the photochemical efficiency of PSII and the function of the entire
electron transport chain by means of the light re-emitted by PSII as fluorescence following excitation (Kalaji
et al. 2014, Baker 2008). To understand the principles of the PAM technique, it is important to consider the
concept of fluorescence intensity and fluorescence yield. Fluorescence intensity is an absolute value that
depends on illumination conditions and can vary by many orders of magnitude, because the intensity of
fluorescence emission is proportional to the intensity of excitation; fluorescence yield, on the other hand, is
much less variable because it expresses the ratio of re-emitted photons to absorbed photons. In PAM
fluorimetry, the light source used to measure fluorescence is modulated, that is, applied in the form of very
short (1-3 ps) high-frequency (100 Hz) pulses, and the measurement is performed only on the part of the
fluorescence generated by the modulated pulses. For this reason, the fluorescence yield of these pulses can be
measured under any environmental illumination condition, including solar illumination. The light received by
the sample, different from the measuring system lights and producing a biological effect (activation of
photosynthesis and associated regulatory processes), in called “actinic light”. Two conditions are therefore
considered for the study of PSII by the PAM method: i) dark-acclimated sample, ii) light-acclimated sample,
i.e., exposed to actinic light.

Under the conditions in which a sample is incubated in the dark for a sufficient time prior to analysis,
plastoquinone Q4 is in a fully oxidized form and PSII is in the so-called ‘open’ state, i.e., it is available to
perform charge separation as soon as it is reached by a photon/exciton. By applying a weak measuring light
(ML) of very low intensity and unable to start the electron transport chain, a fluorescence signal Fo is obtained,
representing the baseline fluorescence in the dark-acclimated state. The moment the sample is subjected to a
saturating light pulse (Saturation Pulse, SP), lasting less than one second and of very high intensity (as high as
10-15.000 pmol photons m? s™!), Qa is completely reduced and all PSII are in the 'closed' state, i.e., no longer
available to perform further charge separation. Following the gradual closure of all PSII centers, the
fluorescence increases until it reaches its maximum value, Fm (maximum fluorescence in the dark-acclimated
state) (Baker 2008) (Fig. 8). This interpretation of the ChlF fluorescence increase from Fo’ to Fm’ follows the
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pure “Qa model” originally proposed by Duysens and Sweers (1963) and commonly accepted as a good
approximation (Stirbet and Govindjee 2012, Tsimilli-Michael 2020). Nevertheless, alternative models exist

and will be shortly mentioned in the paragraph dedicated to the continuous excitation fluorescence.
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Figure 8. Example of a chlorophyll fluorescence analysis routine performed in Selaginella martensii. Prior to the start of the light-
response curve, the leaf was acclimated to dark in order to open all the reaction centers and reach basal fluorescence level Fo. After
the application of a saturating pulse, the maximum fluorescence emission in the dark-acclimated state is reached (Fm), i.e., the
fluorescence emitted when all the reaction centers are closed. During the light curve, the leaf is exposed to increasing actinic light
intensities, and saturating pulses are applied every 5 minutes to measure the quenching of the maximum fluorescence (Fm’). After the
saturating pulse, the plant is exposed to 7 seconds of far-red light to temporarily oxidize the PQ pool and obtain the minimum
fluorescence level in the light-acclimated state (Fo’). The fluorescence level measured at any given moment of exposure to actinic light
illumination is Ft.

The difference between Fm and Fo is called the PSII variable fluorescence, Fv, while the ratio Fv/Fm is used
as an estimate of the maximum photochemical quantum yield of PSII in the dark-adapted sample. Fv/Fm is
the most frequently used fluorescence ratio to assess the maximum photosynthetic efficiency of PSII, and its
value could theoretically range between 0 and 1. In fact, in unstressed C3 vascular plants, its value is about
0.83, meaning that 83% of the absorbed light is used by PSII to accomplish photochemical processes, while
the remaining 17% is dispersed in dissipation processes including fluorescence itself (Hendrickson et al. 2004).
Actually, since fluorescence is generally probed in the near far red spectral region (>700 nm), there is a non-
negligible contribution of PSI fluorescence emission to the Fo value, leading to an underestimation of Fv/Fm

(Pfiindel 1998). In C3 plants, a more close-to-real Fv/Fm value is estimated as 0.88 (Pfiindel 1998, Wientjes
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et al. 2013b); although it is possible to correct the measured Fv/Fm for the PSI contribution, this option remains
seldom applied in the routine (Kalaji et al. 2017).

When a plant is subjected to stress, 'unregulated' dissipation processes occur as consequence of PSII damage
and, as a result, the Fv/Fm ratio decreases. Although Fv/Fm represents a very useful parameter for obtaining
information on the photosynthetic efficiency of PSII, often this cannot be considered as an absolute index
since, in order to be considered as such, assumptions would have to be met that are not always valid (Baker
2008). Moreover, some little changes could be overlooked with Fv/Fm; as an alternative, a wider variation
range characterizes the fluorescence ratio Fv/Fo, sometimes used as a photochemical index, though not being
a quantum yield (Lichtenthaler et al. 2005). More information can be sought beyond the maximum PSII
photochemical activity, examining the response of ChlF fluorescence under the light acclimation condition
with the so-called "quenching analysis." Quenching analysis refers to the study of coefficients that quantify
the ability that different processes have to 'quench' the fluorescence relative to the Fm value. Quenching
analysis allows the two components of photochemical and nonphotochemical quenching to be evaluated
(Kalaji et al. 2014).

Quenching analysis is performed in the presence of light called actinic light, which has the effect of activating
the photosynthetic process, includingelectron transport, ATP synthesis and Calvin-Benson-Bassham cycle. A
quenching analysis routine is exemplified in Fig. 8. The fluorescence measured moment by moment is denoted
Ft. Since actinic light induces the closure of a certain portion of PSII centers, it turns out that Ft is higher than
Fo. When a pulse of saturating light is then applied to the sample with the actinic light background, the
maximum fluorescence F'm is measured, which allows calculation of the difference F'm- Ft, denoted F'q. The
F'q/F'm ratio is the actual quantum yield of photosystem II, Y(PSII), which estimates the photochemical
efficiency of PSII under any illumination condition (Genty et al. 1989, Baker 2008). The value of Fm' is lower
than Fm because of the regulatory dissipative mechanisms induced to ensure the PSII photoprotection. Per
extension, the nonphotochemical fluorescence quenching of Fm, termed NPQ, is taken as a measure of the
thermal dissipation capacity of a plant and can be quantified in different ways, most frequently by a Stern-
Volmer type equation: NPQ = (Fm-F’m)/F’m. However, as previously recalled, the technical parameter NPQ
actually hides a multiplicity of processes and, moreover, it is not free from theoretical caveats (Holzwart et al.
2013).

Photochemical quenching parameters determine the position of Ft on a scale ranging from Fo’ to F'm and is
generally quantified by a coefficient referred to as qP or its transformation qL, which is applied when
connectivity between PSII is deemed relevant (Kramer et al. 2004b, Kalaji et al. 2017). PSII connectivity is a
property of energetic coupling between neighboring PSII centers that allows excitation transfer from a close
to an open center (Stirbet 2013). However, P has been suggested to be a more straightforward parameter and
should be preferred to qL (Schansker 2022) qP and qL focus the analysis only the PSII population which can
do a photochemical charge separation and therefore they exclude the PSII centers not reached by excitons

because of concomitant non-photochemical quenching. The complement to one of these parameters (1-qP or
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1-gL) is used to quantify the relative proportion of QA under any specific light intensity and is also referred to
as the excitation pressure inside PSII (Bjérkmann and Demmig-Adams 1995).

Alternatively and to complement the quenching analysis, an 'energy partitioning' approach can also be used
(Lazar 2015) (Fig. 9). In energy partitioning assessments, the distribution of energy absorbed by PSII is
described by quantum yields representing competing processes. Part of the energy is used for photochemical
activity, the efficiency of which, as mentioned above, is expressed in terms of Y(PSII). The fraction of energy
dissipated as heat through inducible processes, that is having a regulatory role, is described by analogy in terms
of the nonphotochemical quenching yield, Y(NPQ). The portion of the absorbed energy dissipated
constitutively as heat or fluorescence, that is without implicating a regulatory function and due to the presence
of a portion of PSII in the 'closed' state is expressed as Y(NO). The sum Y(PSI)+ Y(NO) + Y(NPQ) is equal
to 1. There are formalisms that apply the concept of energy partitioning, the most widely used of which are
due to Kramer et al. (2004) and to Hendrickson et al. (2004). The former takes into account the potential effect
of PSII connectivity and depends on the availability of Fo’ (either measured or estimated); the latter uses a
simpler equation set and is independent of Fo’. However, the results obtained with the two methods are
generally compatible. It can be demonstrated that in the Hendrickson’s formulation, NPQ = Y(NPQ)/Y(NO);
recently the ratio PQ = Y(PSII)/Y(NO) has been introduced by analogy, which is useful for quantifying the
total photochemical capacity (Lazar 2015; Ferroni et al. 2014). Related to the meaning of the quantum yields,
from a functional point of view the efficiency of a plant will be related to its ability to limit Y(NO) especially
at higher irradiances and, at the same time, to secure maximum Y(PSII) (Klughammer and Schreiber 2008).
PAM fluorescence, used either for quenching analysis or energy partitioning, is therefore believed to be
informative over the entire electron transport chain from PSII to final acceptors, including the electron sink
capacity of the Calvin-Benson-Bassham cycle. Indeed, the ability to control Y(NO) depends on the efficiency
with which electrons are consumed downstream of PSI. In fact, an insufficient consumption capacity can lead
to an increase in the reduction state of plastoquinone, which in turn increases the proportion of closed PSII.
An excess of electrons in the membrane increases the probability of PSII photodamage (Kalaji et al. 2014,
Lazar 2015). Particularly, a net accumulation of photodamaged PSII centers occurs when the repair cycle of
PSII is saturated (for review on the PSII repair cycle, Jarvi et al. 2015). In that case, a population of damaged
PSII remains embedded in the appressed domains of the grana cores. According to a hypothesis originally
formulated by Anderson and Aro (1994), the grana stacks could have such an additional function and be a kind
of reservoir of unfunctional PSII units, acting themselves as a safe dissipative conduit to protect the functional
PSII centers (see also Matsubara and Chow 2004). Extending this hypothesis, the accumulation of inactive
PSII centers can limit the inflow of electrons into the transport chain, participating in the alleviation of the
electron pressure to PSI (Huang et al. 2016). Therefore, the evaluation of PSII photoinhibition (i.e., any
sustained loss of PSII photochemical activity), which is commonly performed using PAM fluorimetry, should

be interpreted carefully based on the specific context.
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Figure 9. Schematic representation of the energy partitioning concept (from Lazar 2015).

Prompt chlorophyll a measurement and OJIP transient analysis

The direct fluorescence technique involves the direct measurement of the ChIF signal by application of
unmodulated light; it is therefore called continuous excitation fluorometry. This technique is carried out on
dark-acclimated samples and allows measurement of the so-called fast kinetics of ChlF, that is, its increase
from a minimum (Fo) to a maximum value (Fm). This kinetics is called “fluorescence transient”, as it is a
transient response that is not stable over time. A lot of information regarding the photosynthetic membrane
can be derived from the shape of the transient. This is a very rapid measurement that involves subjecting the
sample to an excitation light with a wavelength less than 670 nm. When the sample is illuminated, the
fluorescence intensity increases from a low value, Fo at step O to a maximum value, Fm at plateau P, in a time
of'about 200 to 600 ms, passing through two intermediate inflections called Fy at step J and F; at step I (Strasser
and Srivastava 1995, Tsimilli-Michael 2020) (Fig. 10). For this typical feature, the transient is commonly
known as OJIP. The system being unmodulated, the intensity of the emitted light is proportional to the intensity
of the excitation light.
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Figure 10. The typical shape of a normalized OJIP transient on logarithmic timescale from a Triticum aestivum sample. Fluorescence
at the O value is measured depending on the sensitivity of the PEA device at 0.02 or 0.05 ms and corresponds to the minimal chlorophyll
fluorescence emission of the dark-acclimated state. Fluorescence rise has a first inflection around 2 ms which corresponds to the J step.
The second inflection is at 30 ms and it is known as the I step. Finally, chlorophyll fluorescence emission reaches its plateau around
200-600 ms in the P step, corresponding to Fm.

The fluorescence induction curve is represented graphically by plotting the fluorescence values on a
logarithmic scale of time, expressed in ms (Fig. 10, Strasser et al. 1995, Kalaji et al. 2014, Tsimilli-Michael
2020). On the logarithmic scale representation of time, the polyphasic pattern of the transient is emphasized.
In the Qa model of fluorescence origin in PSII, the different phases of the fluorescence increase (O-J, J-I, I-P)
can be related to subsequent moments of the reduction of the electron transport chain from PSII to PSI (Fig.
10).

More specifically, the first O-J phase, called the 'photochemical phase', is related to the reduction of Qa, the
primary acceptor of PSIL, and is also identified as the single turnover region. At the J step, Qa is deemed to
have been reduced once. The J-I phase corresponds to the reduction of the plastoquinone pool, up to the I step
indicating the complete reduction of Qg followed by the reoxidation of PQH: by Cyt b (Joliot and Joliot 2002,
Schreiber et al. 1989, Toth et al. 2007, Schansker et al. 2014, Tsimilli-Michael 2020). Finally, the I-P phase
represents the reduction of electron acceptors of PSI (Schreiber et al. 1989, Schansker et al. 2005, Tsimilli-
Michael 2020). The overall J-P phase is referred to as the 'thermal phase': the progressive increase in the
fraction of PSII with reduced Qa and reduced transporters is driven by the multiple turnovers of Qa reduction
up to the complete closure of all PSII (multiple turnover region) (Bussotti et al. 2012, Stirbet and Govindjee
2011, 2012, Tsimilli-Michael 2020).

For the experimental purposes of photosynthetic biology, the goal is to highlight and compare the differences
between transients obtained after treatments and control transients. To achieve this, the transients are routinely

double normalized between O and P (assigning consequently values of Fo= 0 and Fm= 1).At each time t
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between O and P, the value of the variable fluorescence Vt is therefore the normalized corresponding Ft value:
Vt = (Ft-Fo)/(Fm-Fo).

The O-J single turnover photochemical phase (0.02/0.05 ms to 2 ms) describes the first cycle of Qa reduction,.
This mainstream interpretation of the meaning of the J step is based on pure Qa model, in its turn supported
by the experimental evidence that the kinetics of the O-J phase is very similar to the relative variable
fluorescence obtained in the presence of DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) (Stirbet and
Govindjee 2011). It is known that in the presence of DCMU, electron transport from Qa to Qg is blocked and
Qa is can only be reduced once between Fo and Fm (single turnover). The fact that the level of fluorescence
at J is lower than Fm is due to the re-oxidation of Qa by acceptors downstream of PSII. Particularly, the O-J
phase can be mathematically modelled according to the concept that the relative fluorescence at step J
corresponds to a temporarily stabilized Qa reduction state, i.e., a balanced condition between the electron
donation to Qa by photochemistry and the electron departure from Qa to Qg (Laisk and Oja 2018). However,
interpretations other than a pure Qa model have been proposed to explain the O-J rise. For example, the time
needed for the O-J rise is also consistent with the waiting time for PSII conformational changes, suggesting
that the J step may reflect the competition between electric field-related fluorescence rise in PSII reaction
center and re-oxidation of Qa (Magyar et al. 2018, Sipka et al. 2021). Even in that scenario, the J step will
depend on the efficiency for electrons to move beyond PSII to Qg and relates to the plastoquinone pool size
(Strasser et al. 2004, Stirbet and Govindjee 2011). The relative fluorescence Vyis commonly used used as an
estimate of the availability of oxidized plastoquinone molecules to reoxidise Qa (Toth et al. 2007, Guo et al.
2020).Immediately after step J a depression indicated by D (Dip), given by a temporary decrease in
fluorescence intensity, may be graphically visible. This is indicative of a partial re-oxidation of Q4 (Ilik et al.
20006). It was proposed that the cause for D can be the quenching action of P680" (Laisk and Oja 2013). The
dip is more marked when the excitation light is excessively high (see Stirbet and Govindjee 2012).

When a Pisum sativum specimen was subjected to heat stress conditions, an additional band, so-called K,
appeared between O and J, visible at about 200-300 ps (Srivastava et at. 1997). The appearance of the K band
is considered to be the consequence of (i) a limitation of the electron donation efficiency of the OEC and (ii)
changes in the architecture of PSII with altered energy distribution in the pigment-protein complexes and in
the entire photosynthetic unit. A deficit at the level of the OEC causes a decrease in electron supply to the PSII
reaction center. So, after a rapid increase in fluorescence due to the reduction of Qa, the electron transfer
continues to Qg leading to the re-oxidation of Qa but, due to the lack of electrons from the OEC, the
fluorescence after 200-300 s, instead of continuing to increase, decreases, generating the K peak. K does not
appear at a specific time, but within a time interval, which is why it is usually preferred to a band and not a
step in fluorescent transient (Tsimilli-Michael et al. 2020). In normalized O-J transients, the state of the PSII
donor site, i.e., the OEC, can be probed by calculating the Vk/V; ratio, which is a very robust index of plant
susceptibility particularly to heat stress (Brestic et al. 2012, Kalaji et al. 2017).

The multiple turnover region, also called the thermal phase, corresponds to the part of the transient between J

and P, when multiple redox reactions occur until the complete reduction of Q4 is achieved (Fig. 10). At about
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30 ms, the I step is found. The J-1 phase represents the (partial) progressive reduction of the PQ-pool, whose
kinetics depends on the reoxidation of the plastoquinol by the Cyt bsf complex interposed between PSII and
PSI (Toth et al. 2007). The subsequent P level is reached when the entire transport chain is reduced and the
electrons cannot flow beyond the PSI. Indeed, it should be remembered that FNR operating on the stromal side
of PSI is inactive in the dark (Schansker et al. 2006).Therefore, there is a general consensus about the region
between I and P being affected by the activity of PSI. The I-P amplitude relates with the pool size of PSI
electron acceptors that are progressively reduced up to saturation (Tsimilli-Michael and Strasser 2008, Zivcak
et al. 2015). Moreover, the I-P amplitude is empirically associated to the relative amount of PSI and the
PSI/PSII stoichiometry (Ceppi et al. 2012), although the photoinactivation of PSI does not have any significant
impact on the I-P amplitude (Zivcak et al. 2015). An alternative explanation of the I-P phase is due to
Vredenberg (2011), who links it to the membrane potential generated by cyclic electron flow around in PSIL.
His model is however not supported by the OJIP transient recorded from mutants defective in cyclic electron
flow (Joly et al. 2010). The attribution of the I-P transition to the reduction of the entire linear electron transport
chain is also accepted in the most recent formulation of the alternative “PSII conformational change model”
by Sipka et al. 2021.

Based on the Qa model, the OJIP transient phases have been comprehensively described in the Theory of
Energy flux, which led to the elaboration of one of the most popular tests in photosynthesis studies, i.e., the
JIP-test (Strasser et al. 2004, Stirbet and Govindjee 2011, Tsimilli-Michael 2020). The theory includes several
concept, assumptions and approximations and is aimed at evaluating the impact of environmental stresses on
the photosynthetic function, while also providing some information on structural aspects, such as the antenna
size of PSII. Among the characterizing features of the theory, the values sampled from the OJIP transient are
used to calculate probabilities () of electron transport from Qa to Qg (based on J step) and then to PSI (based
on [ step), allowing the definition of a series of quantum yields (¢) that represent the energy conservation from
light absorption to the reduction of the entire chain. The third set of parameters quantifies the flux of energy
per PSII reaction centre. Fig. 11 illustrated schematically the parameters included in the model, according to

the version published by Merope Tsimilli-Michael (2020) in her educational review on the JIP test.
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Figure 11. The energy fluxes theory describes and models the sequential transformations of energy from its absorption in the antennae
to the final reduction of ferredoxin: from ABS (absorption by PSII antenna) to TR (reduction of Qa) to ET (reduction of the intersystem
electron acceptors) up to RE (reduction PSI end electron acceptors). At each step a part of the energy is lost, including the thermal
dissipation in PSII reaction center and the progressive emission of light. The quantum yields (¢) and the efficiencies/probabilities ()
for energy conservation, as flux ratios, are also defined. Image from Tsimilli-Michael (2020).

Application of chlorophyll fluorescence in plant phenotyping

The study of the photosynthetic process and its regulation are essential tools for understanding how
a plant adapts to its environment. Particular environmental contexts may involve the presence of
different types of conditions, in which the plant faces both abiotic and biotic stresses. In addition, the
characterization of the photosynthetic apparatus can provide important perspectives regarding the
productivity of crops in the most diverse cultivation contexts. Phenotyping methodologies used
nowadays provide fundamental support for the study of biological processes occurring in the plant.
The principle of phenotyping is based on the nondestructive collection of large amounts of data in a
short period of time and. Advances in modern phenotyping technologies have made it possible to
make use of multiple instrumentations that are capable of performing simultaneous integrative
analyses preferably with a high level of automation (phenotyping platforms, e.g., Yang et al. 2020).
Being fast and noninvasive, the use of chlorophyll fluorescence measurement techniques fits well
with the purpose of plant phenotyping. The application of fluorometric tools is possible both for
“pocket phenotyping” applications(where, for example, the use of PEA-type instruments is
widespread — PEA stands for Photosynthesis Efficiency Analyser) and in automated phenotyping
applications carried out in phenotyping units, or in aerial phenotyping for in-field experiments (sun-

induced fluorescence, Porcar-Castell et al. 2014).

22



PEA-type fluorimetry is particularly suitable to pocket phenotyping experiments. This type of
analysis has provided valuable insights in both basic and agricultural-related research. Measurement
of photochemical processes at the PSII provides precise indications regarding, for example, the
impact of various stressors on the plant. Practical examples are studies conducted in the presence of
various stressors, such as high or low temperature, changes in light quality and intensity, water deficit,
salinity, presence of photosynthesis inhibitors (herbicides), heavy metals and other environmental
pollutants, including airborne phytotoxic materials (Fracheboud and Leipner 2003, Dai et al. 2009,
Metha et al. 2010, Mathur et al. 2011, Tomar and Jajoo 2014, Mathur et al. 2016, Kalaji et al. 2018).
One of the main ambitions for a fluorometric phenotyping test is the detection of early responses to
stress possibly before sufferance signs are manifest in an overt form.

PAM fluorometry is the technology that gave rise to the chlorophyll fluorescence imaging technique,
which is nowadays the most widespread in photosynthetic plant phenotyping. The first attempt to
image the chlorophyll fluorescence information has been done around 1990 (Daley et al. 1989,
Osmond et al. 1990, Siebke and Weis 1995, Bro et al. 1996). The improvement of the instrumentation
and the computational power that become available subsequently made the exploitation of
chlorophyll fluorescence imaging more feasible and promoted a widespread use of this technique
(Valcke 2021) The combination of chlorophyll fluorescence, hyperspectral and thermal imaging put
a new light in the characterization of the fundamental mechanisms involved in the regulation of
photosynthesis (Valcke 2021). In the recent years, several works have advanced the application of
chlorophyll fluorescence imaging in the study of photosynthesis. For instance, along with adaptations
of common measuring routines to shorten the time of the quenching analysis, a new set of parameters
has been developed to estimate and image the non-photochemical quenching occurring in PSII and
in its antenna complexes in the absence of a direct determination of dark-acclimated fluorescence
values (NPQr, Tietz et al. 2017). Examples of application of ChIF imaging regarded the analysis of
chlorosis induced by viral infections (Li et al. 2017), the detection of the PSII inhibitory activity by
a herbicide (Noble et al. 2017), the screening of maize genotypes for drought stress resistance (de
Sousa et al. 2017), the sensitivity of Arabidopsis thaliana mutants for drought stress (Sun et al. 2019)
or heat stress (Gao et al. 2020), the response of basil to both drought and heat stress (Lazarevic et al.
2022), of rice to salinity (Tsai et al. 2019) and of trifoliate orange to cold stress (Wang et al. 2019).
Some attempts have tried to include the OJIP induction kinetics in the imaging systems, but this is a
difficult task because of the speed limitation of the available cameras for chlorophyll imaging.
However, the development of a new macroscopic and microscopic system equipped with an ultrafast
camera was successful in imaging some fluorescence parameters in a study about cadmium and zinc

toxicity (Kiipper et al. 2019).
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Chapter 1:
Photosystem II photoinhibition and photoprotection in a

lycophyte, Selaginella martensii
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Premise

Ancestral tracheophytes belonging to the Lycophyte division experienced their period of maximum
proliferation in the Carboniferous, about 300 million years ago (Pryer et al. 2004). During that geological
period, environmental conditions were very different from those we know today. The average temperature at
the beginning of the Carboniferous was about 20 °C, while the concentration of atmospheric CO; was as much
as eight times higher than that recorded today. However, the situation changed profoundly as time went on,
bringing a drop in temperature down to 12 °C and in CO; concentration to levels similar to those recorded
today. The photosynthetic activity of the plants that existed at the time is certainly among the main contributors
to this environmental transformation. During the Early Carboniferous, the vegetation was very different from
today; it was dominated by lycophytes, i.e., plants with microphylls, which are particularly suited to grow in a
CO,-rich environment. The proliferation of lycophytes, including herbaceous species belonging to the genus
Selaginella, caused the CO, levels to gradually decrease in parallel with the increase in O, concentration.
Therefore, these new environmental conditions led to the radiation of plant species belonging to the other clade
of vascular plants, the euphyllophytes. Such plants were more competitive than lycophytes, as they have larger
leaves (macrohphylls) with higher carbon fixation capacity, namely they could make a better use of a low CO»
pressure in the atmosphere, while benefitting from a much higher efficiency in leaf cooling by water evapo-
transpiration (Beerling et al. 2001). Nowadays, euphyllophytes constitute 99% of the vascular plant species on
Earth, while lycophytes only around 1%. The latter have often found space in specific ecological niches, where
the habitat has features enabling them to compete successfully with more modern vascular plants, particularly
angiosperms. Likewise other Selaginella species (Liu et al. 2020), it is precisely in one of these contexts that
Selaginella martensii finds its home, that is the shade environments of the lowest vegetation layers in tropical-
equatorial rainforests, mainly in Central America. S. martensii therefore exhibits some typical morpho-
functional characteristics of adaptation to the shade, but nevertheless it has a surprising ability to long-term
acclimate not only to extreme shade but also to direct sunlight (Ferroni et al. 2016, 2021). Some very important
differences were previously evidenced in the photosynthetic membrane organization and functioning
compared to more modern vascular plants. First of all, S. martensii exhibits peculiar phosphorylation patterns
of the antenna complexes of PSII, resulting in a greater capacity for thermal dissipation of excess energy
absorbed under high light conditions (Ferroni et al. 2014, 2018). Moreover, the acclimation to different light
regimes involves the modulation of the stoichiometric ratio between the two photosystems (in favor of PSI
upon acclimation to higher light regimes) but does not involve the regulation of the LHCII antenna content
(Ferroni et al. 2016). Rather than the amount of LHCII antenna, which is extremely abundant in comparison
with the two photosystems, S. martensii modulates the association of the free LHCII trimers with the two
photosystems. It was observed that in plants acclimated to high light intensities, the formation of
megacomplexes involving PSII, PSI-LHCI and LHCII is promoted, with possible photoprotective implications
for both the photosystems. Interestingly, such extensive re-organization of the thylakoid complexes,
accompanied by the re-arrangement of the thylakoid architecture, is not followed by any major modulation of

the thermal dissipation capacity, which remains invariably high even when the plants are grown under an
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extreme shade regime. Therefore, there is a major gap in our understanding about how an ancient vascular
plant inhabiting shade environments can be able to cope with extreme light regimes, such as the deep shade
and the full sunlight, without seemingly change its potential for safe thermal dissipation. We do not known
whether the level of PSII photoprotection under such contrasting light regimes is the same or not.

This Chapter examines this problem exploiting a chlorophyll a fluorescence method based on the parameter
called “photochemical quenching in the dark” (qP4), which can allow to determine the photoprotective
potential of NPQ. The Chapter proposes the following paper in editorial version, including the accompanying
supplementary materials:

Colpo, A., Baldisserotto, C., Pancaldi, S., Sabia, A., & Ferroni, L. (2022). Photosystem II photoinhibition and
photoprotection in a lycophyte, Selaginella martensii. Physiologia Plantarum, 174(1), e13604.
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1 | INTRODUCTION
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Abstract

The Lycophyte Selaginella martensii efficiently acclimates to diverse light environ-
ments, from deep shade to full sunlight. The plant does not modulate the abundance
of the Light Harvesting Complex Il, mostly found as a free trimer, and does not alter
the maximum capacity of thermal dissipation (NPQ). Nevertheless, the photo-
protection is expected to be modulatable upon long-term light acclimation to pre-
serve the photosystems (PSII, PSI). The effects of long-term light acclimation on PSII
photoprotection were investigated using the chlorophyll fluorometric method known
as “photochemical quenching measured in the dark” (qPg). Singularly high-qP4 values
at relatively low irradiance suggest a heterogeneous antenna system (PSIl antenna
uncoupling). The extent of antenna uncoupling largely depends on the light regime,
reaching the highest value in sun-acclimated plants. In parallel, the photoprotective
NPQ (pNPQ) increased from deep-shade to high-light grown plants. It is proposed
that the differences in the long-term modulation in the photoprotective capacity are
proportional to the amount of uncoupled LHCII. In deep-shade plants, the inconsis-
tency between invariable maximum NPQ and lower pNPQ is attributed to the ther-

mal dissipation occurring in the PSII core.

light regimes produces major rearrangements in the thylakoid organi-
zation and photosystem | (PSI) and Il (PSll) relative abundance,

The evolution of the photosynthetic apparatus allowed land plants to
adapt to a broad range of light conditions, from extreme shade to full
sunlight. However, any change in light regime during the plants' life-
time represents a major threat to their survival and requires structural
and functional adjustments of their photosynthetic machinery (devel-
opmental acclimation) (Lichtenthaler et al., 2007; Pribil et al., 2014;
Ruban et al., 2012).

Selaginella martensii Spring is a shade plant typical of the under-
story of tropical and equatorial rainforests. However, this ancient
tracheophyte is sufficiently flexible to acclimate to extreme light
regimes, such as deep shade or full sunlight (Ferroni et al., 2016;

Ferroni, Bresti¢, et al., 2021). Its long-term acclimation to different

whereas, unlike most angiosperms, it does not modulate the light-
harvesting antenna complex Il (LHCII) content and the total thermal
dissipation capacity of absorbed excess energy (Ferroni et al., 2016).
Deep-shade (L) acclimated thylakoids of S. martensii are charac-
terized by a peculiar pseudo-lamellar organization, while both mid-
shade (M) and full-sunlight (H) plants display a predominant granal
structure. The PSI/PSII ratio increases from L to H plants because the
PSI content rises in parallel to the increasing light availability, while
PSIl is more abundant in L and M plants than H. In contrast, the rela-
tive amount of LHCII does not change in response to light acclimation
(Ferroni et al., 2016). This characteristic seems typical of seedless

plants (Gerotto et al., 2011), while angiosperms generally cope with
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increasing light availability by decreasing the LHCII content (Albanese
et al., 2019; Ballottari et al., 2007; Flannery et al., 2021; Schumann
et al., 2017). However, despite the invariable LHCII content, the long-
term light acclimation in S. martensii strongly influences the LHCII
association with PSII. PSII-LHCII supercomplexes are not high in abun-
dance in native gels of S. martensii thylakoids, but the amount is
clearly higher in L and M than in H plants (Ferroni et al., 2014, 2016).
Higher abundance of PSII-LHCII supercomplexes in L plants responds
to the need for a larger PSIl antenna to enhance the harvesting pro-
cess under limiting light conditions. In contrast, H plants conceivably
need a smaller PSII antenna because the light availability is not limit-
ing, and the safe management of excess light is instead the priority. In
fact, in S. martensii the great majority of LHCII antennae do not form
stable complexes with PSII but are found in the form of free trimers
(Ferroni et al., 2016). Free LHCII trimers are common in Viridiplantae,
and their function is a hot topic in photosynthesis research, being pos-
sibly involved in thermal dissipation of excess absorbed energy
(Holzwarth et al., 2009; Horton et al., 2005; Johnson et al., 2011;
Nicol et al., 2019; Shukla et al., 2020), PSIl connectivity (Haferkamp
et al,, 2010; Zivcak et al., 2014), PSI-PSII interconnectivity (Grieco
et al., 2015; Wientjes et al., 2013; Wood & Johnson, 2020). Moreover,
the thylakoid membrane of S. martensii is characterized by permanent
megacomplexes comprised of PSII, PSI, and LHCII, which presence
increases from L to H plants (Ferroni et al., 2016). The abundance of
these megacomplexes is regulated in response to a short-term high-
light exposure; in particular, their increase suggests a facilitating role
for the energy repartition between PSI and PSII through a mechanism
of energy spillover (Ferroni et al., 2016; Yokono et al., 2015).
Non-photochemical quenching (NPQ) is an operative parameter
in fluorescence analysis quantifying the decrease in maximum fluores-
cence of PSII (F,,) in the dark-acclimated state to a lower value F/ in
the light-acclimated state (Bilger & Bjérkman, 1990). NPQ is due to a
series of light-induced dissipative processes in competition with PSII
photochemistry, and, in general, NPQ can be divided into
photoprotective and photoinhibitory quenching components. The
main photoprotective component is gE, the high energy-dependent
quenching caused by the onset of the transthylakoid ApH and
upregulated by PsbS activity and zeaxanthin formation (see for review
Ruban, 2016). The other minor NPQ components are related to a
sustained violaxanthin de-epoxidation to zeaxanthin (qZ), state transi-
tions linked to phosphorylated LHCII movement from PSII to PSI (qT),
light avoidance chloroplast movements (qM) and plastid lipocalin-
dependent antenna quenching gH (see for review Malnoé, 2018;
Roach & Krieger-Liszkay, 2014). The photoinhibitory component is qgl,
which depends on the thermal dissipation occurring at the
photoinactivated PSII (Aro et al., 1993; Demmig-Adams et al., 2012).
In angiosperms, the total NPQ amplitude is mostly due to its gE com-
ponent and modulated in response to the light environment, increas-
ing from shade to sun plants (Ballottari et al, 2007; Demmig-
Adams, 1998; Demmig-Adams et al., 2015; Mishra et al., 2012;
Schumann et al., 2017; Stewart et al., 2015). Accordingly, angiosperms
grown under high light are characterized by a higher photoprotective
capacity compared to the shade-grown (Mathur et al., 2018; Wilson &

Ruban, 2020a). Conversely, S. martensii plants display a high and
invariable total NPQ amplitude, particularly gE amplitude and PsbS
content are the same regardless of the light acclimation history of the
plant (Ferroni et al., 2016; Ferroni, Bresti¢, et al., 2021). Nevertheless,
there is no evidence whether the PSIlI photoprotective fraction of
NPQ, which prevents PSIl photoinactivation, could similarly be inde-
pendent of long-term light acclimation in S. martensii.

Upon exposure to intense light, PSIl photoinactivation can be
quantified destructively by monitoring the degradation rate of the D1
PSlI core protein (Aro et al., 1993; Kato et al., 2012; Keren et al., 1995)
or by the light-saturated oxygen evolution of PSIl in the presence of
an artificial electron acceptor (Delieu & Walker, 1983; Mattila
et al., 2020; Oquist et al., 1992; Schansker & van Rensen, 1999); how-
ever, it is more easily and precisely analyzed in vivo as the decline of
PSII photochemical quantum yield (Campbell & Tyystjarvi, 2012; Chow
et al., 1991; Mattila et al., 2020; Schansker & van Rensen, 1999)
and/or the persistence of a sustained NPQ fraction in darkness
(Demmig-Adams et al., 2012; Nilkens et al., 2010). Ruban and Mur-
chie (2012) proposed an alternative, fast and non-invasive method to
monitor the PSIlI photoinactivation. Their chlorophyll fluorescence
approach is based on the calculation of the parameter qPq4, “photo-
chemical quenching measured in the dark.” gP4 assesses the onset of
PSIl photoinactivation by comparing two values of minimum fluores-
cence (Fo'): (a) the actual minimum fluorescence measured after a short
far-red stimulation (Fq',c) and (b) the value of Fy' calculated according
to Oxborough and Baker (1997), which is an estimate of Fy' as a func-
tion of NPQ (F¢/caid). Py varies theoretically between O and 1; in the
absence of photoinactivation, Fy' .y matches Fo ., and correspond-
ingly gP4 = 1. The occurrence of photoinactivation affects only Fq',ct,
whereas Fq .. does not account for it; hence, Fo/cac underestimates
Fo' (i.e., Fo'caic < Fo'act), and gPq4 drops consequently below 1. The theo-
retical lower limit gP4 = O could be only reached when all the PSII
reaction centers are closed and photoinactivated. gP4 values are moni-
tored during experiments in which a plant sample is exposed to subse-
quent steps with increasing irradiance (light curves). Ruban and
Murchie (2012) empirically fixed gP4 < 0.98 as the threshold to assess
the onset of PSIl photoinactivation during a light curve. Accordingly,
the effectiveness of photoprotection provided by NPQ to PSII corre-
sponds to the last value of NPQ that allows a qP4 value above 0.98.
This method was developed and broadly validated in Alexander
Ruban's Laboratory in the model angiosperm Arabidopsis thaliana,
including mutants, chemical treatments, and acclimation to contrasting
light regimes (Giovagnetti & Ruban, 2015; Ruban & Belgio, 2014; Tian
et al, 2017; Townsend et al., 2018; Ware et al., 2015, 2016; Wilson &
Ruban, 2019, 2020b). More recently, the qP4 method was also applied
to other photosynthetic organisms, such as the spring ephemeral
Bertereoa incana, Prunus cerasifera, Oryza sativa, and the algal reef
builder Neogoniolithon sp. (Gefen-Treves et al., 2020; Lo Piccolo
et al., 2020; Okegawa et al., 2020; Wilson & Ruban, 2020a). However,
the phototropin 2 mutant of A. thaliana, which is unable to produce
light-avoidance chloroplast movements, was found to be completely
insensitive to photoinhibition according to the gP4 method (Wilson &

Ruban, 2020b), while it is instead known to be extremely prone to
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photobleaching (Cazzaniga et al., 2013). Consequently, Bassi and
Dall'Osto (2021) consider the qP4 method insufficiently validated, that
is, not always leading to results consistent with independent methods.

In S. martensii, the variability in PSII photoprotection is expected
from an ecophysiological point of view, but it seems hardly compatible
with the constancy of NPQ and gE amplitudes across L, M, and H
plants. The use of the qP4 method in the lycophyte S. martensii may
potentially unveil whether the long-term acclimation to contrasting
light regimes influences the PSIl photoprotection capacity. Given the
recent introduction of the method and the non-angiosperm plant spe-
cies, the qP4 method was checked for consistency with a direct
assessment of PSIlI quantum yield loss upon light exposure. The pre-
sent study shows that the photoprotective capacity of NPQ well
matches the growth light regime in S. martensii. Moreover, the qPq4
method indicates the relevance of antenna uncoupling in PSIl photo-
protection, suggesting a physiological role for the abundant and

invariable amount of LHCII in ancient vascular plants.

2 | MATERIALS AND METHODS

2.1 | Plant material and growth conditions

Selaginella martensii Spring (Selaginellaceae) plants were cultivated in a
humid greenhouse of the Botanical Garden of Ferrara, Italy
(N 44°50'30", E 11°37'22"), at 25-30°C and subjected to the natural
photoperiod. Deep-shade plants (L) were grown in conditions of natu-
ral shade, with light sheltered by upper-broadleaved plants. During
the daytime, the irradiance maximum was below 10 pmol m2s ! of
photosynthetic photon fluence rate (PPFR). A second group of
plants (M) was long-term acclimated to the mid-shade light regime
(PPFR <80 pmol m~2 s~ 1), that is, the typical light environment experi-
enced by S. martensii in its natural habitat. Finally, high-light grown
plants (H) were exposed to direct sunlight, which provided typically a

2 571, Subsequent biochemi-

maximal PPFR higher than 800 pmol m™
cal and fluorometric analyses were performed on the terminal

branches after at least 3 weeks of acclimation to each light regime.

2.2 | Thylakoid isolation and blue-native gel
electrophoresis

Branches of S. martensii plants were dark acclimated for 1 h. Terminal
branches were harvested and grinded in an ice-cold (—20°C) mortar in
the presence of a grinding buffer (Jarvi et al., 2011). The whole thylakoid
isolation was performed according to Jarvi et al., 2011. Extracted thyla-
koids were promptly frozen and stored in liquid nitrogen until use. For
quantification of pigments, thylakoids were solubilized in 90% (v/v) ace-
tone buffered with HEPES-KOH (pH 7.8) and analyzed using a spectro-
photometer Ultrospec 2000 (Pharmacia Biotech). Chlorophyll a and
b content were determined according to Ritchie (2006), while Wellburn's
equation (Wellburn, 1994) was used to determine the carotenoid con-

tent. For electrophoresis, thylakoid solubilization was performed

& 30f15
Physiologia Plantarur

according to Jarvi et al. (2011) using 1.5% B-dodecylmaltoside. Blue-
native gel electrophoresis (BN-PAGE) was performed according to Jarvi
et al. (2011), with modifications as in Giovanardi et al. (2018),

maintaining the electrophoretic chamber at 0°C.

2.3 | Chlorophyll fluorescence measurements
Modulated chlorophyll fluorescence was measured using a Walz Junior
PAM (Walz) on independent samples previously dark-acclimated for
30 min. All the measurements were performed in the morning to avoid
the presence of photoinhibition, especially in H plants. Light curves
were recorded applying a simplified version of the method described
by Ruban and Murchie (2012). Before light exposure, minimum (F) and
maximum (F,,,) fluorescence levels in the dark were measured with the
saturating pulse (SP, 0.6 s) method, and the variable fluorescence was
calculated as F, = F,, — Fo. Fy/Fn > 0.75 was imposed as the minimum
acceptable value of PSIl quantum yield: plants with lower F,/F, were
excluded from the analysis. This first measurement was followed by
12 steps of actinic light illumination from 25 to 1500 pmol m=2 s7 2,
each lasting 5 min to reach quasi-steady-state conditions. Maximum
fluorescence level of the quenched, light-acclimated state (F,') was
measured at the end of each actinic light step upon applying an SP. The
minimum fluorescence level in the light-adapted state (Fo' ) was deter-
mined as the lowest value when applying a 7-s-long far red-light pulse
with the actinic light switched off (Van Kooten & Snel, 1990). Quantum
yields of actual PSIl photochemistry [Y(Il)], non-regulatory energy loss
[Y(NO)], and regulatory thermal dissipation [Y(NPQ)] were calculated
according to Hendrickson et al. (2004). The 1-gP parameter was calcu-
lated as an indicator of the excitation pressure inside PSIl according to
Schreiber et al. (1986). F,, quenching to F,,/ following the onset of
light-induced thermal dissipation was quantified using the Stern-Volmer
NPQ parameter (Bilger & Bjérkman, 1990). NPQ equals the Y(NPQ)/Y
(NO) ratio (Ferroni et al., 2014; Lazar, 2015).

In addition to the light curves, induction curves were also
recorded at fixed independent irradiances. After the 30-min dark-
acclimation, the samples were exposed to 19 min of continuous
actinic light illumination (24, 45, 65, 90, 125, 190, 285, 420, 625, and
820 pmol m~2 s71), each followed by 38 min and 30 s of dark relaxa-
tion. F,,’ and Fy' fluorescence levels were measured every minute dur-
ing the light induction and at intervals with increasing length during
the dark relaxation (30's, 1 min, 2 min, 5 min, 10 min, and 20 min).
The PSII quantum yield loss because of photoinhibition, Y(ql), was cal-
culated as the difference between the PSIl quantum vyields in the
dark-acclimated sample before the induction curve (F,/F,,) and at the

end of the dark-relaxation period.
24 | qP4parameter and photoprotective NPQ
quantification

P4 parameter was calculated at the end of each actinic light illumina-

tion step according to Ruban and Murchie (2012). Briefly, gPq4
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compares the actual and calculated values of minimal fluorescence of

the light-adapted state samples as it follows:

F _F
—__m Oact

qu - Fr 7
m ~— " Ocalc

where Fg/ .t is the measured minimum fluorescence level, and Fq'caic is
the theoretical minimum fluorescence level according to Oxborough
and Baker (1997). However, because at low-medium irradiances qP4
was generally found >1, Fo/c,c values were corrected as described by
Ware et al. (2015) accounting for uncoupled and loosely coupled PSlI
antenna, thus obtaining the new estimate of Fy'c,c in the case of a
heterogeneous antenna, Fo'pet:

P 1 1 (NPQ+1)(mNPQ+1) -1
Ohef‘<nFo+F_§ Fm[n(mNPQ+1)+(17n)(NPQ+1)]>

where Fg and F,, are the entry constants and NPQ is the indepen-
dent variable. n (fraction of coupled antenna), m (relative NPQ
amplitude of the uncoupled antenna), and F (relative fluorescence
emission of the uncoupled antenna) are fitting parameters. We fur-
ther define the fraction of uncoupled antenna U as 1-n. The fitting
procedure was performed using Origin software v. 2020b or 2021
(OriginLab Corporation, USA). Fo'het values were used in the gPg4
equation allowing the estimation of gPq4 in the case of a heteroge-
neous antenna system of S. martensii (QPq net) as described by Ware
et al. (2015):
E /

APy et :M

m 0 het
pNPQ was determined according to Ruban and Murchie (2012) as the
last value of NPQ corresponding to gPq nhet > 0.98. pNPQ values rela-
tive to the independent samples were used to obtain the average

pNPQ values for each plant group.

2.5 | Light-tolerance curves

Light tolerance curves were determined for each plant group plotting
the fraction of photoinactivated samples at a given irradiance (those
with gPgq het < 0.98) with the light intensity as described by Ware
et al. (2015). Instead of the Hill equation used by Ware et al. (2015),
regression curves were produced fitting the data with the following

logistic equation using Origin software:

photoinactivated samples fraction=1 —

where Isq is the irradiance responsible for the photoinactivation of
half the samples and ly is the irradiance corresponding to a given frac-

tion of photoinactivated samples. The fitting parameter p can be

related to the intrinsic propensity of the specific plant group to PSII

photoinactivation.

2.6 | Datatreatment

Statistical analyses and graphical representations were performed
using Origin software. Statistical differences were tested by ANOVA
followed by a post-hoc Tukey test, using a threshold of P < 0.05.

3 | RESULTS

Thermal dissipation capacity in S. martensii acclimated
to different light regimes

Compared to L and M plants, the leaf pigmentation was visibly more
yellow-green in H, as a consequence of the carotenoid accumulation,
while only limited changes affected the chlorophyll a/b ratio (Figure 1A
and Figure S1). BN-PAGE gel analysis confirmed the low abundance of
PSII-LHCII supercomplexes, especially in H plants. The LHCII free tri-
mers formed the most intense band in all the three plant groups with-
out apparent differences (Figure S2; Ferroni et al., 2016). The Y(ll) drop
with light intensity was expectedly more marked in L plants than in M
or H (Figure 1B). The higher photochemical capacity of H plants
suggested a higher tolerance to PSIl photoinactivation compared to
the other plant groups. Such differences were more important at the
early-intermediate steps of the light curves, converging toward simi-
larly low values at the end of the light exposure (Figure 1B). In parallel,
Y(NO) was higher in L plants at low-intermediate irradiances, con-
firming the lower efficiency of this plant group in light energy manage-
ment (Figure 1C). The higher effectiveness in recovering Y(NO) to
stable low values under increasing irradiances in H plants indicated an
improved ability to control the plastoquinone pool reduction state
compared with L and M plants (Tikkanen et al., 2015). This contributed
to a lower excitation pressure inside PSII (1-qP) in H plants (Figure 1E).
At higher irradiances Y(NO) stabilized to a plateau value both in M and
H plants, while in L plants, it decreased continuously, suggesting, in the
latter, the occurrence of an additional mechanism responsible for a
decrease in the electron inflow into the chain (Figure 1C). Finally, the
differences in Y(NPQ) trend were relatively minor, indicating that the
thermal dissipation mechanisms had a similar amplitude in the three
plant groups. To the scope of the gPy4 method, the thermal dissipation
was quantified using NPQ.

The steep rise in NPQ at the initial irradiances was very similar in
all three groups, while the curves diverged at 125 pmol m~2 s~ when
NPQ was more intense in H plants than in M and L (Figure 2A). Such
divergence was maintained between H and M plants up to the highest
irradiance when it approached a plateau. Differently, in L plants NPQ
increased strongly over the entire range of irradiance because of the
decrease in Y(NO). The maximum capacity of thermal dissipation
(NPQumax) spanned a relatively small range of values in L, M, and H
plants (4.39-5.45; Figure 2B).
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FIGURE 1 Long-term light- (A)
acclimation features of
photosynthesis in Selaginella
martensii acclimated to three
natural light regimes. (A) Plants
grown in deep shade (L, left),
intermediate shade (M, center),
and high light (H, right). Light
curves relative to: (B) actual
quantum yield of PSI|
photochemistry Y(Il), (C) quantum

yield of constitutive energy (B)
dissipation Y(NO), (D) quantum
yield of regulatory thermal 1.0+ 054
dissipation Y(NPQ), and ’
(E) excitation energy pressure 0.84,
inside PSII (1-gP). Average values
+standard error forn = 12 ~0.6
(L), 16 (M), 18 (H) s —=—
0.4 ——M
H
0.2-
0L ; ; . - : 0L, . . . . ;
0 300 600 900 1200 150(C 0 300 600 900 1200 1500
Light intensity (Molqons M2 s™) Light intensity (LMol on M2 s™)
(D) (E)
1.0 1.0
0.8
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vl
0.4
0.2 |
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3.1 | Insun plants PSIl photoprotection is higher
and accompanied by PSIl antenna uncoupling

Given the similar NPQuax in all plants, we used the gqP4 method to
investigate whether the photoinhibition was likewise weakly related
to the light-acclimation regime. A drop in P4 below the 0.98
thresholds indicates the onset of PSIl photoinhibition and identifies
at which irradiance the PSII photoprotective mechanisms start
becoming less effective (Ruban & Murchie, 2012). Average qP4-light
response curves pointed out that the PSIl sensitivity to photo-
inhibition could depend on the light regime (Figure 3A-C). In L
plants, gP4 was less than 0.98 at lower irradiance (90 pmol m2s1
compared to M (190 pmol m2 s') and even more H
(625 pmol m™2 s7Y) plants. Similarly, the covariation of qPy and
NPQ seemed to indicate a big difference in the photoprotection
offered by NPQ in H, M, and L plants, where the still

photoprotective NPQ values could be around 4.7, 2.7, and 1.7,
respectively (Figure 3D-F). Unfortunately, the application of the qPq4
method in its original formulation was evidently affected by an
important shortcoming since the qP4 values were consistently above
1 at the lower irradiances in all the plant groups. This observation
strongly indicated that the two basic processes to which the qPy4
variations are attributed (NPQ and PSII photoinactivation) were not
sufficient to explain qPy4 trends in S. martensii. In particular, the qPy4
method postulates a homogeneous antenna system. However, the
occurrence of PSIlI antenna uncoupling can produce distortions in
photoinhibition monitoring using qP4. A modified calculation proto-
col allows accounting for the antenna uncoupling to obtain reliable
gP4 in the hypothesis of antenna heterogeneity, qPyq net (Ware
et al, 2015). According to the heterogeneous antenna model,
uncoupled and loosely coupled PSIl antennae are responsible for

the increase in qP4 above 1 observed at the early stages of the light
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FIGURE 2 NPQ light-response curves and maximum NPQ values in Selaginella martensii acclimated to three natural light regimes. (A) NPQ-
light response curves of deep shade (L, dark green), intermediate shade (M, green), and high light (H, pale green) plants during 60-min exposure to
increasing actinic light intensities. Average values tstandard error for n = 12 (L), 16 (M), 18 (H). (B) Maximum NPQ values (NPQuax) reached at
the end of the light curve. Histogram represents average values tstandard error for n = 12 (L), 16 (M), 18 (H); different letters indicate a
significant difference at P < 0.05, as determined using one-factor ANOVA followed by Tukey's test
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FIGURE 3 Photochemical quenching measured in the dark (qP4) in the hypothesis of a homogeneous antenna system in Selaginella martensii
acclimated to three natural light regimes. (A-C) gP4-light response curves of deep shade (L, dark green), intermediate shade (M, green), and high
light (H, pale green) plants during 60-min exposure to increasing actinic light intensities. (D-F) gP4 versus NPQ curves of L, M, and H plants. In all
cases, some data points correspond to qP4 > 1, excluding the correctness of the homogeneous antenna model. Dashed-gray horizontal line
represents the photoinactivation threshold of gPy4 = 0.98. Average values + standard error for n = 12 (L), 16 (M), 18 (H)

curve. This distortion is caused by an underestimation of the average Fo'at-NPQ curves in Figure S3. Fo',¢ was fitted with a
NPQ-dependent Fy',c (Oxborough & Baker, 1997) and can be com-

pensated by applying a correction to the Fy'cc formula (see Mate-

hyperbolic function of NPQ to obtain new Fy',c values (Fo'het) that
be almost superimposable to Fy/,.: at least at the lower values of

rials and Methods for details). Such correction is exemplified for the NPQ (i.e, at NPQ values corresponding to gPq>1 as in
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Figure 3D-F). The fitting procedure re-established qP4 ca. 1 at the
low irradiances and depended on three parameters: m, F, U.

m and F represent the relative NPQ amplitude produced by
uncoupled antennae and their relative fluorescence, respectively. They
can be considered as “structural” parameters of the antenna system.
According to Ware et al. (2015), m was fixed to 2, accepting estimates
by Belgio et al. (2012) of a doubled quenching capacity by uncoupled
antennae compared to the coupled in Arabidopsis thaliana. Ware
et al. (2015) assumed a constant F equal to 0.5. Differently, we let F vary
freely between O and 1: F was quite uniform in the three plant groups,
fluctuating between 0.21 and 0.29 (Figure 4A). These lower values may
indicate a structurally lower fluorescence emission by uncoupled anten-
nae in the phylogenetically distant S. martensii. However, the correctness
of m and F strongly depends on the validity of the assumption of the
heterogeneous antenna model proposed by Ware et al. (2015). For
instance, in an artificial system, the quenching capacity by uncoupled

antennae was found to be similar or even smaller than that of the

coupled antennae (Tian et al., 2015). However, in our study, fitting tests
using different combinations of F and m, for example, closer to the value
of 1, were unproductive. Conversely, the Ware's heterogeneous antenna
model is internally consistent and indicated that the apparent differences
among plant groups were almost exclusively due to the parameter U.
This is the fraction of uncoupled antenna and can vary between O (all
antenna is coupled with PSll) and 1 (all antenna is uncoupled from PSII).
L plants had U = 0.22, a value close to what estimated by Ware
et al. (2015) in A. thaliana grown under low light (0.15-0.20; Figure 4B).
In striking contrast, the M and H samples uncoupled ca. 2 and 3 times
more antenna, respectively, reaching in the latter an outstanding level of
PSII antenna uncoupling (Figure 4B).

gPy values were corrected replacing Fo/ caic With Fo'het in the qPy4 equa-
tion, leading to the new parameter qPy het. P4 het did not increase above
1 during the early steps of the light routine and was suitable for the quan-
tification of the photoprotection offered by NPQ during 55 min of increas-
ing actinic light illumination. pNPQ is now defined as the last value of

(A) g 4]

0.3 ?

L 0.2

FIGURE 4 Photochemical

quenching measured in the dark 0.1
in context of a heterogeneous

antenna system (qPq pet) in g

(B)
0.6

——i

ab

o
S

0.4

0.2+

Selaginella martensii acclimated to L M
three natural light regimes. Fitting
parameters (calculated as (C)

described in Material and

methods): (A) the relative

fluorescence F emitted by

uncoupled antenna and (B) the

fraction U of PSIl uncoupled B
antenna in deep shade (L, dark a°
green), intermediate shade o
(M, green) and high light (H, pale

green) plants. Histograms show

average values + standard error

forn=12(L), 16 (M), 18 (H); 0.5
different letters indicate a 0 2
significant difference at P < 0.05,

as determined using one-factor

ANOVA followed by Tukey's test. (E) 1.0
(C-E) gPg4 het versus NPQ curves

of L (C), M (D) and H (E) plants

during 60-min exposure to

increasing actinic light intensities. 3
Note the effectiveness of the F n;
and U parameters determination

in reestablishing qP4 < 1. Dashed-

gray horizontal line represents the

photoinactivation threshold of

gP4 het = 0.98. Average values 0.5
+ standard error forn = 12 (L),
16 (M), 18 (H)

NPQ
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NPQ that maintains gPy4 het above the 0.98 threshold (Ware et al., 2015).
gPg4 het Was maintained above 0.98 for higher NPQ values in H plants than
in M and L, showing a higher photoprotective capacity in the former,
although to a well-reduced extent as compared to the estimates from
uncorrected qP4 (see Figure 3A-C and 4C-E for comparison). H plants
benefitted from 29% and 38% more pNPQ than M and L, respectively
(Figure 5A). Photoinhibitory irradiances were re-determined as 70, 90, and
120 pmol m~2 57 for L, M, and H, respectively. Although pNPQ estima-
tion can be strongly dependent on the light treatment (length, number,
and intensity of the light intervals), pNPQ was strongly consistent with the
growth light regime, in contrast to what observed for NPQuax (Figure 2B).
The pNPQ/NPQuax ratio reported in Figure 5B indicated that ca. 40% of
NPQuax Was photoprotective in H and M plants, while in L plants the

photoprotective fraction was reduced to 29%.

3.2 | Validation of qP4 sensitivity to the onset of
PSII photoinhibition

The light curves account for cumulative light-related effects occurring
on the same sample exposed to increasing light intensities, but cannot
allow a direct comparison of gP4 and PSII photoinhibition. To this aim,
the qP4 method was also applied on the data obtained after indepen-
dent light inductions to stable irradiances, followed by dark relaxation
(see induction curves of NPQ, Figure S4A-)).

To allow an easier comparison of results obtained with two proto-
cols (light curve or individual inductions), the gP4 values were sampled
during the light induction based on the total number of photons con-
veyed to the sample. For instance, at the end of the step of

2 2 photons had

190 pmol m=2 s~ in the light curve, 2700 pmol m~
been directed to the sample; during the induction curve at
190 pmol m~2 s~%, a very close number of photons (2660 pmol m~2)
reached the sample after 14 min. The qP4 trends obtained from the
induction curves were overall consistent with those derived from the

light curves, including qPq4 > 1 at low-medium irradiance (Figure S5

C

PNPQ/NPQ, 5y

(A) .
a
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e} 21 ab
2 b
o}
14
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FIGURE 5

and Figure 5A-C). Similar to the original light-curve-based method,
the actual level of PSII photoinhibition remained unknown.

Because the link between gP4 and photoinhibition is of vital impor-
tance to a well-grounded use of qP4 in S. martensii, qPq4 nhet Values were
then calculated at the end of the induction curves to compare them with
the recovered F,/F,, after the dark relaxation. The lost PSII yield is
photoinhibition per definition, Y(gl). The preliminary fitting procedure of
Fo'act Values allowed the estimation of increasing U from L to M and H
plants (0.39, 0.61, and 0.82). Higher U values compared to the light-
curve experiment could be due to the different protocol used and the
longer natural photoperiod experienced by the plants in the greenhouse
(14 vs. 9 h day™%). The resulting qPq het-light curves revealed that, for
stable and low values of Y(gl) (0.02), qP4 het remained constantly and
consistently above 0.98 (Figure 6A-C). Subsequently, when Y(ql) started
to increase, Py het dropped below 0.98, but, as expected, at lower light
intensities in L plants compared to M and H (approximately 65, 125, and

125 pmol m~2 571

, respectively, Figure 6A-C). Therefore, despite the
strong assumptions in the interpretation of qPg, even stronger in context
of antenna heterogeneity, we obtained empirical evidence of the link
between qPyq net decay and the onset of PSIl photoinhibition in
S. martensii. Importantly, Py net < 0.98 characterized the absence of
photoinhibition, that is, the effectiveness of photoprotection. Again,
higher levels of photoprotection were linked to higher values of U. Not-
withstanding the different experimental setup, the irradiances determin-
ing the start of photoinhibition were close to those obtained in the

original protocol of the qPq nhet €Xperiment.

3.3 | qPgq et decreasing phase under high light
reveals a surprisingly strict control of photoinhibition
in L plants

The second phase of the gPy het curves (qPq het < 0.98) was character-
ized by a monotonous decay of gPq4 het, Which generally does not add

further information about PSII photoprotection, as confirmed in M
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Quantification of photoprotection offered by the non-photochemical quenching (NPQ) in Selaginella martensii acclimated to deep

shade (L, dark green), intermediate shade (M, green), and high light (H, pale green). (A) Photoprotective NPQ (pNPQ) in L, M, and H plants
calculated following qPq4 net Versus NPQ curves analysis as in Figure 4. (B) Ratio between pNPQ and maximum NPQ (NPQuax). Histograms
represent average values * standard error for n = 12 (L), 16 (M), and 18 (H); different letters indicate a significant difference at P < 0.05, as

determined using one-factor ANOVA followed by Tukey's test
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FIGURE 6 Comparison between photochemical quenching
measured in the dark in context of a heterogeneous antenna system
(P4 het) and quantum yield of PSII photoinhibition (Y(gl)) as functions
of the light intensity in Selaginella martensii acclimated to three natural
light regimes—deep shade (A), intermediate shade (B) and high light
(C) (see the text for details). In all plants, stable and low values of Y(ql)
correspond to stable gPq het around 1. The increment in Y(ql)
corresponds to a drop in gPq net. Average values + standard error for
n=3-5

and H S. martensii plants (Figure 4D-E). Surprisingly, qPq4 net decay in L
plants tended instead to stabilize at the highest irradiances, remark-
ably diverging from the simpler trends observed in M and H, and
resulting in higher gPy4 het final values (Figure 4C), that is, a mitigation
of the PSII photoinhibition rate had occurred at the end of the light
routine. The stabilization of gP4 het Values might be credited to the

(77 ;’L iologia Plantarur | 90f15

NPQ action. The slowing down the gP4 et decay in L plants was due
to the linear decrease in Fy' ¢ as a function of NPQ (Figure S3). In par-
ticular, the quenching of Fy',.¢ can be assigned to the marked NPQ
increase occurring during the late stages of the light curve,
characterizing specifically the L plants (Figure 2A). This result shows
that enhanced thermal dissipation processes could effectively
contribute to mitigate PSIl photoinhibition rate in L plants at irradi-

ance levels > 400 pmol m~2 s~ (Figure 4C-E).

3.4 | Light tolerance curves offer an alternative
and consistent quantification of phototolerance

To further substantiate the results of comparative photoprotection in
S. martensii plants, light tolerance curves were built on the same
datasets and used as an approach independent from the pNPQ quan-
tification. Plots of light intensity against the respective fraction of
photoinactivated samples (those yielding qPy het < 0.98)were fitted
with a logistic function: an increased steepness of the curve
indicates a higher propension of plants to PSIlI photoinactivation.
Phototolerance was estimated by Iso parameter, that is, the light
intensity causing the PSIl inactivation in half the analyzed samples.
The sensitivity of PSIl to photoinactivation decreased from shade to
sun acclimation (Figure 7A-C). However, despite the strongly contra-
sting light regimes, the difference in Isg between the two extremes
was of only 74 pmol m=2 s (72 vs. 146 pmolm™2 st in L and H
plants, respectively; Figure 7D).

Phototolerance trends revealed by lso resembled the gradient
previously observed for pNPQ (Figures 5A and 7D). Because there
was no obvious relationship between pNPQ and NPQuax, it was
interesting to find out how the Isg and pNPQ positioned on the
NPQ-light curves. For each type of long-term acclimation, the position
of pNPQ marked the end of the linear growth of NPQ in response to
increasing irradiance; for NPQ > pNPQ (or irradiance>lso) the linear
response with light intensity was lost, that is, NPQ increased more
slowly (Figure 8A-C). This scenario was uniform in all the analyzed
samples and indicated that PSIlI photoprotection was efficient until

NPQ increased linearly as a function of light intensity.

4 | DISCUSSION

The present study demonstrates that in the ancient vascular plant
S. martensii the pNPQ is not proportional to the total NPQ amplitude
(NPQumax) inducible in plants acclimated to strongly contrasting light
regimes. Instead, the PSIl photoprotection effectiveness is strongly
dependent on the light regime, with a remarkable increase in pNPQ
from L to H plants (Figure 5A). Developmental acclimation to higher
light availability results indeed in a higher phototolerance to increasing
irradiance (Figure 7). The inconsistency between pNPQ and NPQuax
finds its major explanation in the special regulation of excitation
energy management in deep-shade plants when exposed to exceed-

ingly high light.
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FIGURE 8 Light-tolerance and photoprotective NPQ (pNPQ) in Selaginella martensii acclimated to different natural light regimes. Linear fitting

(red lines) relative to the first, steepest increasing phase of NPQ-light curves (green lines) in L (A), M (B), and H (C) plants. Gray-dashed horizontal
lines indicate the photoprotection offered by thermal dissipation to PSII (pNPQ) in each plant group (see Figure 5). NPQ loses its linear response
to light at NPQ > pNPQ. Each point represents average value + standard error for n = 12 (L), 16 (M), and 18 (H)

According to Ruban (2016), pNPQ is mainly due to gE. Because in
angiosperms gE is more induced in sun-grown plants, it can be satisfy-
ing to explain the variations in photoprotective capacity upon long-
term light-acclimation (Anderson & Aro, 1994; Demmig-Adams
et al, 2015; Mathur et al, 2018; Mishra et al, 2012; Park Il
et al., 1997; Schumann et al., 2017). Differently, in S. martensii, qE is
only slightly variable between L, M, and H plants (Ferroni et al., 2016).
A different view about the PSIl photoprotection offered by NPQ was
presented by Lambrev et al. (2012), based on ultrafast time-resolved

fluorescence measurement in A. thaliana. Although gE contributes
largely to the total NPQ amplitude, it was not considered the main
component of photoprotective NPQ, but qZ was instead proposed as
the prevailing mechanism that brings photoprotection to PSII
(Lambrev et al., 2012). However, the interpretation of the same
kinetic NPQ component as gZ in S. martensii is quite questionable
(Ferroni, Colpo, et al., 2021). In fact, rather than depending on zeaxan-
thin, this component, termed gX, seems to be triggered by a reduced

electron transport chain and to exploit PSI as a thermal quencher to
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prevent PSIl photodamage (Ferroni et al, 2018; Ferroni, Colpo,
et al., 2021). gX activity is deemed related to PSII interactions with
PS| as mediated by LHCII (Ferroni et al., 2014), not only the formation
of the state transition complex (Galka et al, 2012; Pesaresi
et al., 2009; Wood & Johnson, 2020), but also the assembly of
PSI-LHCII-PSII megacomplexes responsible for an extensive connectivity
between photosystems, including the chance for energy spillover of exci-
tation energy from PSII to PSI (Barber, 1980; Grieco et al., 2015; Jajoo
et al., 2014; Jarvi et al., 2011; Tiwari et al., 2016; Yokono et al., 2015).
Currently, energy spillover in megacomplexes is considered relevant to
effective PSIl photoprotection (Yokono et al., 2019).

Because the gradient in pPNPQ cannot be explained by variations
of qE/gZ in S. martensii, alternative explanations could be related to
other regulatory functions of the antenna system. According to the
gPq method, pNPQ determination is based on the comparison
between the ideal Fy'c,c and the measured Fy'., leading to qPqy
values lower than 1 as a mark for photoinhibition onset. More prob-
lematic are gP4 values above 1. Any distortion in Fg,: could be in
principle due to the PSII photoinhibition: in fact, only Fy',c: determina-
tion is affected by PSII photoinhibition, while Fq ., should be insensi-
tive (Oxborough & Baker, 1997). If this were the case, we should
observe a rise in the measured values of Fy',.; compared to the calcu-
lated, while the results show a completely opposite scenario in which
Fo act is lower than Fo/ .. Moreover, negligible values of Y(qgl) during
the qP4 rise are a straightforward demonstration that qP4 > 1 cannot
be due to photoinhibition. Such lower-than-expected Fy',; suggests
instead the occurrence of quenching mechanisms of Fy' in addition to
the direct effect of NPQ. According to the interpretation of average
quenching properties of uncoupled antennae offered by Belgio et al.
(2014) and Ware et al. (2015), the role of additional Fy' quenchers
could be played by the antennae uncoupled from PSIl. These hypo-
thetical quenchers would be characterized by an enhanced NPQ
capacity and by a lower fluorescence emission than the coupled popu-
lation. At present, this is the only well-modeled interpretation of
gPd > 1 and, as such, it was used in our work. Accordingly, S. martensii
would be characterized by a larger population of uncoupled/loosely
coupled antenna than the angiosperms, in particular A. thaliana (Ware
et al., 2015). In the latter, the antenna uncoupling distorting the gPq4
trends is specific to the low light-grown plants and related to the
acclimative accumulation of LHCII (Ware et al., 2015). It is not surpris-
ing that the shade-tolerant lycophyte S. martensii is affected by similar
distortions, because of the great amount of LHCII as compared to PSII
(Ferroni et al., 2014, 2016). However, with respect to the develop-
mental acclimation to light, S. martensii behaves exactly the opposite
of A. thaliana: U markedly increases from L to H plants, suggesting a
massive use of LHCII antenna uncoupling. In H plants, the invariant
quantity of free LHCII trimers becomes accordingly overabundant in
comparison with the reduced amount of PSII reaction centers (Ferroni
et al., 2016). Therefore, in S. martensii the involvement of uncoupled
guenched antennae in qP4 determination seems well grounded from a
biochemical point of view. However, considering that the excitation
qguenching capacity by uncoupled LHCII is a debated issue, other
explanations are possible (Tian et al., 2015). Another reason for a too

low F¢',t at non-photoinhibitory irradiances could be the reduction in
PSIl absorption cross-section due to state-transition-like antenna
detachment. Interestingly, in M plants the maximum divergence
between Fo',¢ and Fo'cac—that is, the peak in gP4—is in very good
agreement with the peak of LHCIlI phosphorylation previously
reported (Ferroni et al., 2018). Both events occur approximately at the
irradiance of growth (50-100 umol m~2 s71). If the gPy4 increase is a
reflection of state-transition-like processes, the antenna uncoupling
plays again a pivotal role. This inference allows the interpretation of
gPq4 in the more general frame of the multiple roles assigned to the
free LHCII in the thylakoid membrane, including the regulation of
PSI-PSII interaction at the grana margins (Grieco et al., 2015; Wientjes
et al.,, 2013; Wood & Johnson, 2020; Zivcak et al., 2014). It is very
probable that a more complete interpretation of qP4 should also take
into account the photoprotective contribution by PSI, together with
mixed populations of uncoupled LHCII, which could be “functionally
isolated” from PSIl (quenched or unquenched) and/or connected
to PSI.

Among PSIl uncoupled antennae, a consistent fraction probably
serves as qE quenching site (Holzwarth et al., 2009; Miloslavina
et al., 2011; Ruban, 2016). Because in S. martensii the gE amplitude is
almost invariable irrespective of the light regime (Ferroni et al., 2016),
the remaining, non-gE-related fraction of uncoupled antenna must be
responsible for the increased photoprotection from L to H plants, for
example, via interactions involving PSI as a photochemical or non-
photochemical quencher (Brestic et al, 2015; Tiwari et al., 2016;
Wood & Johnson, 2020; Yokono et al., 2019). In S. martensii the
amount of PSI and PSI-LHCII-PSII megacomplexes increases under
high light (Ferroni et al., 2016) and the assembly of the latter requires
the recruitment of free LHCII trimers to mediate labile interactions
between PSIl and PSI (Grieco et al., 2015). Terashima et al. (2021)
suggested that the energy spillover process could be particularly
important in shade-tolerant plants to confer them resistance against
strong sunflecks. In a lycophyte with invariable LHCIl amount and low
carbon fixation capacity (Ferroni et al, 2016; Ferroni, Brestic,
et al, 2021), the extensive PSIl antenna uncoupling can allow an
emphasized exploitation of PSl-linked photoprotection also upon
long-term acclimation to high light. Conversely, in the complete
absence of sunflecks, the photoprotective role of uncoupled antennae
and PSI seems diminished, potentially exposing the small PSI pool of L
plants to photodamage upon short-term exposure to even moderate
light (Brestic et al., 2015). Because PSI is particularly sensitive to
donor-side over-reduction (Takagi et al., 2017), its photoprotection
primarily depends on a reduced inflow of electrons from PSII into the
membrane (Yamamoto & Shikanai, 2019). The Py het results suggest
that in L plants of S. martensii the safe accumulation of a stable popu-
lation of photoinactivated PSIl under moderate/high light may serve
to the scope of downregulating the electron flow and preserve PSI
(Tikkanen et al., 2015). Beside photoprotective thermal dissipation
mechanisms, PSIl photoinactivation is also counteracted by the repair
cycle of PSIl based on the D1 core protein turnover (Keren
et al.,, 1995, Baena-Gonzalez & Aro, 2002, Kato & Sakamoto, 2009,
Nath et al., 2013). The PSII repair cycle requires the migration of
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photodamaged PSII to the non-appressed grana margins, where the
turnover takes place (Anderson & Aro, 1994; Jarvi et al., 2015; Li
et al., 2018; Kirchhoff, 2014). D1 turnover is more active in sun plants,
whose thylakoid membranes are enriched in grana margins
(Anderson & Aro, 1994). Differently, shade plants are characterized by
a higher grana stacking, further increased when exposed to high irradi-
ance; the extensive thylakoid appression hinders the PSII turnover, so
that the grana contain a kind of reservoir of inactive PSIl (Anderson &
Aro, 1994; Mathur et al., 2018; Matsubara & Chow, 2004; Tietz
et al., 2015). The accumulation of photoinactivated PSIl upon increas-
ing irradiances also occurs in S. martensii, starting from relatively low
light intensities (see Isq values, Figure 7D). However, in L plants—the
richest in PSIl—gPy surprisingly slows its drop at the highest irradi-
ances, indicating the achievement of a constant ratio between intact
and photoinactivated PSIl (Figure 4C). A stable reservoir of
photoinactivated PSIl in long appressed pseudo-lamellar thylakoids
may have an important photoprotective role, because they safely dis-
sipate the excess of absorbed energy, preventing the
photoinactivation of the remaining, active PSII, but also restricting the
electron inflow directed to PSI (Mathur et al., 2018; Matsubara &
Chow, 2004). According to Ruban (2016), gl does not contribute to
pNPQ. However, the gP4 method indirectly evidences the physiologi-
cal function of gl in mitigating the PSII photoinactivation, although the
small gl extent (5%-10% of total NPQ amplitude, Ferroni et al., 2016)
could not explain per se the constant increase in NPQ at high irradi-
ances observed in L plants (Figure 2A). A possible interpretation of
this phenomenon can be related to an additional thermal dissipation
mechanism produced by PSII cores (Nicol et al., 2019), more relevant
in L plants because of their higher content in PSII.

In conclusion, although qE might still represent the main com-
ponent of pNPQ as postulated by Ruban (2016), in S. martensii the
pNPQ could also strongly depend on the PSIl antenna uncoupling
and the relative amount of PSIl and PSI. After the correction for the
antenna heterogeneity, P4 net is confirmed as a very precise indica-
tor of incipient PSIl photoinhibition. Furthermore, the example of
S. martensii suggests that the gPy method can be sensitive to
PSl-related mechanisms and to the PSII core-related thermal dissipa-
tion. A sustained PSIl photoinhibition can have a photoprotective
function to increase physiologically a low PSI/PSIl ratio
(Shimakawa & Miyake, 2019). Evidence for the importance of such
processes is quite sparse in the literature regarding angiosperms.
The results obtained in S. martensii may indicate that processes col-
lateral to qE, and often considered as minor, can have had a special
relevance for thylakoid membrane photoprotection in ancient land
plants, which do not modulate extensively the LHCII total content
(Gerotto et al., 2019; Lei et al., 2021). However, any evolutionary
conclusion should be cautious taking into consideration millions of
years of parallel evolution of Selaginella, making it difficult to define
a certain physiological trait as primitive or derived. For instance,
some properties evidenced in S. martensii could be shared by other
shade plants because of convergent evolution. This study invites the
validation (or not) of the qP4 method and its conclusions emerging
in a lycophyte in other plants sharing the same deep-shade habitat
and long-term invariable LHCII amount.
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chla/b
(chl at+b)/car

Fig. S1. Photosynthetic pigments quantification in Selaginella martensii acclimated to deep shade (L), intermediate shade (M) and
full sunlight (H). Pigment ratios in isolated thylakoids are reported as the molar ratio between chlorophyll (chl) @ and b content (A)
and chlorophyll a+b and carotenoids (B). Histograms represent average values £Standard Error for n=3. Different letters indicate a
significant difference determined with ANOVA followed by Tukey’s test at p<0.05.
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Fig. S2. Native thylakoid composition in Selaginella martensii acclimated to deep shade (L), intermediate shade (M) and full sunlight
(H). Thylakoids corresponding to 8 mg of chlorophyll were solubilized with 1.5% B-dodecylmaltoside to a final chlorophyll
concentration of 0.5 mg ml"' and subjected to Blue-Native Polyacrylamide gel Electrophoresis (BN-PAGE). Electrophoretic bands
were identified according to Jérvi et al. (2011) and Ferroni et al. (2014). The heavy PSII-LHCII supercomplexes are more abundant in
L plants than in M or H plants. In contrast, the intensity of the band corresponding to the LHCII trimers is almost invariable in the three
types of plants. The thylakoid organization in the plant material used for the fluorometric experiments is therefore uniform to that used
in Ferroni et al. (2016).
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Fig. S3. Examples of minimum fluorescence as a function of Non-Photochemical Quenching (NPQ) in Selaginella martensii acclimated
to deep shade (L), intermediate shade (M) and full sunlight (H). F’o is expressed relative to its respective maximum fluorescence level
(Fm). (A-C) experimental, actual values of minimum fluorescence (F’o, black squares) together with the fitting function of F’o
accounting for a heterogeneous antenna (red line) in the three light regimes. The fitting procedure involves only the values of F’o act in
the absence of photoinhibition (qP¢>0.98), according to what postulated by Ware et al. (2015). Note that the subsequent F’o act drop as
a function of NPQ is still approximately hyperbolic only in M and H plants (A-B), while the decrease in L plants is linear (C). (D)
Example of F’0 act (black squares), F’o caic (black line, homogeneous antenna, Oxborough and Baker 1997) and F’¢ net (red line,
heterogeneous antenna, Ware et al. 2015) relative to the sample in (B).
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Fig. S4. Kinetic curves of NPQ during 19 minutes of continuous actinic light illumination followed by 40 minutes of dark relaxation
in Selaginella martensii plants acclimated to deep shade (L), intermediate shade (M) and full sunlight (H). Levels of light intensity:
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Chapter 2:

Thylakoid membrane appression in the giant
chloroplast of the shade-adapted lycophyte Selaginella
martensii Spring (Lycopodiophyta)
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Introduction

Selaginellaceae, with the only genus Selaginella, are a rich family of lycophytes, the diminutive early divergent
group of vascular plants, sister clade of the euphyllophytes (Weststrand and Korall 2016). Most Selaginella
species are found in the lower vegetation layers of tropical and subtropical forests, where the plant life would
be impossible without special adaptations to deep shade. Light reaches the understorey after having been
attenuated by the upper canopy, which not only strongly reduces irradiance, but also modifies the spectral
composition of the light available to photosynthesis, determining a relative enrichment in green and far-red
wavelengths. Moreover, understorey plants are exposed to unpredictable fluctuations in both light intensity
and quality because of the sunflecks filtering through the canopy. The morphological adaptations of species
adapted to deep shade are known for some time and include all levels of biological organization from the plant
habit to the leaf anatomy, from the cell shape to the thylakoid system architecture inside the chloroplasts
(Kozlowski and Pallardy 1997, Anderson et al. 1988, Mathur et al. 2018).

The most characterizing morphological feature of the thylakoid system is the segregation of the membranes
into granal and stromal lamellar domains, which is biochemically related to the uneven distribution of
photosystem [ (PSI) in the stroma-exposed domains and photosystem II (PSII) in the appressed domains
(Andersson and Anderson 1980). A granum can be defined as an approximately cylindrical stack with a
diameter of ca. 400-600 nm and formed by at least three thylakoids, usually 5 to 25, depending on species and
light conditions (Rantala et al. 2020; Mazur et al. 2021). Magnificent three-dimensional renderings of the
granum structure and its connections with the stroma lamellae are currently available for model angiosperms
(Austin and Staehelin 2011, Bussi et al. 2019; for a historical review on thylakoid architecture modelling, see
Staehelin and Paolillo 2020). The thylakoid stacking depends on one hand on the vertical interactions of the
supramolecular complexes formed by PSII and its light-harvesting complex LHCII in the appressed regions
(Barber 1980, Albanese et al. 2020); on the other hand, it depends on the exclusion of PSI and the ATP synthase
from the grana cores because of their stromal protrusions, which cannot be accommodated in the stromal gap
of the grana partitions (Miller and Staehelin 1976, Daum et al. 2010, Nevo et al. 2012). The regions found at
the interface between the appressed and non-appressed domains are called the “grana margins” (Rantala et al.
2020). The grana curvature areas are another thylakoid domain enriched in membrane curvature factors which
regulate the granum size (Armbruster et al. 2013, Trotta et al. 2019). Inside the chloroplasts of shade-adapted
plants, particularly angiosperms, the thylakoid system is very abundant, and the grana stacks are irregularly
orientated and made up of several tens of thylakoids, even up to hundreds (e.g., Alocasia macrorrhiza,
Anderson et al. 1973; Anoectochilus roxburghii, Shao et al. 2014; Monstera deliciosa, Demmig-Adams et al.
2015). The large amount of LHCII compared to PSII typically leads to low chlorophyll (Chl) a/b molar ratios
(2.3-2.7) compared to sun-adapted plants (2.9-3.6; Lichtenthaler and Babani 2004, Anderson et al. 2012). The
PSI/PSII ratio in shade plants is a conflicting issue, with contradictory reports also by the same authors (e.g.,
Melis and Harvey 1981, Anderson et al. 1988, Chow et al. 1990, Fan et al. 2007, Anderson et al. 2012). Given

the exclusion of PSI from the grana cores and the need of understorey plants for balancing the over-excitation
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of PSI due to the enrichment in far-red light, it is logical that, in the natural shade of the understorey, a high
degree of thylakoid appression is accompanied by a low PSI/PSII ratio (Walters and Horton 1994, Pantaleoni
et al. 2009).

Broadening the perspective to non-angiosperms, the structural diversity of the chloroplasts in shade plants is
not limited to the size of the grana stacks. The striking ultrastructural shade adaptations in Selaginella species
are instructive of an evolution of shade-adaptation traits that occurred independently of that better-
characterized in angiosperms. In the very small and thin microphylls of rainforest Selaginella species the upper
epidermal cells are usually the main location of photosynthesis (Jagels 1970, Sheue et al. 2007, Ferroni et al.
2016). The upper epidermal cells are roughly conical and, in many species, host only one giant chloroplast per
cell, generally lying at the cell bottom to collect as much light as possible through a very extensive thylakoid
system (Liu et al. 2020). Light harvesting is helped by the convex upper tangential cell wall, sometimes
ornamented with silica bodies, which focuses light downwards to the chloroplast (lens effect; Liu et al. 2020,
Shih et al. 2022). At the same time, the funnel-shape of the cell allows multiple light reflections inside the
protoplast to possibly enable light harvesting also by less exposed thylakoids (light-pipe effect; Liu et al. 2020).
In the Selaginella species adapted to the deepest shade (subgenus Stachygynandrum, Liu et al. 2020), the
thylakoid system can differentiate into two structural zones, an upper region with parallel long lamellae formed
by 2-4 appressed thylakoids and a lower granal structure (Sheue et al. 2007, 2015, Ferroni et al. 2016, Liu et
al. 2020). In such “bizonoplast”, the upper thylakoid lamellae are deemed responsible for blue iridescence, a
phenomenon also observed in some deep-shade angiosperms, such as many Begonia species and Phyllogatis
rotundifolia (Gould and Lee 1996, Pao et al. 2018, Masters et al. 2018, Castillo et al. 2021). In the most
characterized species S. erythropus, the lower chloroplast region contains grana formed on average by 18
stacked thylakoids with a diameter of ca. 600 nm (Sheue et al. 2007). Therefore, despite the adaptation to deep
shade, the granal structure lays within common ranges of grana size variation with respect to the granum height,
and at the upper limit of the granum diameter (Kirchhoff 2019, Rantala et al. 2020). In the related species S.
martensii, the upper epidermal cells host likewise a bizonoplast, although the thylakoid zonation is less
pronounced than in S. erythropus (Ferroni et al. 2016) or was also reported to lack (Liu et al. 2020). In the
prevailing granal region, occupying the major part of the chloroplast, the thylakoid stacking degree appears

very variable inside the same organelle (Ferroni et al. 2016).

Because a high degree of thylakoid stacking is a very characterising morphological trait in the cell biology of
shade-adapted species, in this report we aimed at testing if this assumption can be supported quantitatively in
S. martensii. The thylakoid stacking extent was analysed using complementary morphometric (electron
microscopy) and biochemical (differential thylakoid solubilisation) approaches, in combination with the
electron paramagnetic resonance determination of the PSI/PSII ratio and the in vivo simultaneous analysis of

prompt Chl a fluorescence and PSI oxidation state.
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Materials and Methods

Plant material

The plant material used in this research was sampled from a colony of Selaginella martensii Spring
(Selaginellaceae) kept under stable environmental conditions in the warm humid greenhouse at the Botanical
Garden of the University of Ferrara (44°50°30°” N, 11°37°21”’E). The temperature was maintained at 25-30°C
and the relative humidity was always above 60%. The greenhouse reproduces the natural shade of the lower
vegetation layers in a dense forest formation, where the S. martensii plants grow in a low-intensity, far-red
enriched environment. All over the year, the maximum incident light intensity is less than 80 pmol photons m
2 ¢! and is enriched in far red (red/far red quantum ratio, 0.7). For analyses, terminal branches (2-3

ramifications from the apex) were sampled at the end of the night and all manipulations were done under a

dim green safe light.
Transmission electron microscopy

Small portions of branches were cut and transferred into a 10-mL syringe. Soon after, 3 mL of a fixing solution
were added (3% glutaraldehyde in 0.1 M K-Na phosphate buffer, pH 7.2, kept at 4°C) and air in intercellular
spaces was removed creating a slight vacuum with the syringe plunger. The syringe was then covered with
aluminium foil and fixation was allowed for 4 h at room temperature. After several washings with phosphate
buffer, the samples were recovered in a vial and post-fixed with 1% OsOys in the same buffer over night at 4°C
(Ferroni et al. 2016). After dehydration in a graded acetone series, the samples were infiltrated with Durcupan
ACM epoxy resin. The ultrathin sections were contrasted with lead citrate and uranyl acetate and, for
observation, a Zeiss EM910 transmission electron microscope was used (Electron Microscopy Centre,

University of Ferrara).

For morphometric determinations of the thylakoid system, micrographs were analysed using the free

processing package Fiji (https://imagej.net/software/fiji/). The ratio between appressed and stroma-exposed

thylakoid membranes was determined in micrographs taken at 31.500x.
Thylakoid isolation

For thylakoid isolation the protocol described in Pantaleoni et al. (2009) was used with modifications as
follows. At the end of the night, the terminal branches were cut and immediately transferred to a cold mortar
(-20°C). The cold (4°C) grinding buffer was added (50 mM Tricine/KOH — pH 7.6, 330 mM sorbitol, 2 mM
Na,EDTA, 5 mM MgCly, 2.5 mM ascorbate, 0.05% bovine serum albumin, 10 mM NaF). After addition of
sand quartz, the sample was quickly homogenized with a cold pestle and the homogenate was filtered through
two layers of Miracloth (Calbiochem) and collected in a tube kept in ice. After centrifugation at 150 g for 5
min at 4°C to remove cell debris and residual quartz, the supernatant was collected and centrifuged at 18.000
g for 5 min at 4°C. The pellet, containing the chloroplasts, was subjected to hypoosmotic stress by resuspending

in a cold shock buffer (50 mM Tricine/KOH — pH 7.6, 5 mM sorbitol, 2 mM Na,EDTA, 5 mM MgCl,, 10 mM
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NaF). Centrifugation at 18.000 g for 5 min at 4°C allowed to collect the isolated thylakoids in the pellet, which
were resuspended in storage buffer (100 mM Tricine/KOH — pH 7.6, 5 mM sorbitol, 2 mM Na;EDTA, 5 mM
MgCl,, 10 mM NaF) to a final Chl concentration of ca. 1-2 mg mL™'. The Chl concentration in the thylakoid
suspension was determined after extraction with 80% (v/v) buffered acetone (2.5 mM Hepes/NaOH, pH 7.5)
and quantitated as described by Porra et al. (1989). Subsequently, the samples were stored in liquid nitrogen

until used for analyses.
Electron paramagnetic resonance

The protocol for the detection of the PSI and PSII signals was adapted from Danielsson et al. (2004) and Fan
et al. (2007). The isolated thylakoids were pelleted by centrifugation at 18.000 g at 4°C for 5 min, the
supernatant was discarded and the thylakoid pellet was resuspended with a MES [2-(N-
morpholino)ethanesulfonic acid] buffer having the following composition: 15 mM MES/NaOH pH 6.5, 15
mM NaCl, 300 mM sucrose, to give a final Chl concentration of 3-4 mg mL™ in a volume of 250 mL inside a
1.5 mL microtube. The thylakoid suspension was maintained on ice in darkness and used for electron

paramagnetic resonance (EPR) measurements.

For EPR measurements, a Bruker ER200 MRD spectrometer equipped with a TE201 resonator (microwave
frequency of 9.4 GHz) was used. The instrument was calibrated by using o,a’-diphenylpicrylhydrazyl (dpph).
The sample to be analyzed (250 puL) was put in a flat quartz cell and the EPR spectrum was recorded for the
blank constituted by a 5SmM solution of Ks[Fe(CN)s] prepared in MES buffer. The radical-cation P700" in PSI
(one radical spin per reaction centre) was chemically generated by addition of freshly prepared Ks[Fe(CN)s]
to the thylakoid suspension to give a final concentration of 5 mM. After a dark incubation period of 10 min at
room temperature, the sample was put in the flat cell for the EPR measurement of P700" signal. After the
record, the flat cell was recovered from the cavity and exposed to white fluorescent light (ca. 30 umol photons
m ) for 60 s at room temperature. Then, the cell was reinserted into the cavity for the detection of the light-
induced, dark-stable Tyrosine D radical in PSII reaction centre (YD’, one radical spin per reaction centre).
Readjustment of the resonance conditions in the cavity corresponded to a waiting time of ca. 5 min prior to
YD’ signal registration. For spectra elaboration, Origin™ version 2022 (OriginLab, Northampton, MA, USA)
was used. The P700" signal was obtained by subtracting the Ks[Fe(CN)e] blank signal to avoid the disturbance
due to Fe. Because the P700" signal is a single narrow line (Fan et al. 2007), it was easily identified nearby the
G value typical of radicals; a line was drawn manually intersecting the signal centre tangential to the basal
outline in the neighbourhood of the P700" line. The drawn line was used as baseline for integration, thus
assigning to the signal centre the value of zero in the derivative, i.e., the maximum in the resulting quasi-
Gaussian primitive curve. The intensity of the PSI signal was determined as the area subtended under the latter
curve. For PSII, the YD" signal overlapped on that of P700" (+ K3[Fe(CN)s]) and therefore was obtained by
subtraction. The derivative YD signal is larger than that of P700" and consists of composite lines (Fan et al.
2007), therefore giving rise to a complex primitive curve; nevertheless, the signal centre was recognizable, and
the same analytical procedure was applied as per the P700" signal, obtaining the signal intensity of YD. Both
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radical signals are equimolar to the respective photosystems, and the YD'/P700" area ratio was used as an

estimate of the PSII/PSI stoichiometry.
Comparative thylakoid solubilization

The methods used were adapted from Rantala et al. (2017). Aliquots of thylakoid suspensions corresponding
to 8 ng Chl were collected by centrifugation at 18.000 g for 5 min at 4°C and the supernatant was discarded.
The pellet was then treated in one of the three following alternatives for solubilisation, in all cases operating

in very dim light.

(1) Solubilisation with B-dodecylmaltoside (B-DM; Sigma-Aldrich) in BTH buffer [25 mM BisTris/HCI
—pH 7.0, 20% (w/v) glycerol, 0.25 mg ml™! Pefabloc, 10 mM NaF], on ice for 10 min with very slow
mixing.

(2) Solubilisation with digitonin (Calbiochem) in BTH buffer, at room temperature (23°C) for 30 min
with continuous gentle mixing.

(3) Solubilisation with digitonin in ACA buffer [SO mM BisTris/HCI — pH 7.0, 375 mM e-aminocaproic
acid, 1 mM Na;EDTA, 0.25 mg ml" Pefabloc, 10 mM NaF], at room temperature (23°C) for 30 min

with continuous gentle mixing.

Operatively, the pellets were first resuspended in the buffer (BTH or ACA) and an equal volume of detergent
solution (in BTH or ACA buffer) was added to obtain the final detergent concentrations of 0 (insolubilized
control), 0.75, 1.50, 2.50%. After solubilization, the insolubilized material was pelleted by centrifugation at
18.000 g at 4°C for 20 min. The solubilized and insolubilized fractions were used to determine the respective
Chl content as described in the previous paragraph. Alternatively, they were treated for SDS-PAGE separation
of thylakoid proteins on a resolving gel with 15% acrylamide and 6 M urea (Laemmli 1970). Gels were silver

stained using routine protocols.
Simultaneous analysis of P700 redox state and Chl a fluorescence

A Dual PAM-100 (Walz, Germany) was used for the measurement of the fast Chl a fluorescence induction
and the P700 redox state (Klughammer and Schreiber 1994, Zivéak et al. 2014a, Ferroni et al. 2022). Uncut
terminal branches of dark-acclimated plants were positioned in the measuring head of the instrument, allowing
a further dark-acclimation for ca. 2 minutes before analysis. Subsequently, the sample was exposed to a 600
ms-long saturation pulse with intensity of 10.000 umol photons m? s™'. During the pulse, the Chl a fluorescence
emission signal and the P700" absorption signal (dual wavelength 830/875 nm) were recorded simultaneously

at a high frequency (0.3 ms intervals).

56



Results

Thylakoid ultrastructure and morphometrics

To simplify the characterization of the thylakoid system in S. martensii giant chloroplasts, the plant material
was sampled at the end of the night. The rationale for this choice was to promote the disappearance of the
assimilatory starch grains and obtain better views of the thylakoid system. At the same time, in the long-term
dark-acclimated chloroplast, the thylakoid system generally emphasizes the lateral heterogeneity of the
photosynthetic complexes, i.e., a stricter segregation of PSII and PSI in grana cores or stroma-exposed
domains, respectively (Rantala et al. 2020). Under these conditions, the appression degree should reflect more

closely the PSI/PSII ratio.

At the end of the night, in the upper epidermal cells of S. martensii the giant chloroplast was cup-shaped and
laid at the cell bottom, opposite to the large vacuole (Fig. 1A). Despite several hours of darkness and opposite
to expectations, the organelle was still filled with many starch granules. Different from previous observations,
no thylakoid dimorphism could be observed between the upper and lower region of the chloroplast, without
any trace of the upper elongated lamellae (Ferroni et al. 2016). The very abundant thylakoid system was
exclusively organized in grana stacks connected by stroma thylakoids all over the organelle and quite
uniformly distributed around the starch granules (Fig. 1B). At a first glance, the degree of thylakoid appression
was high, but the size of the grana stacks was extremely heterogeneous (Fig. 1C). In the same organelle, grana
stacks formed several tens of thylakoids were found along with small stacks of only a few thylakoids (Fig.
1C). In some cases, the granum appeared as an individual unit well separated from the neighbouring grana
(Fig. 1D). The appressed domains represented by the dark grana partitions (or stromal gaps) occupied the
granum core. The non-appressed domains included mainly the stroma thylakoids and the top and bottom layers
of each stack (end membranes). Laterally, the continuity domains of the granal thylakoids with the stroma
lamellae in the region interfacing the appressed and non-appressed membranes, i.e., the grana margins, were
well visible (Fig. 1E; Rantala et al. 2020). Relatively less easy was the observation the bended edges of the
stacked thylakoids, i.e., the curvature areas the granum border (Trotta et al. 2019, Rantala et al. 2020). In
addition, the identification of the borders of an individual granum was sometimes difficult, because the
thylakoid system in S. martensii was quite frequently organized in a continuity of the appressed thylakoids
from one stack to the other (Fig. 1F). Especially in these last cases, at the stack borders the clear prevalence of
the grana margin regions over the curvature areas was appreciated; the stroma lamellae in continuity with the

grana thylakoids tended to maintain a well-ordered parallel arrangement (Fig. 1G).
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Figure 1 Electron micrographs of the giant chloroplast and thylakoid system in microphylls of Selaginella martensii at
the end of the night. (A) A cell of the upper epidermis showing the cup-shaped giant chloroplast. (B) The thylakoid system
appears abundant; note the abundance of starch grains. (C) Heterogeneity of the thylakoid stacking extent exemplified by
the different height of grana in the same field of observation. (D) An example of large granum with several tens of
appressed thylakoids. (E) A detail of the granum border in D showing the grana margins alternating with curvature areas.
(F) An example of the direct continuity of neighbouring stacks, mediated not only by stroma lamellae, but also by
appressed thylakoids, hardly reconciled with the model of a cylindrical granum. (G) Detail of a granum border from which
almost all thylakoids originate parallelly arranged stroma lamellae. Scale bars: (A) 10 pm; (B) 2 um; (C) 0.5 um; (D-G)
0.2 pm.
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The complicate distribution of the thylakoid system in S. martensii giant chloroplast, always influenced by the
abundant interspersed starch granules, challenged its morphometric analysis. Within the single giant
chloroplasts, the measurements were focussed on selected areas at a magnification offering a good compromise
between rich-in-thylakoid field and sufficient resolution of the membranes, sectioned parallel to the stack axis.
Heterogeneity of thylakoid stacking emerged clearly from the large variability of two morphometric
parameters used to characterize the grana. The distribution of the number of thylakoids per granum was within
a range of [5-86] and resulted in an average of 26 + 19 (SD), corresponding to a coefficient of variation of
73% (Fig. 2A). Though the statistical distribution could be approximated as normal, its asymmetry was evident
(skewness 1.43). The median of 21 thylakoids per granum was indeed smaller than the average and extreme
stacking degree (>50 thylakoids/granum) was a relatively rare occurrence. The length of the grana partitions
was also distributed in the quite wide range of [308-1026] nm and resulted in an average of 673 + 157 (SD)
nm, corresponding to a coefficient of variation of 23% (Fig. 2B). The distribution was symmetric (median 686

nm, skewness -0.45).

As emerging from the representative micrographs shown in Fig. 1, the non-appressed thylakoid domains
(stroma lamellae, granum end membranes, curvature areas and grana margins) were well represented in S.
martensii chloroplasts. The non-appressed domains accounted for 46.1% + 5.2 (SD, with N = 11) of the
membranes. Therefore, the thylakoid appression degree was quantified by the total length ratio between
appressed/non-appressed thylakoid domains as 1.20 + 0.27 (SD, with N = 11), i.e., a value much lower than
expected for plants adapted to the shade (4-5; Andersson and Anderson 1988, Pancaldi et al. 1998).
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Figure 2 Morphometric analyses of thylakoid stacks in Selaginella martensii at the end of the night. (A) Histogram with
the number of thylakoids per granum (N = 51). (B) Histogram with the length of grana partitions (N = 55). In both cases,

the Gaussian curve approximating the distribution is shown.

Chl a/b ratio and PSI/PSII ratio

Prompted by the results of morphometric analyses, we analyzed two major determinants of the thylakoid
stacking, i.e., the abundance of the antenna system and the PSII/PSI ratio. The Chl a/b molar ratio is a very
good absolute marker to define the shade adaptation degree of vascular plants and is inversely proportional to
the relative abundance of LHCII (Lichtenthaler and Babani 2004, Anderson 2012). Shade-adapted plants have
an expected Chl a/b ratio within a range of [2.3-2.8]. In buffered acetonic extracts, the Chl a/b ratio of S.
martensii thylakoids, sampled in different periods of the year, was within the interval [2.43-2.85] with a mean
0f2.63+0.14 (SD, n=16).

EPR spectroscopy is an elective method for the precise determination of the PSI/PSII reaction centre
stoichiometry (Danielsson et al. 2004, Fan et al. 2007, Ermakova et al. 2021). Preliminarily to each replicate
analysis, the region of DPPH resonance was centred at 3457 G. In general, operating at conditions comparable
to the relevant literature, the EPR signals of photosystems in S. martensii thylakoids had an extremely low

intensity, which was symptomatic of the low concentration of reaction centres in the thylakoid membranes.
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The P700+ signal of PSI was a single line centred at ca. 3466 G; the YD' signal was less defined and larger,
centred at ca. 3462 G (Fig. 3). The average PSI/PSII ratio estimated from five independent biological replicates
was 0.31 + 0.04 (SE of the mean), indicating that PSII was in a large excess of PSI in S. martensii thylakoids.
Therefore, notwithstanding the relative abundance in stroma-exposed membranes, Chl a/b and PSI/PSII ratios
were in line with the shade-adaptation of this species, particularly the abundance of antennae in response to a

low light availability and the low amount of PSI in response to the enrichment in far red.
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Figure 3 Spectra of EPR signals associated with tyrosine D radical Yp" in PSII and P700" radical cation in PSI in

thylakoids isolated from Selaginella martensii.

Differential solubilization of the thylakoid membranes

A method complementary to the ultrastructural analysis for the evaluation of the degree of thylakoid appression
is based on selective thylakoid solubilization with non-ionic detergents. The isolated thylakoid membranes
were solubilized using three different mild detergents at three concentrations, following the rationale exposed

by Rantala et al. (2017).

B-DM is a very commonly used non-ionic detergent, releasing almost all protein complexes from the thylakoid
membrane network (Aro et al. 2005; Jérvi et al. 2011). This detergent is able to effectively penetrate the grana
cores, destroying the weak hydrophobic interactions keeping together the LHCII lake with PSII and PSI
(Grieco et al. 2015). B-DM in BTH buffer allows a quantitative and non-selective solubilization of thylakoids,
and therefore it was used in this experiment as a control. In the absence of detergent, the BTH buffer alone did

not lead to any measurable release of Chl-containing complexes. The solubilization yield, approaching 90%,
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did not differ significantly between the three B-DM concentrations, although slightly higher at 1.5 and 2.5%.
(Fig. 4). The Chl a/b molar ratio was determined in the solubilized and non-solubilized fractions and their
weighted means were compared for consistency with the Chl a/b ratio of the entire thylakoids of origin.
Expectedly, the B-DM-solubilized fractions had a Chl a/b ratio very similar to that of the entire thylakoid
system. The 10% non-solubilized fraction did not differ significantly from that of the solubilized fraction

(Table 1).

In order to assess biochemically the degree of thylakoid appression, the thylakoids were treated with increasing
concentrations on digitonin using the same BTH buffer as for f-DM. Digitonin is an amphipathic molecule as
B-DM but is bulkier and cannot penetrate the grana cores, i.e., digitonin solubilizes only the stroma-exposed
thylakoid domains (Jérvi et al. 2011, Suorsa et al. 2015). With S. martensii thylakoids, the solubilization yield
with digitonin in BTH buffer was approximately the same independent of the detergent concentration, on
average 24% (Fig. 4). The mean Chl a/b ratio of the solubilized fraction was 3.2, significantly higher than 2.5
in the insoluble fraction (Student’s # test, P<107), indicating the selective action of digitonin on the thylakoid
system, although the difference between the two ratios was relatively small, only 0.7 (Table 1). Particularly,
the Chl a/b ratio in the insoluble fraction was in line with reported values of the grana core of angiosperms
(ca. 2.5; Danielsson et al. 2004, Rantala et al. 2017, Koochak et al. 2019). Conversely, in the soluble fraction
the 3.2 ratio was markedly lower than expected, i.e., ca. 4.5 reported in digitonin-solubilized stroma-exposed

thylakoid domains of angiosperms (Danielsson et al. 2004, Rantala et al. 2017).

As a further control, the digitonin solubilization was carried out in ACA buffer. Rantala et al. (2017) reported
that digitonin in ACA buffer can solubilize the entire thylakoid system with an efficiency comparable to that
of B-DM, i.e., losing the selectivity of this detergent towards appressed and non-appressed domains. As with
BTH, ACA buffer alone did not lead to significant thylakoid solubilization. Different from expected, we could
not reach ca. 90% solubilization as with B-DM and increasing doses of digitonin even decreased the
solubilization yield. At the intermediate concentration of 1.5% digitonin, only half of the membranes had been
solubilized (Fig. 4). The Chl a/b ratio in the fractions was similar to that of the original entire thylakoids of
origin (Table 1).
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Figure 4 Solubilization of thylakoids isolated from Selaginella martensii at the end of the night with different detergent
treatments. Thylakoid membranes were solubilized with different concentrations of B-dodecyl maltoside (B-DM) in bis-
tris-HCl (BTH) buffer, or digitonin in BTH, or digitonin in aminocaproic acid buffer (ACA). The insolubilized
membranes were pelleted by centrifugation. The chlorophyll content was determined in solubilized fraction (detergent-
soluble supernatant) and insolubilized fraction (detergent-insoluble pellet). Each diagram represents the mean of 3-5

independent replicates.
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Table 1 The chlorophyll a/b molar ratio in the detergent-soluble and insolubilized fraction of thylakoids isolated from

Selaginella martensii at the end of the night and treated with different detergents. Thylakoid membranes were solubilized

with different concentrations of B-dodecyl maltoside (B-DM) in bis-tris-HCI (BTH) buffer, or digitonin in BTH, or

digitonin in aminocaproic acid buffer (ACA). The insolubilized membranes were pelleted by centrifugation. For each

treatment, the weighted mean between the two fractions was calculated based on the yields of solubilization as in Fig. 4.

The results are means of N=3-5 independent experiments, with SD. Asterisk mark a significant difference between the

two fractions according to Student’s #-test with P<0.05.

Sample Solubilized fraction Non-solubilized Weighted mean
fraction

Solubilization with -DM in BTH buffer

Thylakoids 2.55+0.07

BTH - 0% B-DM 2.56 £0.06

BTH - 0.75% B-DM 2.54+£0.04 2.45+0.13 2.53+£0.02

BTH - 1.5% B-DM 2.54+£0.07 2.28 +£0.36 2.51+£0.10

BTH - 2.5% B-DM 2.52+0.07 2.40+0.71 2.51+£0.06

Solubilization with digitonin in BTH buffer

Thylakoids 2.61+0.17

BTH - 0% digitonin 2.70 +0.20

BTH - 0.75% digitonin 3.33+£0.10% 2.39+£0.04 2.62+£0.03

BTH - 1.5% digitonin 3.13 £0.22% 2.43+0.03 2.59+£0.04

BTH - 2.5% digitonin 3.17 £0.24%* 2.55+£0.20 2.71£0.18

Solubilization with digitonin in ACA buffer

Thylakoids 2.75+0.04

ACA - 0% digitonin 2.71 £0.07

ACA - 0.75% digitonin 2.67£0.08 2.84+0.34 2.70+0.11

ACA - 1.5% digitonin 2.73£0.07 2.78£0.10 2.75+£0.02

ACA - 2.5% digitonin 2.82+0.07 2.73+0.16 2.75+£0.12
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The relatively low Chl a/b ratio in the digitonin-BTH-soluble fraction and the incomplete solubilization with
digitonin-ACA were two most interesting results from the solubilization experiments with respect to the
thylakoid domain differentiation. The thylakoid protein profile in the fractions was compared using SDS-
PAGE. The identification of major proteins of S. martensii thylakoids was based on apparent molecular weight
and previous detailed reports on the thylakoid composition in the same species (Ferroni et al. 2014, 2016,
2018). Because S. martensii thylakoids are particularly rich in antenna complexes, as also evident from the
low Chl a/b ratio, gels were silver-stained allowing a short stain development to analyse comparatively the
relative abundance of the major LHCIL, in particular of its subunits Lhcb1-3 (Fig. 5A). Almost all LHCII was
solubilized by B-DM; with digitonin-BTH, although a major part of LHCII remained in the insoluble fraction,
a significant population of LHCII was also solubilized. The treatment with digitonin-ACA led to a nearly equal
repartition of LHCII between the two fractions. Therefore, the distribution of LHCII between soluble and

insoluble fractions closely followed the yield of solubilization for each detergent treatment (Fig. 5A).

Allowing a longer stain development, the band intensity of LHCII tended to saturate, and the main subunits of
the major thylakoid complexes appeared (Fig. 5B). Information about the selectivity of digitonin was primarily
obtained from the distribution of the ATP-f3 subunit of the ATP synthase, which marks undoubtedly only the
stroma-exposed thylakoid domains. ATP-J originated an easily recognizable band with an apparent molecular
weight of ca. 54 kDa. Almost all ATP-B was found in the soluble fraction after digitonin-BTH treatment,
confirming the access of the detergent to only non-appressed domains. A similar enrichment in ATP-f also
occurred in the digitonin-ACA-solubilized fraction. The stroma-exposed domains were expected to be also
enriched in PSI. In the original thylakoids, the PsaA/B subunits of the PSI core were recognized as a single
band at ca. 66 kDa; all samples presented a faint band in the same region. Although PsaA/B formed a quite
well-defined band in the soluble fraction obtained with digitonin-BTH, it was also present in the corresponding
insoluble fraction, which therefore included, along with the grana cores, a significant amount of stroma-
exposed membranes. The use of digitonin-ACA enriched the amount of PsaA/B found in the soluble fraction,
therefore allowing a better access of the detergent to the non-appressed membranes. The main four subunits of
the PSII core are D1 and D2 of the reaction centre, at ca. 30 and 33 kDa, respectively, and the two inner Chl
a-binding antenna proteins CP43 and CP47, at ca. 43 and 47 kDa, respectively. The CP43 band was less sharp
than that of CP47 probably because in S. martensii it occurs in phosphorylated and non-phosphorylated forms
even in darkness (Ferroni et al. 2014, 2018). The PSII core subunits were largely found in the digitonin-BTH-
insoluble fraction, which was in line with the enrichment in grana cores. However, some PSII core subunits,
particularly CP47 and D2, were also contained in the corresponding soluble fraction. The less evident CP43
indicated the presence of a CP43-less PSII subpopulation. Using digitonin-ACA, the release of the PSII core
subunits was clearly more marked than with the BTH buffer; however, while some PSII core subunits,
especially D2, were enriched in the soluble fraction, CP47 appeared equally distributed between the soluble
and insoluble fractions. Given the expected equimolar presence of CP47 and D2, none of which directly

involved in PSII repair cycle (different from D1 and CP43), their differential abundance in soluble and
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insoluble fractions was indicative of an artefactual reorganization of the complexes using digitonin in ACA

buffer.

Overall, the membrane that was promptly accessible to digitonin-BTH solubilization was approximately half
of the stroma-exposed domains as evaluated from the morphometrics. A thylakoid fractionation closer to the
result of the latter was obtained using digitonin-ACA, which improved the solubilization of PSI, but also
extracted a significant amount of PSII from the thylakoids. Noticeably, LHCII was evenly distributed in the

thylakoid membrane.
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Figure 5 Proteins of the thylakoid membranes of Selaginella martensii solubilized with different detergents and separated
on SDS-PAGE. Thylakoid membranes were solubilized with different 1.5% B-dodecyl maltoside (B-DM) in bis-tris-HCI
(BTH) buffer, or 1.5% digitonin in BTH, or 1.5% digitonin in aminocaproic acid buffer (ACA). For reference, entire
thylakoids were also loaded in the same gel. Bands were silver stained, and proteins were assigned based on Ferroni et
al. (2014, 2016). N, detergent-insoluble fraction; S, detergent-soluble fraction. Upper and lower gel differ with respect to

the stain development.
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Fast Chl a fluorescence induction and P700 oxidation state

The analytical methods used to characterize the thylakoid appression in S. martensii gave results not easily
matching with each other, particularly the low Chl a/b and PSI/PSII ratios in a thylakoid system characterized
instead by a regular appression degree. To obtain further information, we analysed the in vivo fast Chl a
fluorescence transient (OJIP) upon the microphyll excitation with a saturating pulse. When visualized on a
logarithmic timescale, the OJIP transient appears polyphasic: starting from a minimum value of fluorescence
at step O, it shows a first fast increase up to an inflection at step J, followed by a second rise and a new
inflection at step I, before reaching the plateau P, corresponding to the maximum fluorescence emitted by PSII
(for review, Stirbet and Govindjee 2011). Using a modulated fluorometer, in S. martensii the J and I steps were
reached after approx. 4 and 40 ms from the onset of the pulse, respectively (Fig. 6A). The amplitude of relative
fluorescence at I step (AVip) depends on the activity of PSI that moves electrons from the reduced intersystem
electron carriers to its end acceptors (ferredoxin and ferredoxin-NADP*-oxido-reductase) and is an indirect
indicator of the PSI/PSII stoichiometry (Schansker et al. 2005, Ceppi et al. 2012; for relevant exceptions see
Zivcak et al. 2015 and Ferroni et al. 2022). In seed plants, the value is generally within a range of [0.18-0.35]
(e.g., Zivcak et al. 2014b, Pollastrini et al. 2016, 2020, Umar et al. 2019, Killi et al. 2020, Filacek et al. 2022).
The OJIP transient of S. martensii was evidently characterized by a very small I-P amplitude: the AVip value

of 0.119+£0.009 (SE, N = 5) supported a very low abundance of PSI relative to PSIL.

We also analysed the changes in P700 oxidation state in PSI reaction centre simultaneous with the Chl
fluorescence rise. During the first 3-4 ms, the P700" signal increased very rapidly nearly approaching its
maximum (Fig. 6A). The cause for the P700" accumulation was the lack of reduced electron transporters during
the O-J phase, which is dominated by the reduction of the primary electron acceptor Qa in PSII reaction centre,
up to reaching a transitionary equilibrium with the Qs oxidation by forward electron transport to the
plastoquinone pool at step J. Again, the very prompt and nearly complete oxidation of P700 in just a few ms
was indicative of a small relative amount of PSI. During the subsequent J-I phase, the plastoquinone pool was
progressively reduced (Toth et al. 2007), starting to make electrons available to the re-reduction of P700
through the plastocyanin. In angiosperms, P700" still markedly accumulates during the J-I phase, approaching
a transitionary steady state after 7-10 ms from the onset of the pulse — this testifies to an effective supply of
electrons leading to a balance between P700 oxidation and re-reduction (Zivcak et al. 2014a, Tsimilli-Michael
2020, Guo et al. 2020, Ferroni et al. 2022). In S. martensii the increase in P700" was instead marginal during
the J-I phase and the maximum P700° (a quite sharp peak rather than a quasi-plateau) was reached in
correspondence of the I step at ca. 40 ms (Fig. 6). Subsequently, the complete re-reduction of P700" took
approx. 350 ms, with the exhaustion of the oxidized end electron acceptors of PSI (Fig. 3B). For reference, in
Fig. 3C, the P700" kinetics is shown comparatively in S. martensii and in the angiosperm Triticum durum,
where the re-reduction of P700 was achieved in some 100-150 ms. Therefore, in S. martensii, the electrons

were made very slowly available to the reduction of P700".
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Figure 6 Kinetics of chlorophyll a fluorescence induction and P700 oxidation kinetics in Selaginella martensii
microphylls. (A) Simultaneous kinetics represented on a logarithmic timescale and double normalized between maximum
and minimum. The noticeable steps of the fluorescence transient (red) are indicated as the origin O, the first inflection J,
the second inflection I, and the final value P. The relative amplitude of the I-P phase is indicated as AVip. The P700
oxidation kinetics is shown in black. Notice that the I step marks the final rise of fluorescence and also the re-reduction
of P700. (B) The same as in A, represented in a linear timescale. (C) Comparative P700 oxidation kinetics in S. martensii

(green) and in Triticum durum (durum wheat, black). Notice the extremely slow re-reduction of P700 in the lycophyte.
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Discussion

Within the lineage of Viridiplantae, starting from a seeming random alternation of appressed and non-
appressed thylakoid domains in green algae, the three-dimensional architecture of the thylakoid system
evolved in land plants and originated the highly structured multiple membrane layers known as grana (Gunning
and Schwartz 1999, Gu et al. 2022). However, the granum structure formed by thylakoid membranes with the
same diameter and almost perfectly aligned laterally to build a cylinder (Staehelin and Paolillo 2020) is an
idealization, which does not account for the irregular grana shapes observed in most plant species (Mazur et
al. 2021). The structural diversity of the thylakoid system in vascular plants has long been interpreted in terms
of adaptation to the growth light regime (sun-to-shade gradient; Andersson and Anderson 1988, Anderson et
al. 2012). Very interestingly, as compared to euphyllophytes, the sister clade of lycophytes has explored an
extreme variability of chloroplast structures, particularly through the species belonging to Selaginellaceae (Liu
et al. 2020). The limitations of the granum structural model are evident from the properties of the thylakoid

system in the chloroplast of Selaginella martensii.

Paradigm of the shade adaptation of the thylakoid system, as derived mainly from angiosperms, is the high
membrane extension associated with the enhancement of thylakoid stacking, which is meant as the vertical
granum development, or the number of stacked thylakoids per granum, up to the construction of giant grana
(Anderson et al. 1973, Lichtenthaler and Babani 2004, Anderson et al. 2012, Shao et al. 2014, Demmig-Adams
et al. 2015). Interestingly, despite the shade adaptation and the night incubation, in S. martensii the non-
appressed/appressed ratio is close to 1 and the occurrence of giant grana in the chloroplast of S. martensii is
only sporadic. Regular size stacks largely prevail, in line with morphometrics previously reported for the
related, shade-tolerant species S. erythropus (Sheue et al. 2007). Nonetheless, the Chl a/b and PSI/PSII ratios
are clear biochemical markers of the deep-shade adaptation of S. martensii thylakoids. A PSI/PSII ratio of 0.31
is lower than values reported for angiosperms grown in a far-red-enriched environment (0.4-0.5; Fan et al.
2007) but higher than that of grana preparations (0.125-0.25; Danielsson et al. 2004, Koochak et al. 2019).
Although our EPR determination can be affected by errors due to the small concentration of reaction centres
in S. martensii thylakoids, the very low PSI/PSII ratio is independently supported by the Chl ¢ prompt
fluorescence transient, featuring a minute amplitude of the I-P phase: AVip around 0.10 were reported in
sciaphilous angiosperms, such as rainforest bromeliads (Souza et al. 2019, Martins et al. 2021). Therefore, S.

martensii thylakoids are confirmed to possess the typical biochemical hallmarks of shade adaptation.

Contrasting with the structural paradigm of thylakoid shade-adaptation in angiosperms, S. martensii privileges
the lateral extension of thylakoid appressions in place of the vertical development of grana, leading to a
thylakoid system dominated by an extreme stacking heterogeneity. A geometrical feature, somehow grounding
the cylindrical granum model of angiosperms, is the very narrow variation range of the thylakoid disk diameter,
consistently reported in a range of 400-600 nm (Kaftan et al. 2022, Shimoni et al. 2005, Fristedt et al. 2009,
Daum et al. 2010, Armbruster et al. 2013, Pfeiffer and Krupinska 2005, Kouril et al. 2011, Wood et al. 2019).

Using Arabidopsis thaliana mutants lacking thylakoid curvature factors, Hohner et al. (2020) showed that
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oversized appressed domains cause a restricted plastocyanin diffusion from cytochrome bsf to PSIL
Accordingly, they interpret the restriction of the granum diameter to less than 500 nm as the result of a strong
evolutionary pressure facilitating the linear electron flow. A mean grana partition diameter of 594 nm as in S.
erythropus (Sheue et al. 2007) and even more of 673 nm in S. martensii — in both species including appressions
as long as 1000 nm — suggests that the evolutionary trajectory fixing the threshold for the lateral development
of grana to 500 nm is specific to angiosperms, and maybe can be generalized to euphyllophytes, but certainly
not to lycophytes. Nonetheless, in agreement with Hohner et al. (2020), our analysis of P700" reduction kinetics
confirms that an extensive lateral development of thylakoid appressions, while very likely emphasises light
harvesting, limits the long-range diffusion of plastocyanin, making the re-reduction of P700 very slow.
Therefore, the overall thylakoid function in Selaginella chloroplasts will require compensation for the slowness
of the linear electron flow determined by structural constraints. For example, the high capacity of thermal
dissipation of excess absorbed energy documented in S. martensii and quite unusual for a deep-shade species
can be considered one of such mechanisms (Ferroni et al. 2014, 2018, 2021, Colpo et al. 2022). In addition,
the high percentage of stroma-exposed membranes, again unusual in shade-adapted plants, suggests an
extensive use of cyclic electron flow around PSI, in alternative or combination with other mechanisms ensuring

the safe oxidized state of PSI in understorey plants (Sun et al. 2020, Terashima et al. 2021).

If we aim at a less reductionist representation of S. martensii thylakoid system, going beyond the mere grana-
intergrana antithesis, electron micrographs suggest a particularly complex tridimensionality of the thylakoid
architecture in S. martensii. Mazur et al. (2020) recently pointed out that the cylindric granum model does not
catch the complexity of grana in angiosperms, where irregularity is more the rule than the exception. Views of
the thylakoid system in Selaginella species document how relevant this caveat is in a lycophyte (Sheue et al.
2007, Ferroni et al. 2016, Ghaffar et al. 2018, Liu et al. 2020). Two structural features increase the complexity
of the thylakoid organization in S. martensii. The first is the frequent granum confluence into the neighbouring
one(s), which can be interpreted as an individual, but very irregular, granum, formed by layers with highly
variable diameters (Mazur et al. 2020). However, granum irregularity in S. martensii is not limited to the lateral
sliding apart of the thylakoid layers but is also complicated by the connecting stromal thylakoids: images such
as that in Fig. 1F suggest that some regions formed by parallel stroma thylakoids can be partly embedded in
the granum body. A complex tridimensional arrangement of the thylakoid system can conceivably limit the

accessibility of the stroma-exposed membranes to a selective detergent like digitonin.

The quantification of non-appressed membranes was strongly divergent between the digitonin (25%) and
morphometric (46%) approaches. Because of the small hydrophobic moiety represented by the sterol part, the
action of digotonin is limited to the outer leaflet of a membrane bilayer (Fan and Heerklotz 2017). At the same
time the hydrophilic oligosaccharidic part is too bulky and cannot penetrate the narrow stromal gaps (Jérvi et
al. 2011, Suorsa et al. 2015). Consequently, digitonin-soluble fractions are considered representative of the
non-appressed thylakoid domains, which reorganize into lipid-protein-digitonin micelles preserving a very

close-to-native organization of the thylakoid megacomplexes (for review, Rantala et al. 2020). Previous
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application of this method to S. martensii thylakoids evidenced the existence of abundant and large PSII-
LHCII-PSI-LHCI megacomplexes (Ferroni et al. 2016). The low Chl a/b ratio in digitonin-BTH-soluble
fraction, much lower than expected for stroma thylakoids (4.5-7.1; Rantala et al. 2017, Koochak et al. 2019),
suggests a very extensive use of LHCII as an antenna serving PSI in S. martensii. Importantly, this result
obtained in the dark-acclimated state endorses an emerging idea in angiosperms about the stable association
of a population of LHCII to PSI also in the dark (Chukhutsina et al. 2020), a property that could be exploited
more intensely in lycophytes and deserving further studies. However, it remains that the digitonin-BTH-
soluble fraction, though highly enriched in ATP synthase, offers only a partial picture of the stroma-exposed
domains in S. martensii, because a large part of PSI is instead still found in the insoluble fraction (Fig. 6).
Owing to its 5 nm stromal protrusion, PSI cannot be accommodated in the grana partitions for steric reasons
(Nevo et al. 2012), and therefore in the lycophyte the digitonin-BTH-insoluble fraction contains not only the
grana cores, but also a considerable amount of non-appressed thylakoid membranes. A fraction such of the
non-appressed thylakoids can be the most “hidden” inside the grana network and represent approx. one half of
the stroma-exposed membranes, which resolves the divergence between the morphometric and biochemical
result. Our findings also indicate that in S. martensii the stroma-exposed membranes are not uniform with
respect to the distribution of photosynthetic complexes, particularly the ATP synthase. Conceivably, the
“hidden” non-appressed regions cannot be reached by digitonin unless the grana partitions are open to allow
the detergent access. Rantala et al. (2017) reported that, through an unknown mechanism, the use of a buffer
with a high concentration of aminocaproic acid allows digitonin to enter the tightly appressed grana partitions.
In A. thaliana the thylakoid solubilisation was almost complete and showed a very high level of preservation
of native associations of photosynthetic complexes (Rantala et al. 2017). In S. martensii the digitonin-ACA-
soluble fraction accounted for approx. half of the thylakoids and was richer in PSI than the digitonin-BTH-
soluble fraction, indicating that a significant part of the “hidden” non-appressed membranes was also
solubilized. Therefore, most, but not all, of the non-appressed domains can be solubilised by digitonin-ACA
and these membranes host a relative LHCII amount like that of the grana cores, but in the presence of both PSI
and PSII. We notice that the result obtained with S. martensii thylakoids is heavily contrasting with that
reported with the model angiosperm A. thaliana — actually the only species in which the method has been used
up to date (Rantala et al. 2017, 2022). The reason is almost certainly to be sought in the tridimensional
complexity of the thylakoid system and/or the unusually high lateral extension of the appressed domains in S.
martensii, which hinders the capacity of digitonin penetration into the granum network even in the presence
of ACA. Moreover, the inverse dose dependence (more digitonin leads to less solubilisation; Fig. 4) and the
altered distribution of PSII subunits between the fractions (Fig. 6) indicate a direct strong interference of the
detergent with the membrane complexes. Therefore, different to A. thaliana (Rantala et al. 2017, 2022), in S.
martensii there is a lack of prerequisites for using the digitonin-ACA method for the comprehensive isolation

of native megacomplexes from the entire thylakoid system.

The level of structural complexity of the thylakoid system in Selaginella species can be higher than described

in this work. A unique thylakoid zonation into elongated lamellae formed by a few thylakoids and, underneath,
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the granal system is an ultrastructural trait shared by the deep-shade species included in subgenus
Stachygynandrum (Liu et al. 2020), which includes S. martensii (Ferroni et al. 2016). This intra-organelle
dimorphism is interpreted as a special adaptation to deep shade and seems a very stable structural feature
(Sheue et al. 2015, Ghaffar et al. 2018). In S. martensii the absence of the elongated lamellae after a night-long
dark incubation was an unexpected finding, and a somehow fortunate event to allow the study in a simplified
only-granal system. Interestingly, in their extensive comparative analysis of chloroplasts in Selaginella
species, Liu et al. (2020) could not find any thylakoid zonation in S. martensii. Our observation suggests that
the differentiation of the lamellar region is inducible in the short-term in S. martensii and requires the exposure

to light.

In conclusion, the evolution of chloroplast adaptive traits to deep shade has occurred in parallel in lycophytes
and in euphyllophytes, up to the most recent lineage of angiosperms. Under the same environmental pressure
including low light intensity, far red enrichment, and unpredictable sunflecks, the two lineages underwent a
convergent evolution of some basic traits, e.g., the extension of the thylakoid system and the enlargement of
the antenna complement. However, a closer look also highlights significant elements of divergence,
particularly the vertical development of grana in angiosperms and, conversely, the lateral widening of
thylakoid appressions in lycophytes. The structural divergence lays its foundation in the supramolecular
organisation of the thylakoid complexes, known in detail in angiosperms (Kirchhoff 2019, Rantala et al. 2020),
but still very limitedly in lycophytes (Ferroni et al. 2014, 2016). Breaking some well-established or emerging
relations between structure and function of thylakoids, S. martensii illustrates that, despite a very low PSI/PSII
ratio and very abundant LHCI], a thylakoid system can be build with a high fraction of non-appressed domains
— which however contain a large part of PSI and PSII in a wide lake of antennae. It also demonstrates that the

500 nm is not an upper threshold to the stacked thylakoid diameter in lycophytes.
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Premise

According to several studies, the chlorophyll content of leaves could be unnecessarily high compared to the
actual energy requirements of a plant (Jin and Jihua 2016, Wang et al. 2018). It is assumed that a low
chlorophyll concentration in leaves would already be sufficient in itself to achieve an optimal photosynthetic
rate to meet the metabolic and growth needs of the plant. Furthermore, in a plant, the apical leaves absorb most
of the light and, consequently, shade the lower ones, suggesting that a reduced chlorophyll accumulation in
the leaves would promote growth due to increased light transmission and its efficient utilisation throughout
the shoot (Song et al. 2017, Friedland et al. 2019). Another argument in favour of the hypothesis of excessive
chlorophyll concentration in leaves is the fact that most of the absorbed light energy is actually dissipated in
thermal form (NPQ) and not used for photosynthesis. In addition to this, chlorophyll is a rather expensive
molecule to synthesise because of its high nitrogen content (Nunes-Nesi et al. 2010): excess chlorophyll
synthesis potentially subtracts nutrients and energy that could be channelled elsewhere (Genesio et al. 2020).
If, at least theoretically, leaves contain too much chlorophyll, then the question arises as to the evolutionary

reason why the pigment is in such large quantities.

By comparing sun and shade plants, it is clear that high amounts of chlorophylls are required in shady
environments and that most chlorophylls are hosted in the appressed membranes of the grana. Thus, the
simplest explanation for the hypothetical excess of chlorophylls is that it evolved as a response to shade.
Terrestrial plants are derived from green algae, which originally evolved in competition with cyanobacteria.
These autotrophic prokaryotic microorganisms are characterised by a light-harvesting protein complex, the
phycobilisome, consisting of phycobiliproteins with absorption peaks in the green region of the solar spectrum.
After the ancestral endosymbiosis event, the cyanobacterium-derived chloroplast lost its phycobilisomes: in
their place, the green algae developed different membrane-intrinsic antenna systems with chlorophylls and
xanthophylls. This led to the development of the multigene family that encodes for the subunits of the LHC
light-harvesting complexes (Engelken et al. 2010), maximising photon capture in a surface water environment
characterised by high irradiance and full solar spectrum. According to Mullineaux (2005), after the loss of the
phycobilisomes, the origin of the thylakoid stacks responded to the need for restoring an antenna system
sufficiently wide to also ensure photosynthesis in light-limited environments. Land plants form vegetation
consortia, in which the different species must in fact photosynthesise by exploiting the light available with
varying intensity and quality. However, it should be stressed that the entire evolutionary line of the
Viridiplantae is characterised by the bipartite structure of the thylakoid system into appressed and non-
appressed thylakoids, even though this finds its greatest expression in the grana-intergrana system of land
plants. For this reason, it is unclear why shade adaptation may have dominated the evolution of grana and high
chlorophyll contents, given that the shade environment presupposes the existence of a plant cover by sun
plants, which likewise have granal thylakoids and chlorophyll in seeming excess (Gu et al. 2022). It has been
proposed that the benefits of the existence of granal thylakoids accumulated during the evolution of plants to
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the condition we know today and that it would now be impossible to trace back the primary cause of their
appearance, which actually predates the emergence of plants from water (Nevo et al. 2012). According to the
most recent hypothesis, formulated by Gu et al. (2022), the advantage of the grana-intergrana system, which
would have evolutionarily fixed this ultrastructure in land plants, is related not so much to the availability of
light, but to fluctuations in water availability and the control of electron transport allowed by changes in water
content in the lumen of the thylakoid. Nonetheless, this hypothesis does not go into the chlorophyll content of
the thylakoids.

Wheat belongs to the genus 7riticum (Poaceae) and among its most commercially relevant species are the
hexaploid 7' aestivum and tetraploid 7. durum. Due to its global importance, increasing wheat productivity has
always been a desirable goal through the selection of new genotypes. Improving photosynthetic efficiency is
one of the possible ways proposed to increase the yield potential of wheat crops (Long et al., 2015).
Specifically, following the popular hypothesis of “too much chlorophylls in leaves”, reducing the
concentration of chlorophyll in leaves has been suggested as a method to improve light distribution and the
efficiency of its utilisation within crops (Ort et al. 2011, Zhu et al. 2010). This has renewed interest in chlorina
mutants, characterised by a yellow-green phenotype due to lower chlorophyll content than wild-type (WT)
genotypes. The analysis of chlorina mutants has a long history, especially in studies aimed at elucidating
chlorophyll metabolism, photosynthetic physiology, thylakoid organisation and grana function in crops and
other model plants (Falbel et al. 1996, Niedermaier et al. 2020). In contrast to WT plants, wheat mutants with
reduced leaf chlorophyll content could in fact allow a better vertical light distribution due to increased
transmittance (Long et al. 2006). In fact, however, chlorina mutants of several species, including wheat,
generally experience growth retardation. Their retarded growth is believed to be the consequence of inadequate
regulation of photosynthetic electron flow due to the unbalanced excitation rate of PSI and PSII (Andrews et
al. 1995, Terao and Katoh 1996). Consequently, a biochemical feature commonly present in all chlorina
mutants is a lower PSI/PSII ratio than the corresponding WTs (Ghirardi et al. 1988, Andrews et al. 1995, Terao
etal. 1996, Brestic€ et al. 2015). The antenna size of PSII is indeed small compared to those of the PSI (Harrison
et al. 1993, Andrews et al. 1995). However, more recent studies carried out on different species re-propose
that mutants or transformants with lower total chlorophylls, or specifically chlorophyll 5, or antenna proteins,
would benefit from having less chlorophyll and smaller antennae (Wang et al. 2017, Friedland et al. 2019,
Bielczynski et al. 2020, Wang et al. 2022).

The typical chlorina mutants of wheat are stress-sensitive and have a very low yield capacity under field
conditions, which is why they are excluded from agricultural use. To obtain accessions with better productivity,
mutations were transferred from donor genotypes to the genome of some high-yielding cultivars. In the
resulting genotypes, the phenotype was less severe, and consequently growth and productivity were more
developed, despite the still lower chlorophyll concentration (Watanabe and Koval 2003). In general, the
chlorina phenotype of wheat depends on recessive mutations in the c¢n loci present on chromosome 7 of one
of the A or B subgenomes and consists of a partial reduction in chlorophyll synthesis (Zivcak et al. 2019),

particularly chlorophyll b. Possible candidates for the mutation are the magnesium chelatase subunits, which
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catalyse the addition of Mg?* in protoporphyrin IX (Falbel et al. 1996, Watanabe and Koval, 2003, Kosuge et
al. 2011, Wang et al. 2018, Jiang et al. 2019), causing untargeted down-sizing of the antennae (Falbel et al.
1996, Kosuge et al. 2011, Wu et al. 2018). As chlorophyll a is less abundant due to the genetic defect, it is
primarily used for the core of the two photosystems — which ensure photochemistry — and only to a lesser
extent for chlorophyll b synthesis. The homoeologs in subgenomes A, B or D are healthy and, as the plant
develops, they progressively compensate for the defect, until a WT phenotype is reported to be restored in
mature plants. Consistently, the high chlorophyll a/b ratio present initially decreases with growth (Brestic et
al. 2015, Zivcak et al. 2019). The CO, assimilation rate is relatively low in chlorina mutants, particularly in
ANDW-7B, compared to WT (Zivcak et al. 2019). However, this difference is not proportional to the decrease
in chlorophyll content, which means that the photosynthetic rate per chlorophyll is much higher than in the
WT lines (Lin et al. 2003, Brestic et al. 2008). These results explain the growth characteristics of chlorina
mutants, which is initially slow but then becomes similar to that of WT.

The mutants exhibit impaired photosynthetic electron transport, with a specific deficit in cyclic electron
transport (Zivcak et al. 2019, Ferroni et al. 2020). As a consequence, they tend to induce less proton-motor
force and have less capacity to dissipate excess absorbed energy thermally (Ferroni et al. 2020). Defects in
controlling the redox state of the membrane are particularly evident when plants are exposed to a rapid increase
in irradiance (Ferroni et al. 2020). Some mutants, particularly those having the cn-1B mutated locus, are more
sensitive to a fluctuating light regime (Ferroni et al. 2020). Light fluctuations challenge the electron flow
regulation because of the recurrent electron bursts occurring at each lightfleck (Pearcy et al. 1996, Morales
and Kaiser 2020). Lightflecks are especially dangerous for the integrity of PSI, which is prone to oxidative
damage when it is reached by more electrons than it can allow to flow out the membrane (Ferroni et al, 2020,
Niedermeier et al. 2020, Ferroni et al, 2022). Concerted mechanisms operate upstream and downstream of PSI
to promote the safe oxidized state of PSI (Tikhonov et al. 2014, Tikkanen et al. 2015, Shimakawa et al. 2018,
Miyake, 2018, Furutani et al. 2023).

The best characterized among the chlorina sensu lato wheat mutants is ANK-32A durum wheat. Despite a
quite severe defect in electron flow regulation, it acclimates effectively to a fluctuating light regime,
developing a better ability to control electron transport (Ferroni et al. 2020). The same scenario occurs under
thermal stress, for temperatures between 31 and 35°C (Fischer, 2011, Bresti¢ et al. 2016, Barboricova et al.
2022). Despite its pronounced sensitivity to acute thermal stress, ANK-32A, when pre-acclimated to elevated
temperatures, develops a good thermal resistance capacity, probably due to increased PSI activity (Filacek et
al. 2022). These experimental results indicate that ANK-32A has the ability to implement compensatory
responses to the electron transport defect, such as the utilisation of alternative electron sinks for photosynthesis
and the accumulation of intrachain electron transporters (Ferroni et al. 2022). The thylakoid architecture is
modified in ANK-32A: the overall amount of thylakoids decreases, but large grana persist along with long,
straight and parallel thylakoid arrays, especially under a fluctuating light regime, (Ferroni et al. 2020).
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This Chapter examines the problem of the photosynthetic regulation in chlorophyll-deficient wheat mutants
exploiting modulated and prompt chlorophyll a fluorescence, looking for correlations with grain yields. The
chapter proposes the manuscript submitted to the journal Plants, prepared according to the journal template

and provisionally accepted pending revision:

Colpo, A., Demaria, S., Baldisserotto, C., Pancaldi, S., Brestic, M., Zivcak, M., & Ferroni, L. (2023). Long-
term alleviation of the functional phenotype in chlorophyll-deficient wheat and impact on productivity: a semi-

field phenotyping experiment. Plants.
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Abstract: Wheat mutants with a reduced chlorophyll synthesis are affected by a defective control of
the photosynthetic electron flow but tend to recover a wild-type phenotype. The sensitivity of some
mutants to light fluctuations suggested that cultivation outdoors could significantly impact produc-
tivity. Six mutant lines of Triticum durum or Triticum aestivum with their respective wild-type culti-
vars were cultivated with a regular seasonal cycle (October-May) in a semi-field experiment. Leaf
chlorophyll content and fluorescence parameters were analysed at the early (November) and late
(May) developmental stages and checked for correlation with morphometric and grain production
parameters. The mitigation of the phenotype severity concerned primarily the recovery of the pho-
tosynthetic membrane functionality, while it was marginal with respect to the chlorophyll content.
The accumulation of interchain electron carriers was a primary acclimative response towards the
naturally fluctuating environment, maximally exploited by the mature durum wheat mutants. The
mutation itself and/or the energy-consuming compensatory mechanisms markedly influenced the
plant morphogenesis, especially leading to reduced tillering, which in turn resulted in lower grain
production per plant. Consistently with the interrelation between early photosynthetic phenotype
and grain yield per plant, chlorophyll fluorescence indexes related to the level of photoprotective
thermal dissipation (pNPQ), photosystem II antenna size (ABS/RC), and pool of electron carriers
(Sm) are proposed as good candidates for the in-field phenotyping of chlorophyll-deficient wheat.

Keywords: acclimation; antenna size; chlorophyll fluorescence; electron transport; photoprotection;
photosynthesis; photosystem II; wheat

1. Introduction

Plant phenotyping is prospected as a key tool to increase crop productivity and un-
derstand the impact of biotic and abiotic stresses on plant fitness [1]. Application of these
wide-ranging techniques requires a fine-tuning process in controlled environments, such
as laboratory-scale cultivations, climate chambers or phenotyping units, in order to build
the foundation for future exploitation of research results in the field [1-3]. A proper trans-
lation of information from controlled environments to the open field is critical to produce
meaningful insights into crop behaviour in real agricultural contexts. Basic physiological
processes and their link to plant productivity can be profitably studied under semi-field
conditions as an intermediate step between controlled laboratory environments and the
open field. This approach is quite popular in (agro)ecology to verify predictions emerging
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from laboratory findings in an easily monitored near-natural environment, where the ex-
perimental material is exposed to realistic climatic conditions [4].

Among the approaches used in plant phenotyping, the characterization of photosyn-
thesis is an important tool [5], mainly for two reasons. First, photosynthesis is the process
that enables the plant to produce the building blocks for its growth and development by
converting solar energy into chemical bonds. Consequently, increasing a crop's photosyn-
thetic efficiency plays a key role in improving productivity. Second, photosynthesis can
be measured by various techniques also in the field, for example analysing the leaf gas
exchange or the chlorophyll fluorescence emission. Especially the measurements of chlo-
rophyll fluorescence are advantageous because they are quick to perform and non-inva-
sive, allowing the collection of a large amount of data while preserving samples [6].

Most of the work produced in recent decades in photosynthetic plant phenotyping
has converged on the hypothesis that decreasing the leaf chlorophyll content could help
improve crop productivity. The two basic concepts underlying this hypothesis can be
summarized as: (a) most of the light absorbed in the harvesting process is not used to
produce charge separation in photosystems but is thermally dissipated; (b) the photosyn-
thetic activity of the canopy is not homogeneous and is mainly due to the upper leaves,
which shade the lower leaves. For these reasons, reducing the chlorophyll content, espe-
cially in the upper leaves, could theoretically reduce the amount of dissipated light energy
and increase the light availability for the lower leaves, potentially leading to higher pho-
tosynthetic efficiency and, consequently, biomass production [7]. One may expect that
many decades of breeding would have indirectly favoured plants with a lower leaf chlo-
rophyll content. A detailed comparison of 26 winter wheat cultivars released during 1940-
2010 in China has shown that breeding has accidentally influenced the stoichiometry of
some photosynthetic proteins and modified some anatomical traits related to the light
distribution in the canopy [8]. However, no significant decrease in chlorophyll content
emerged from the research [8].

Several mutants characterized by different degrees of chlorophyll depletion in model
plants and crops have been produced. These mutants often exhibit peculiar features in
their photosynthetic membranes, among which an altered stoichiometry between photo-
system I and II (PSI and PSII); this, in turn, causes an imbalance in the excitation rate be-
tween PSI and PSII, an abnormal organization of the thylakoids, changes in the spatial
distribution of the two photosystems, and reduced control of photosynthetic electron
flow, resulting in delayed/reduced growth and increased sensitivity to environmental fac-
tors [9-14]. Nevertheless, especially recent studies have reported that some mutants or
transformants with an overall reduced leaf chlorophyll content [15, 16], or a specific re-
duction in chlorophyll b [17] or depleted in specific antenna proteins [18], could poten-
tially have a growth benefit.

Among the mutants for chlorophyll synthesis, there are wheat lines derived from
wild-type cultivars of Triticum durum L. (durum wheat LD222) and Triticum aestivum L.
(bread wheat Novosibirskaya 67, NS67), which have been extensively characterized for
the structure, organization, and functionality of their photosynthetic apparatus. Such mu-
tants were used in the present study: ANDW-7A, ANDW-8A and ANDW-7B (7A, 8A, 7B)
for durum wheat, ANBW-4A, ANBW-4B and ANK-32A (4A, 4B, 32A) for bread wheat
(Table A1). At the seedling stage of indoor cultivation, these mutants are characterized by
a reduction in total chlorophyll content between 40% and 70%, along with an increase in
chlorophyll a/b ratio; the most severe mutant phenotype was found in 7B and 32A [9, 10].
Similarly, the rate of CO: assimilation decreases in mutants with different degrees of se-
verity, but the photosynthetic rate per chlorophyll unit is higher than that of the respective
wild types [9]. This observation could support the original hypothesis about a potentially
higher productivity in chlorophyll-depleted wheat. The differences in carbon assimilation
flatten out in the later stages of development for plants grown indoors [9]. In contrast,
plants grown outdoors (March-June) tended to retain the typical characteristics of the
chlorophyll-depleted phenotype, particularly in durum wheat mutants [9]. It was
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proposed that their growth in the open field may exacerbate an already compromised
control of linear electron flow (LEF), caused by an insufficient cyclic electron flow (CEF).
This in turn causes a reduced capacity of energy dissipation, ATP synthesis, and photo-
protection. The combination of these alterations is responsible for a tendency to the over-
reduction of the acceptor side of PSI, potentially leading to a significant rate of PSI inacti-
vation [19]. A chronic overreduction of the electron transport chain can be extremely
harmful for plants and even mine their survival [20]. Nevertheless, the chlorophyll-de-
pleted wheat mutants are evidently able to cope with this deregulation of the electron
flow. Two relevant mechanisms alleviating the stress due to excess of photosynthetic elec-
trons have been documented, i.e., primarily the accumulation of PSI end electron acceptor
(ferredoxin and ferredoxin-NADP+-oxido-reductase, FNR) and in addition the enhance-
ment of electron sinks alternative to photosynthesis and photorespiration [10, 11]. These
compensative adjustments inevitably affect the biomass yield of the mutants, which is
generally lower than that of their wild-type lines [10]. In an indoor experiment, the plant
growth under a fluctuating light regime aggravated this condition specifically in the 7B
and 4B mutants compared with their respective wild-type lines; this response was at-
tributed to the recurrent electron bursts caused by a fluctuating light regime, which re-
quires a perfect tuning of the electron flow [21]. However, and surprisingly, the 4A mutant
seemed to benefit instead from the fluctuating light regime and its biomass yield was even
higher than that of NS67.

Up to now, the relevant information about this collection of mutants for potential
field cultivation can be summarized as follows:

1) the phenotype severity tends to decrease during the life cycle of the plants culti-
vated indoors, i.e., the leaf chlorophyll content recovers to wild-type-like levels [9];

2) the phenotype alleviation is incomplete outdoors with a short (March-June) life
cycle [9];

3) the phenotype alleviation can be incomplete indoors if plants are cultivated under
fluctuating light [10-11].
Nevertheless, the contrasting results obtained with mutants sharing similar degrees of
chlorophyll depletion (e.g., 7B and 7A) make the outcome of an open-field cultivation ba-
sically unpredictable.

The present work aims to elucidate how outdoor cultivation of chlorophyll-depleted
wheat mutants affects the photosynthetic characteristics at the early (November) and late
(May) developmental stages when wheat is cultivated in a normal seasonal cycle. Based
on observations from previous work, two alternatives were considered possible: (a) the
direct outdoor sowing in October could exacerbate the phenotype of chlorophyll-depleted
mutants because of the everchanging environmental conditions, including light fluctua-
tions; (b) alternatively, the overwintering cultivation, necessary to the tillering phase, al-
lows for an effective long-term acclimation, for instance emphasizing the compensatory
mechanisms previously described. In both cases, it was interesting to assess whether the
mutants were affected by a substantial loss in grain yield and whether the functional phe-
notyping parameters already proposed for the characterization of the mutants could be
validated and/or implemented with other chlorophyll fluorescence-derived parameters.
The study was carried out in small soil parcels at the Botanical Garden of Ferrara, in a
position exposed to direct sunlight for a major part of the day, but also subjected to sig-
nificant light fluctuations (Figure 1). The easy access to the Botanical Garden allowed for
the concept of a semi-field experiment, in which in-field continuous excitation chlorophyll
fluorescence analyses were successfully integrated with modulated chlorophyll fluores-
cence measurements of samples collected in the field and promptly analysed in the labor-
atory without any significant delay.
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Figure 1. Example of a daily variation in solar radiation reaching the experimental site as assessed
on November 20, 2020, through the Meteorological Observatory of the Botanical Garden of Ferrara,
Italy.

2. Results
2.1 Pigment content in young and mature plants

Total chlorophyll content and chlorophyll a/b molar ratio are markers for the pheno-
type severity in both durum and bread wheat mutants [9-11]. Total chlorophyll content
was consistent with the severity gradient already observed in young and mature plants
grown indoors [9-11] (Figure 2); the two wild-type lines, LD222 and NS67, were the richest
in chlorophyll, followed by two intermediate mutants (7A and 8A in durum, 4A and 4B
in bread) and the more severe phenotype of 7B for durum wheat and 32A for bread wheat.
All genotypes showed an increased chlorophyll content in the leaves of the mature plants
compared to the young, though much more marked in bread wheat (almost doubled) than
in durum wheat (+15%, Figure 2). The increase was homogeneous across genotypes, so
the severity gradient was maintained.

The chlorophyll a/b ratio is inversely proportional to the size of the PSII antenna sys-
tem, the light-harvesting complex II (LHCII), which hosts most chlorophyll b. In young
durum wheat mutants, it was significantly higher than in the wild-type LD222, while
bread wheat 4A and 4B were intermediate between NS67 and 32A (Figure 2). Plant matu-
ration tended to maintain the differences between the mutant and the wild-type lines in
both species; only in the bread wheat mutant 32A, the chlorophyll a/b ratio was approx.
30% higher in the mature compared to the young plants.

The relative variations in the total chlorophyll/carotenoids molar ratio were roughly
similar to the trends observed for chlorophyll (a+b), but the range of variation was obvi-
ously much narrower (Figure 2). This result revealed a tendency of the mutants to adjust
their leaf carotenoid content already in the young leaves, thus minimizing the mismatch
between the syntheses of the two types of photosynthetic pigments. It was particularly
evident in 32A: despite a halved chlorophyll content, the chlorophyll/carotenoids ratio
only decreased by 13%.

Overall, based on the pigment analysis, the expected recovery of a wild-type-like
pigmentation phenotype [10] occurred only partially in mature plants as compared to the
young, or even it did not occur at all (32A).
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Figure 2. Photosynthetic pigments quantification in leaves of young and mature plants of durum
and bread wheat. Histograms represent average values + Standard Deviation for n=5-8; different
letters indicate a significant difference at P <0.05, as determined using one-factor ANOVA followed
by Tukey's test.

2.2 Irradiance-dependence of PSII quantum yields

PSII quantum yields of photochemistry [Y(II)], constitutive energy loss [Y(NO)] and
thermal dissipation [Y(NPQ)] were recorded during the induction of photosynthesis with
increasing irradiance to monitor quasi-steady-state values of PSII photochemical activity
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and obtain information on the redox state of the electron transport chain and on the energy
dissipation capacity.

Starting from the reference value in the dark-acclimated state (corresponds to Fv/Fum),
Y(II) underwent a progressive decay at increasing irradiance, which depends on the com-
bined effect of the strength of electron sinks, primarily the Calvin-Benson-Bassham cycle,
and the regulation of the LEF from PSII to PSI [22] (Figure 3A-D). A tendency to slightly
higher Y(II) was visible especially in the most severe mutants and in the young leaves, in
line with previous reports [9-11] (Figure 3A,C). In mature plants, this effect on Y(II) was
still observed in durum wheat, while in bread wheat, the curves were nearly overlapping
(Figure 3B,D).

Y(NO) can be used as a straightforward parameter to assess defects in the regulation
of the plastoquinone redox state [23], and was accordingly proposed as the main pheno-
typing index for chlorophyll-depleted wheat [10]. The Y(NO)-irradiance dependence in
the wild-type lines showed a typical behaviour, in which Y(NO) rose to a peak at the low-
est light intensity related to the functioning of only LEF (Figure 3E-H); subsequently, at
higher irradiance, it decreased because of the activation of the CEF [24-27] and the related
regulatory processes known as the photosynthetic control operated at the Cytochrome bsf
complex [28-29]. The major divergences in Y(NO) were observed in young plants of mu-
tant durum wheat, which reflected the inefficiency in regulating LEF and resulted in an
impaired capacity to keep the plastoquinone pool in a sufficiently oxidized state (Figure
3E,G). The most affected mutant was 7B, emphasizing the divergence from the LD222 at
increasing irradiance (Figure 3E). Nevertheless, at the mature stage, all durum wheat mu-
tants were able to regulate the electron poise properly (Figure 3F). In bread wheat 4A and
4B, LEF was generally well regulated (Figure 3H). The leaves of young 32A mutant tended
instead to diverge from the wild type at the highest irradiances, and this physiological
trait worsened in the mature plants (Figure 3H). Persisting high Y(NO) values up to inter-
mediate irradiances marked a delay in the activation of CEF. After the peak, Y(NO) de-
creased but maintained higher values than NS67, indicating that in mature plants of 324,
the control of the electron flow could not be recovered to a wild-type level (Figure 3H).

The third quantum yield, Y(NPQ), illustrates the progressive activation of photopro-
tective regulatory processes leading to the thermal dissipation of excess absorbed energy
[30]. Y(NPQ) well reflected the phenotype severity in young durum wheat mutants and
showed their lower efficiency in inducing thermal dissipation compared to LD222 (Figure
3I). In the leaves of the mature plants, the tendency to approach a wild-type behaviour
was evident (Figure 3],L). The Y(NPQ)-light curves of young 4A and 4B overlapped with
that of NS67, and only 32A exhibited a defective induction of thermal dissipation (Figure
3K). The lesser ability to drive energy to regulatory dissipation did not improve in mature
32A. Interestingly, the mature 4B appeared better regulated than NS67, with lower Y(NO)
and higher Y(NPQ) (Figure 3L).
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Figure 3. Long-term light-acclimation features of photosynthesis in young and mature bread wheat
plants. Light-response curves relative to: (A-D) actual quantum yield of PSII photochemistry Y(II),
(E-H) quantum yield of constitutive, non-regulatory energy dissipation Y(NO), and (I-L) quantum
yield of regulatory thermal dissipation Y(NPQ). The curves were recorded during 60 minutes of
exposure to increasing actinic light intensities. Average values + Standard Deviation for n=4-6.

2.3 NPQ and PSII photoprotection

Stern-Vollmer NPQ is the standard parameter to quantify the overall thermal dissi-
pation in quenching analysis [31-32]. Light-induced thermal dissipation in young plants
was dependent on the plant genotype, especially in durum wheat (Figure 4A,C). Up to
300 umol m? s, the NPQ rise occurred in LD222 and its mutants to the same extent (Fig-
ure 4A). For higher light intensity, the initially tiny differences between durum wheat
lines were progressively magnified, reaching the maximum NPQ value (NPQwmax) at the
end of the induction, but without approaching any plateau. NPQumax exactly matched the
phenotype severity being 25% less in the intermediate chlorophyll-depleted mutants, 7A
and 8A, and almost halved in the most severe mutant 7B (Figure 4A). In young bread
wheat plants, differences in NPQ induction were less apparent than in durum wheat, and
only the most severe mutant 32A started to diverge from the others around 300 pimol m
s? (Figure 4C).
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Unlike young plants, mature plants tended to reach a plateau value of NPQ at the
highest irradiances (Figure 4B,D). In durum wheat, differences between the genotypes
were negligible (Figure 4B); in mature bread wheat, the ineffective NPQ induction was
confirmed in 32A, although less severe than in young plants (Figure 4D). The mutant 4B
was surprisingly the most effective in inducing NPQ in response to the increasing light
intensity (Figure 4B).

Higher values of NPQ are commonly or implicitly associated with a higher photo-
protective ability against PSII photodamage [33-35]. However, NPQ is recognized as the
reflection of a multiplicity of processes that are non-photochemical in origin [36-37], in-
cluding the energy dissipation by the damaged PSII centers themselves. It means that the
extent of NPQ and the level of PSII photoprotection are not always linearly related and
high levels of NPQ may not correspond to high levels of PSII photoprotection [38]. In the
case of chlorophyll-deficient wheat mutants, while lower levels of NPQ could conceivably
allow lower PSII protection, a conclusion could not be drawn with a sufficient degree of
confidence for mutants developing NPQ to the same extent as the wild-type lines. To dis-
criminate between the photoprotective and non-photoprotective components of NPQ, the
parameter pNPQ calculated according to the "qP4 model" was introduced by Ruban and
Murchie [39]. The theoretical fundament of the "qP« model" is based on the comparison
between the actual minimum fluorescence F'o measured after far-red light exposure (Foact)
and the theoretical F'o calculated according to Oxborough and Baker (F'ocac) [40]. Since the
latter is insensitive to PSII photoinhibition, their comparison at the different steps of a
light-response curve allows one to verify the presence of PSII photoinhibition and its ex-
tent [39, 41-43]. The Fo-derived qPa parameter lies between 0 (all PSII are photoinacti-
vated) and 1 (all PSII are active). In the model, the threshold used to assess the occurrence
of PSII photoinhibition was set at qP«=0.98; the NPQ associated to the last qP«>0.98 is
PNPQ. In case qPa assumes values above 1 because of significant PSII antenna uncoupling,
the determination of pNPQ is still possible with suitable corrections [44-45]. The result of
this calculation applied to the wheat lines allowed a comparative evaluation of pNPQ.
The photoprotection offered by NPQ in young plants was maximum in the two wild-type
lines and in 4A, independent of the plant age (Figure 4E,G). Less pNPQ was developed
by all young durum wheat mutants, as well as in 4B and 32A (Figure 4E,G). In the leaves
of mature plants, the alleviation of the impaired pNPQ phenotype was complete in 7A
and 8A, but not even partial in the other mutants (Figure 4F,H). Despite mature 7B and
32A tended to approach NPQwax values identical or closer to their wild-type lines, their
capacity for PSII photoprotection remained very low (Figure 4F,H). Although the mature
4B was capable of inducing higher NPQ than NS67, it did not gain a superior PSII photo-
protective capacity (Figure 4H).
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Figure 4. NPQ light-response curves and photoprotective NPQ (pNPQ) in young and mature plants
of bread and durum wheat. (A-D) NPQ-light response curves of young-durum (A), mature durum
(B), young bread (C) and mature bread (D) plants during 60 minutes exposure to increasing actinic
light intensities. Average values + Standard Deviation for n=4-6. (E-H) pNPQ values obtained after
applying the "qPa method". Histograms represent average values + Standard Error for n=4-6; differ-
ent letters indicate a significant difference at P < 0.05, as determined using one-factor ANOVA fol-
lowed by Tukey's test.

2.4 Fast chlorophyll a fluorescence transients and [IP test parameters

Analysis of the fast chlorophyll a fluorescence emission (OJIP transient) was recently
shown to offer a set of powerful indexes for the functional phenotyping of chlorophyll-
depleted wheat lines [11]. In young plants, the OJIP transients were indeed clearly influ-
enced by the plant genotype (Figure 5A,C). Fo values in the two wild-type lines were ob-
viously higher, with the biggest differences found for the durum wheat mutants (Figure
5A). For a qualitative comparison of the mutants, the fluorescence transients were first
double normalized between Fo (step O) and Fum (plateau P, Figure 5E-H)). The two inflec-
tions at approx. 2 ms (step J) and 30 ms (step I) were variably affected in the mutants. The
geometrical features of the transients were used to calculate technical parameters (Sm),
quantum yields and probabilities (¢Po, YETo, PREo and dREo) and specific energy fluxes
per reaction center (ABS/RC, TRo/RC, ETo/RC, REo/RC, DIo/RC) according to the model
by Strasser et al. [46] and Stibert and Govindjee [47]. The definitions of the parameters are
reported in Appendix B (Table B1), and the results are comparatively shown in the dia-
grams of Figure 5.

In the young plants, the initial exponential rise of chlorophyll a fluorescence was
slightly slower in the mutants compared to their wild-type counterparts (Figure 5A,C);
this feature can be attributed to a smaller PSII antenna size in the mutants, which was
quantified by significantly lower ABS/RC values (Figure 6A,C). Such slower increase was
uniform among mutants, without apparent relation with phenotype severity as assessed
by pigment analysis. The same samples also showed a tendency to higher ¢Po (Figure
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6A,C); although this is the most common parameter used to estimate the maximum PSII
quantum yield, formally equivalent to Fv/Fum, in the mutants its increase is due to a lower
PSI/PSII ratio rather than a genuine increase in PSII photochemical activity [11]. In young
durum wheat mutants and in 32A, Sm, YETo, PREo and dREo were enhanced as com-
pared to the corresponding wild type lines (Figure 6A). Particularly, higher {REo and
OREo values have already been associated with 7A, 8A, 7B and 32A mutant phenotypes
in controlled growth conditions, indicating a more abundant relative pool of electron car-
riers downstream of PSI [11, 48]. In the semi-field condition of this experiment, the same
mutants also underwent an increase in ETo — related to the probability that an electron
is accepted by the plastoquinone, and thus the pool size of the latter [46-47, 49] (Figure
6A). This response was in line with the tendency to accumulate more electron carriers per
PSII-PSI chain unit, as evidenced by generalized higher Sm values. Noticeably, in previ-
ous indoor study the relative enhancement of the down-stream electron flow (OREo) was
found as a phenotypic trait shared by all mutants under controlled conditions, but the Sm
increase was specific to bread wheat [11]. Conversely, in young plants here grown out-
doors, the increased number of interchain electron carriers became an important feature
also of the durum wheat mutants (Figure 6A).

In the young plants of mutants, all energy fluxes, except REo/RC, per active PSII cen-
ter were depressed in comparison with the corresponding wild-type lines (Figure 6A,C).
Given the dependency of these parameters on the normalized initial slope of the OJIP
transient, a response such clearly descended from the smaller PSII antenna size of the mu-
tants (Figure 5A,C; Figure 6A,C). The most affected flux was that related to the untrapped
energy dissipation per active PSII (DIo/RC), which was reduced between 25 and 50% de-
pending on the mutant. The decrease in DIo/RC was easily related to the seeming gain in
PSII photochemical efficiency, @Po, which, however and as already mentioned, is merely
the reflection of a lower relative amount of PSI. A noticeable parameter was REo/RC: in
young durum wheat mutants and 32A it was similar to the wild-type values, while in 4A
and 4B it was lower (Figure 6B). REo/RC describes the energy flux from Qs to PSI end
acceptors, therefore high values were consistent with the increased probability of electron
transfer from Qs to PSI end acceptors (PREo) in these mutants (Figure 6B).

Measurements performed at the end of the season revealed a generalized alleviation
of the mutant functional phenotype (Figure 6B,D). In particular, Fo and the specific energy
fluxes became more similar between wild-type and mutant lines compared to the young
plants. However, some peculiarities were found with respect to the electron transfer prob-
abilities and Sm. In durum wheat mutants the number of interchain electron carriers in-
creased considerably following the gradient of phenotype severity (Figure 6B). This re-
sponse was absent in the intermediate mutants of bread wheat (4A, 4B), whereas it was
apparent in 32A (Figure 6D). YREo and dREo similarly increased in the same mutants,
suggesting that the mutants benefitted from a compensative mechanism that relied on the
accumulation of PSI end electron acceptors, as already suggested [11].
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bread wheat. (A-D) Average OJIP transients on logarithmic timescale. (E-H) Average OJIP transient
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Figure 6. Spider plots of selected fast-chlorophyll-a-fluorescence-derived parameters calculated ac-
cording to the "Energy Fluxes" model in young and mature leaves of durum and bread wheat plants.
Each point represents the average value normalized on the respective average value of the wild-
type line (LD222 in durum wheat, NS67 in bread wheat) for n=8-12 replicates. (A-B) Spider plots of
young (A) and mature (B) durum wheat lines. (C-D) Spider plots of young (C) and mature (D) bread
wheat lines. For the definition of the parameters, see Appendix B.

2.5 Productivity estimation, morphometric measurements, and correlation analysis

At the end of the 2020 and 2021 seasons (3" week of May) morphometric and produc-
tivity measurements were performed after harvesting the grains. Morphometric measure-
ments like plant height, ear number and spikelet length did not show major differences
between the genotypes, except for a reduced plant height in 8A, 4A and 32A in compari-
son to their wild-type lines (Table C1); moreover, the spikelet in 32A was significantly
shorter compared to the other bread wheat genotypes (Table C1). Conversely, the tillering
degree (number of stems per plant) was very sensitive to the genotype: in durum wheat
significant differences were found between LD222 and 7B, whereas in bread wheat all the
mutants were characterized by a smaller tillering degree (Figure 7C,G). The number of
grains per ear was reduced only in durum wheat mutants 7A and 7B (Figure 7A,E). The
weight of a single grain was more affected by the severity of the phenotype, being lower
in the most severe mutants 7B and 32A (Figure 7B,F). The product of the number of grains
per ear by the weight of a single grain and the tillering degree resulted in the synthetic
parameter termed "single plant productivity"”, which summarizes the potential in plant
productivity for each wheat line (Figure 7D,H). Compared to LD222, durum wheat mu-
tants were clearly less productive: in 8A the productivity was 1/3 less, in 7A it was halved
and in 7B more than halved (60% decrease, Figure 7D). Smaller differences were instead
observed between bread wheat lines, although the mutants were generally less productive
(Figure 7H). As compared to NS67, 4B performed quite well, with a reduction in produc-
tivity by only 10%, while 4A single plant productivity was reduced by ca. 25%. The most



Plants 2022, 11, x FOR PEER REVIEW

13 of 28

W
o
L

N
a
1

grains per ear

o
L

grains per ear

= - X3 n w
=) w =3 @ =1
! ! i

5]
!

severe mutant, 32A was the least productive line with less than half grain production
compared to NS67.

The ambition of crop photosynthetic phenotyping is to support predictions of plant
productivity. A correlation matrix was built to check the presence of significant correla-
tions between photosynthetic parameters recorded in young plants and productiv-
ity/morphometric parameters obtained at the end of the season when mature grains were
harvested (Figure 8). Morphometric parameters such as plant height, spikelet number and
length did not display any significant correlation with the photosynthetic parameters.
Conversely, several correlations were found between photosynthetic and grain produc-
tivity parameters. The parameters derived from the pigment analyses are the standard to
describe the phenotype severity in chlorophyll-depleted mutants. However, the individ-
ual morphometric/productivity parameters showed weak correlations with the pigment
parameters, with only two exceptions (total chlorophylls vs. tillering degree; chloro-
phyll/carotenoid ratio vs. single grain weight). Much more interesting was the strong cor-
relation between all pigment parameters and the synthetic index of the productivity of a
single plant. A considerable number of correlations was found with fluorometric param-
eters as well. The number of grains per ear was negatively correlated with Y(NO)max (i.e.,
the highest value of Y(NO) recorded during a light-response curve); the single grain
weight was negatively correlated with Sm, and the tillering degree with pNPQ. However,
taking again the single plant productivity as the most informative about the plant perfor-
mance, the most sensitive fluorometric parameters were NPQmax, pNPQ, Sm, ABS/RC,
and TRo/RC.
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Figure 7. Productivity parameters measured at the end of the season in durum and bread wheat
mature plants. (7A,E) represent the average number of grains per ear (neas==10) in durum and bread
wheat, respectively. (7B,F) report the average weight of a single grain harvested from the 10 ears
used in the previous measurement. Tillering degree (7C,G) is the average tillering degree in durum
and bread wheat (n=30). Histograms represent average values + Standard Error; different letters
indicate a significant difference at P < 0.05, as determined using one-factor ANOVA followed by
Tukey's test. (7D,H) Grain productivity per plant, a synthetic parameter that combines the previous
three and estimates the mass of grains that was produced by a single plant for each wheat line.
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grains per | single grain . spikelets spikelets tillering single plant
ear weight plant height number length degree productivity
Chlorophyll (a+b) -0.017 0.705 0.228 0.087 0.684
Chlorophyll a/b -0.099 -0.684 -0.292 -0.027 -0.621
c“'g::g:;‘::)g::b) ! 0.364 - 0.382 0.256 0.490
NPQ MAX 0.199 0.737 0.203 0.093 0.624
Y(NO)MAX - -0.361 -0.631 -0.250 0.632 0.734 0.075
pNPQ -0.078 0.538 -0.005 0.131 0.686
Fo 0.742 0.641 0.782 0.239 -0.527 -0.278 0.252
Y(ETo) 0.556 0.173 0.578 -0.264 -0.790 -0.610 -0.206
J(REo) -0.389 -0.722 -0.287 -0.218 -0.123 -0.305 -0.618
6(REo) -0.688 -0.649 -0.610 0.005 0.492 0.226 -0.290
@(Po) -0.361 -0.574 -0.536 -0.306 0.226 -0.125 -0.356
Sm -0.494 - -0.525 0.006 -0.162 -0.376
ABS/RC 0.104 0.758 0.435 0.001 0.364 0.713
TRo/RC 0.026 0.708 0.345 -0.086 0.482 0.774
ETo/RC 0.454 0.638 0.693 -0.263 -0.258 0.075 0.451
REo/RC -0.451 -0.111 0.021 -0.373 0.388 0.479 0.184
Dlo/RC 0.227 0.724 0.529 0.159 0.088 0.484 0.654

Figure 8. Matrix of Pearson's r correlation coefficients of photosynthetic parameters vs. productivity
parameters in durum and bread wheat lines. Correlations were constructed with average values of
the measurements performed in the young plants using Microsoft Office Excel™ (Microsoft). Green
color marks significant positive correlations, red the negative (P < 0.05).

3. Discussion

In previous experiments, the indoor cultivation of the chlorophyll-deficient wheat
mutants evidenced their tendency to recover a wild-type phenotype with respect to the
leaf chlorophyll content, emphasizing the impact of the genomic context, particularly
which subgenome (A or B) hosted the mutated locus and the condition of hexaploidy
(bread wheat) vs. tetraploidy (durum wheat) [9-10]. Moreover, the differential suscepti-
bility of the mutants to light fluctuations underlined the relevance of the growth environ-
ment in shaping their phenotype [10-11]. The metabolic energy investment in compensa-
tory responses capable of limiting the detrimental effects of a disturbed photosynthetic
electron flow was proposed to be the main cause for a lower biomass accumulation.
Whether this conclusion could also hold true under a normal life cycle in the field needed
testing, looking at phenotypic traits in association with the grain yields: under a naturally
fluctuating environment, does the phenotype recover to wild type? Is the mutant severity
series confirmed? Has the mutation a significant impact on grain production?

In general, the young plants confirmed previous findings, showing the phenotype
severity in the order 7B>7A=8A>LD222 and 32A>4A=4B>NS67 [9], with the functional de-
fects quite well matching the chlorophyll depletion level. However, overwintering
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outdoor cultivation of durum and bread wheat did not lead to the expected recovery of a
wild-type-like leaf chlorophyll content (Figure 2). More interestingly, the mutants under-
went an effective long-term acclimation of the functional traits related to photosynthesis. In
mature plants, the alleviation of the functional phenotype was evident from the restored
ability to control the photosynthetic electron poise (Figure 3,4), as well as the tendency to
more regular spider plots of OJIP-derived parameters (Figure 6). Especially in durum
wheat mutants, but also in 32A, the importance of accumulating interchain electron carri-
ers and PSI end acceptors, as represented by Sm, emerges even more strongly than in
previous indoor experiment [11].

The results collected in this semi-field experiment suggest the predictive power of
the early biochemical and functional traits with respect to grain productivity (Figure 8).
The genetic lesion in chlorophyll-deficient wheat lines is attributed to a decreased activity
of the Mg-chelatase, which impairs chlorophyll accumulation, particularly chlorophyll b
[50-52]. Despite recurrent reports on highly productive chlorophyll-deficient crops, wheat
included [15], the less-than-normal chlorophyll content in wheat mutants causes several
alterations of the photosynthetic membrane function and structure [9-11, 19, 53-54]. The
picture we get from previous studies and the current research is that most of the efforts of
the chlorophyll-deficient wheat plants are devoted to reach a compensation for the genetic
defect: this is certainly helped by the healthy homoeologous genes in other subgenome(s),
but it also benefits from energy-consuming adjustments of the photosynthetic electron
flow [10-11]. The consequence is that the chlorophyll synthesis mutation has a pleiotropic
effect, including significant long-term impacts on plant morphogenesis and reproduction.
Accordingly, we show that in this collection of chlorophyll-depleted mutants, it is possible
to discriminate between different degrees of productivity by performing fast and non-
invasive chlorophyll fluorescence measurements at the initial stages of plant develop-
ment. Interestingly, input phenotyping data were mostly correlated with the synthetic pa-
rameter "single plant productivity" (Figure 8). This observation reveals that increasing de-
grees of chlorophyll depletion do not result in an unambiguously identifiable, single, im-
paired productive trait, such as the grains per ear or the spike length (see also [54]), but
rather lead to an overall depression of the capacity of producing grains by the single plant.
In the over-wintering experiment, a significant contribution to such decrease is due to the
lowered tillering of the mutants, indicating that, directly or indirectly, the genetic defect
influences productivity by limiting the emergence of axillary shoots well before the repro-
ductive phase (Figure 7). This response is interesting because a low number of tillers is
usually a shade-avoidance response in wheat cultivated in a dense canopy and is coun-
terbalanced by investment in plant height [55-56]. According to the principle equating a
low-chlorophyll phenotype with an improved light interception [7, 57], lower plants (a
tendency visible in Table C1) but with many tillers would have been expected. We can
suggest that in chlorophyll-deficient wheat, the potential benefit of a higher light trans-
mittance through the canopy is overcome by the energy-demanding adjustment of an al-
tered photosynthetic electron transport chain.

Based on previous research, Y(NO) and NPQ obtained from modulated-chlorophyll
emission data were deemed to be the most sensitive to chlorophyll depletion in mutants
[9-10], and, thus, good correlative candidates to productivity. These parameters derive
from dynamic measuring protocols — the light-response curves — and are suited to a cor-
relative analysis if expressed as synthetic phenotypic indexes. Given the different light-
dependency of Y(NO) and NPQ in the wheat lines, we extracted Y(NO)max and NPQwmax
from the light curves (Figure 3,4). The former proves a defective electron transport control,
the latter a reduction in thermal dissipation capacity, i.e., two main physiological traits
characterizing the mutants [9-10]. Y(NO)max correlated negatively only with the number
of grains per ear (Figure 8); therefore, in this outdoor experiment, Y(NO)max did not ap-
pear to be a much straightforward index to the correlative scope. Y(NO) certainly changes
with light intensity, but its maximum value, representative of a quasi-steady state, can be
not very informative (see [10]). More interesting was NPQwmax, which in young plants was
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clearly dependent on the phenotype severity, correlating with a single plant's productivity
(Figure 4). In the mutants, a lower capacity to develop NPQ is a physiological trait related
to an insufficient proton pumping into the thylakoid lumen, which was interpreted as a
side effect of the defective CEF [9-10]. It was previously shown that the parallel up-regu-
lation of the ATP synthase activity allows a sufficient ability of these mutants to sustain
ATP synthesis [10]. Despite the defective CEF, ensuring an adequate supply of ATP is
permissive to the stability of the photosystems, e.g., supporting the repair of photo-
damaged PSII [25]. However, NPQwmax, as a technical parameter, is complex in origin and
includes not only ApH-dependent de-excitation processes ("high-energy quenching", qE),
but also other components, e.g., related to the plastid redox state or the integrity of pho-
tosystems [36-37, 58-62]. Not all NPQ components have a primary photoprotective mean-
ing, and indeed the photoprotective fraction of NPQ — pNPQ — was a robust phenotyping
index, strongly correlating with the tillering degree and the single plant productivity (Fig-
ure 8). As also shown in another experimental system [45], a high capacity to develop
NPQ is not necessarily accompanied by a superior PSII photoprotection. Interestingly, a
comparison of NPQumax and pNPQ makes it clear that the former may underestimate the
severity of the photosynthetic regulation defect, particularly in the "intermediate" mutants
7A and 7B, or also 4B (Figure 4). The phenotype alleviation occurring during the life cycle
of outdoors-grown plants includes at least a partial recovery of NPQwmax to wild-type val-
ues, in one case — 4B — even exceeding them (Figure 4A-D). However, a comparative anal-
ysis of the corresponding pNPQ invites to be particularly cautious about conclusions be-
cause a reduced PSII photoprotection capacity remains in 7B and 32A, which may be ex-
pected, but also in 4B as a tendency (Figure 4).

A reduced PSII photoprotection per se can be insufficient to explain the decreased
productivity in the mutants: it is well established that a high PSII photoprotection can also
cause losses in PSII quantum yield and, in turn, a lower maximum yield in carbon assim-
ilation [35, 63-64]. Although it is necessary to prevent yield losses due to excessive PSII
photodamage, the qE-induced PSII photoprotection must be quickly reversible to allow a
rapid switch from high to low light [35, 63-66]. The semi-field condition is a perfect exam-
ple of an everchanging light environment, in which fast responsiveness of photoprotective
mechanisms to fluctuating light is fundamental to maintain an optimal carbon assimila-
tion capacity. Therefore, given the decreased ability of the mutants to promptly control
the balance between LEF and CEF [9-11], it is conceivable that the most compromised
mutants were not only less photoprotected, but also slower in the adaptation to natural
light fluctuations. In the incomplete recovery of a wild-type-like functionality in 7B and
4B, we envisage a sign of the higher severity of a mutation at locus cnB1-d, shared by the
two mutants and making them more prone to fluctuating light [10]. Lower productivity
also affects the mutant 4A (mutated locus cnAl-d as in 7A), which, however, already in
the young plant appeared indistinguishable from the wild-type NS67 as far as pNPQ is
concerned. The complementary approach of the OJIP transient analysis offers hints to un-
derstand why an apparently well-regulated mutant like 4A can be nonetheless poorly
productive.

Prompt-chlorophyll a fluorescence parameters are among the most suited to imple-
ment future large-scale phenotyping studies because they allow the collection of consid-
erable amounts of data in a fast and non-invasive way [6, 11, 46-47, 67-68]. Single plant
productivity in wheat was correlated with three JIP-test-derived parameters, catching dif-
ferent facets of the light energy conversion in the mutants: ABS/RC, TRo/RC and Sm (Fig-
ure 8). ABS/RC and TRo/RC are energy flux parameters describing the functional PSII
antenna size and the maximum trapped energy in PSII [46-47]. The down-sizing of the
PSII antenna was an expected consequence of the reduced availability of chlorophyll a
and b to assemble the LHCII, shared by all mutants at their young stage (Figure 6A,B).
The reduced trapping ability in active PSII was also expected and consistent with the
smaller antenna of the photosystem, despite a tendency of the mutants to higher ¢Po [11].
In the previous indoor experiment, ABS/RC tended to very effectively recover to wild-
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type values, making it a weak phenotyping index [11]. In the case of the outdoor, over-
wintering wheat growth, the reduction of the PSII antenna size appears to be a more per-
sistent trait, perfectly in line with the severity gradient in the chlorophyll a/b ratio still
observed in mature plants (Figure 2). It was previously proposed that the chlorophyll-
deficient wheat lines may have an intrinsic ability to adjust the PSII antenna system under
the unfavourable supply of chlorophylls [11]. This regulation, whose molecular back-
grounds are unknown, may help mitigate an unbalanced excitation distribution between
PSII and PSI. Evidently, outdoor cultivation is less permissive to such regulation, which
occured effectively only in 4A and 4B (Figure 6). In other mutants, we observed instead
enhanced accumulation of electron transporters. A similar response was observed in the
previous indoor experiment, but it was more linked to the relative pool size of the end
acceptors of PSI (ferredoxin and FNR), represented by 0REo, than to the overall abun-
dance of electron carriers, Sm [11]. Sm values were indicators of the chlorophyll-depleted
phenotype severity in bread wheat mutants but not in the durum lines. In the semi-field
experiment, the increase in Sm occurred in all young mutant plants. Subsequently, while
Sm tended to revert to wild-type in bread wheat mutants, the differences between durum
wheat genotypes were magnified at the end of the season, up to the excessive Sm increase
characterizing 7B (Figure 6B,D). A compensative meaning against the membrane over-
reduction was assigned to the seeming excess of end transporters [11], supported by find-
ings about the role of FNR as a buffer for electrons to keep PSI in a safe oxidized state and
prevent the accumulation of reactive oxygen radicals [69-70]. A relevant hypothesis de-
noted as the "ultrastructural control”" of photosynthetic electron transport was proposed
by Gu and coworkers (2022) [71]. They attribute the role of electron reservoirs to all mobile
electron carriers, i.e., plastoquinone, plastocyanin and ferredoxin, to cushion the light fluc-
tuations causing variations of the thylakoid lumen swelling [71]. The electron buffering
activity demonstrated for FNR [70] suggests including this enzyme in the model. In the
JIP test, the concept of Sm includes all mobile pools and the enhancement of Sm in the
mutant wheat lines can be interpreted consistently within the ultrastructural control hy-
pothesis to offer an extended buffering system against the recurrent electron bursts caused
by lightflecks in a fluctuating light regime [11]. In a natural environment, where the light
fluctuations are combined with other variables and the re-sizing of the PSII antennae can-
not be reached completely, the Sm increase emerges as possibly the main compensation
mechanism of the electron flow defects in chlorophyll-deficient mutants. More intense
exploitation of this response in durum wheat than in bread wheat is in line with the accli-
mative advantage offered by hexaploidy in the latter [9, 72]. In most mature plants, the
achievement of an electron flow regulation similar to the wild-type lines, as seen for
Y(NO), testifies to the success of the defect compensation. However, the investment in
electron carriers is energy-demanding and conceivably diverts a part of the metabolic en-
ergy from vegetative growth and reproduction to the acclimation of photosynthesis.
Therefore, a strong negative correlation links the single plant productivity and Sm, which
can be proposed as a robust potential marker in plant phenotyping projects in the open
field and aimed to increase grain production in chlorophyll-deficient durum and bread
wheat lines. For example, the early screening of chlorophyll-deficient mutants for exces-
sive Sm may help discard low productive lines.

Although not correlating with the plant productivity, the JIP-test parameters DIo/RC
was the most affected parameter in young plants and showed the best relief in mature
plants. The lack of correlation is due to the absence of a clear correspondence with the
phenotype severity series. Two factors concur to lowering the DIo/RC — the reduced PSII
antenna size and the seemingly increased PSII photochemical activity — making it difficult
to assess if the DIo/RC decrease can be truly symptomatic of a reduced ability of energy
dissipation in PSII unit [73].
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4. Conclusion

In the semi-field overwintering experiment, the mitigation of the phenotype severity
of chlorophyll-deficient wheat primarily concerned the recovery of the photosynthetic
membrane functionality, but only marginally the leaf chlorophyll content. The efforts for
acclimating photosynthesis towards a fluctuating environment are already visible in the
young plants and include a compensatory mechanism against the defective control of the
electron flow, i.e., the accumulation of interchain electron carriers and PSI end acceptors.
Such a mechanism, already proposed from indoor experiments, is here shown to be max-
imally exploited in mature plants of durum wheat mutants, which probably relates to
their less efficient acclimative potential than bread wheat. The tillering phase had a sub-
stantial effect in reducing the single plant's grain productivity, indicating that the muta-
tion itself or the energy-consuming compensatory mechanisms significantly influence
plant morphogenesis. Consistently with the interrelation between early photosynthetic
phenotype and grain yield per plant, some chlorophyll fluorescence-derived parameters
are proposed as good candidates for future phenotyping applications in the open field.

5. Materials and Methods

5.1 Plant material and cultivation

The wheat lines used in this work were the same as described by Zivak et al. [9].
Four lines were used for Triticum durum L.: the wild-type LD222 and three derived chlo-
rophyll-depleted mutants, namely ANDW-7A, ANDW-8A and ANDW-7B. Similarly,
four lines were used for T. aestivum L. the wild-type Novosibirskaya 67 (NS67) and three
derived chlorophyll-depleted mutants, namely ANBW-4A, ANBW-4B and ANK-32A.
Main characteristics of the wheat lines are reported in Table Al. Plants were sown in par-
cels (30 seeds per parcel) of the Botanical Garden of the University of Ferrara (44.841912
N, 11.622454 E) in October for two subsequent seasons (2020-21 and 2021-22), following
the regular schedule for sowing T. durum and T. aestivum, and therefore allowing the
plants to overwinter and go through the tillering phase in outdoor conditions. The general
meteorological conditions, including solar radiation, are publicly available through the
website of the Meteorological Observatory of the Botanical Garden of Ferrara
(http://www.meteosystem.com/dati/ortofe/index.php), and a graphical summary of the
weather features during the experimental seasons is reported in Appendix D (Figure D1).
The first round of analyses was performed during the first weeks after plant germination,
following the appearance of the third leaf in all lines. The second round of analyses was
performed on the flag leaf during the second week of May.

5.2 Morphometric measurements and grain productivity estimation

Morphometric indexes consisting of plant height, spikelet number per spike, spike
length, and tillering degree were measured after the complete emergency of the spike. At
the end of the season, mature ears were harvested, and grain productivity was estimated
by counting the number of grains in each ear with ten random replicates per genotype.
The grains of each ear were counted and weighed to obtain the average number of grains
per ear and the average weight of a single grain. The synthetic parameter and best estima-
tor of plant productivity, namely "grain productivity per plant”, was calculated by multi-
plying the average weight of a single grain by the number of grains per ear and the tiller-
ing degree.
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5.3 Quantification of photosynthetic pigments

Leaf segments (2 cm?) were cut from the 3t leaf of young plants and the flag leaf of
mature plants. The segments were subsequently weighed, reduced to smaller pieces, and
placed in glass tubes containing 3 mL of 80% (v/v) acetone buffered with HEPES-KOH
(pH 7.8). Extraction was performed at -20 °C for 3 days until complete depigmentation of
the leaf samples. Extracts were analysed using a spectrophotometer, Ultrospec 2000 (Phar-
macia Biotech); chlorophyll 2 and b content in the extract were determined according to
Ritchie [74], while total carotenoids were calculated using the equation by Wellburn [75].

5.4 Modulated chlorophyll a fluorescence measurements

Modulated chlorophyll a fluorescence was measured in leaves dark-acclimated for
30 minutes in the laboratory using a Junior-PAM (Walz) fluorometer. Measurements were
performed as described in Colpo et al. [45] with some modifications. Minimum and max-
imum fluorescence (Fo and Fu, respectively) were measured before starting the light-re-
sponse curve experiment. Ten irradiance intervals (actinic light from 65 to 1500 umol pho-
tons m? s1), each with 7 minutes length, were applied to the sample. To avoid leaf dehy-
dration, the samples were placed on top of a humid piece of filter paper during the whole
measuring routine. Saturation pulses were 0.6 s long, each followed by 5 s exposure to far-
red light to determine Fo’. Quantum yields of actual PSII photochemistry [Y(II)], non-reg-
ulatory energy loss [Y(NO)], and regulatory thermal dissipation [Y(NPQ)] were calculated
according to Hendrickson et al. [30]. Photoprotective thermal dissipation (pNPQ) was cal-
culated by applying the qPd protocol as described by Ruban and Murchie [39], with mod-
ifications as detailed by Colpo et al. [45].

5.5 Prompt chlorophyll a fluorescence measurements

Prompt chlorophyll a fluorescence was measured directly in the field on the 3 or
flag leaf, according to the growth stage. After 30 minutes of dark-acclimation in the leaf
clip, the fluorescence emission was recorded using a portable HandyPEA (Hansatech) flu-
orometer. For analysis, a 1-s-long saturating pulse was applied to the sample with an in-
tensity of 3500 pmol photons m2 s (650 nm light provided by the LEDs integrated in the
measuring head of the device). The derived OJIP transients were analyzed according to
the energy fluxes model as reported by Strasser et al. [46] and Stirbet and Govindjee [47],
allowing the calculation of selected basic and derived parameters with the Biolyzer soft-
ware (Fluoromatic Software). Fo value was sampled at 20 ps. The list of the parameters
and their phenomenological meaning is reported in Appendix B, Table B1.

5.6 Data analysis and correlation matrix

Data obtained from each set of measurements were analyzed using the Microsoft Of-
fice Excel™ (Microsoft) software for the preliminary elaborations. Graphs and statistical
analyses were carried out using Origin™ version 2022 (OriginLab). Statistical comparison
between the replicates of each group (durum and bread wheat) was performed using
ANOVA one-factor test with a = 0.05 significant threshold, followed by the post hoc Tuk-
ey's test (a = 0.05) for means comparison. The Pearson's r correlation matrix between
productivity values, morphometric indexes, and photosynthetic phenotyping data was
built with Microsoft Office Excel.
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Appendix A

Table A1l. Main characteristics of the wheat lines used in this study.

Chlorophyll Effect of fluctuating light?
Wheat line  Mutated locus Level
(% wild-type)!

NS67 Wild-type -- Slightly negative
ANBW-4A cnAl-d 10-40% Positive
ANBW-4B cnBl-d 0-50% Very negative
ANK-32A cnAl-a 30-70% Insensitive

LD222 Wild-type - Slightly negative
ANDW-7A cnAl-d 40-60% Slightly negative
ANDW-7B cnB1l-d 35-65% Very negative
ANDW-8A unknown 10-45% Insensitive

Variation ranges based on Zivéak et al. and Ferroni et al. [9-11]
?Based on aboveground biomass as reported by Ferroni et al. [10]
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Appendix B

Table B1. Measured and calculated parameters from the fast chlorophyll a fluorescence transients.

Parameter

Definition!

Descriptive parameters of the OJIP transient

Fo Minimum fluorescence value at 20 pus
Fx Fluorescence value at 0.3 ms

F Fluorescence value at 2 ms

Fi Fluorescence value at 30 ms

Fum Maximum fluorescence value at plateau
Fv=Fm-Fo Variable PSII fluorescence

Vi= (Ft— Fo)/(Fm — Fo)

Relative variable fluorescence at time t
(Viat2ms, Viat 30 ms)

Mo = AV/At

Sm

Approximate value of the initial slope (trait 20-300
ps) of the relative variable fluorescence curve Vi
Normalized area, proportional to the number of

electron carriers per electron transport chain

Quantum yields and probabilities

@Po = (Fm - Fo)/[Fm = Fv/Fm
YETo=AV;=1-V;

YREo=AVi=1-Vi

OREo0 = AV1/A4V)

Estimate of PSII maximum quantum yield
Estimate of the oxidized plastoquinone size, or the
probability with which a PSII trapped electron is
transferred from reduced Qa to Qs
Estimate of the relative size of the pool of PSI end
electron acceptors, or the probability with which a
PSII trapped electron is transferred from reduced
Qa to PSI final acceptors (ferredoxin, ferredoxin-
NADP+ oxido-reductase)

Pool of PSII electron acceptors relative to the pool
of plastoquinone, or the probability with which an
electron is transferred from reduced Qs to PSI fi-
nal acceptors

Specific energy fluxes per active PSII reaction center

ABS/RC=Mo / (V; - ¢Po)
TRo/RC = (Mo/V))

ETo/RC = (Mo/V)) - YETo
REo/RC = (Mo/V)) - YREo

DIo/RC = (Mo/V)) - Fu/Fo

Flux of light absorption per PSII, or apparent an-
tenna size of an active PSII
Maximum trapped exciton flux per PSII
Electron transport flux from Qa to Qs per PSII
Electron transport flux from Qa to final PSI accep-
tors per PSII
Flux of energy dissipation per active PSII

1 For reference, see [46-47, 67].
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Appendix C

Figure C1. Average morphometric measurements of durum and bread wheat selected features with
the corresponding standard deviations (n=10). Different letters indicate a significant difference at P
<0.05, as determined using one-factor ANOVA followed by Tukey's test.

Wheat line |Plant height (cm) Spike length (cm) Spikelets number
LD222 162.2+9.7 (a) 6.81+1.16 19.8+3.2
7A 156.9+13.1 (a) 6.79+0.55 21.7+1.9
8A 143.748.5 (b) 6.52+1.17 19.1+1.8
7B 160.9+5.8 (a) 6.79+1.01 20.3+1.4
NS67 151.3+5.0 (a) 9.37+0.45 (a) 20.2+2.7
4A 141.5+4.6 (b) 8.12+1.19 (ab) 20.8+1.5
4B 146.5+4.5 (ab) 9.39+1.15 (a) 20.5+1.4
32A 144.2+3.4 (b) 7.80+1.34 (b) 18.8+2.3
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Appendix D

Figure D1. Meteorological data derived from the Meteorological Observatory of the Botanical Gar-
den of Ferrara, Italy, relative to the two experimental cultivation seasons (2020-2021, 2021-2022).
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Chapter 4:
Phenotyping of photosynthetic traits to support the

selection of strawberry accessions resistant to salt stress
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Introduction

Soil salinization is a major threat to agriculture production affecting around 20% of irrigated lands worldwide
(Qadir et al. 2014). Natural and anthropogenic causes concur in exacerbating the increase in soil salt
concentrations. Natural causes, such as the occurrence of salty rainfalls and the contamination from parental
rocks and seawater, are mainly responsible for the salinization of coastal environments (Mahajan and Tuteja
2005, Jajoo 2013). Differently, anthropogenic causes indiscriminately affect different types of ecosystems,
with the worst effects occurring in arid and semi-arid regions of the world (Wallender and Tanji 2011, Cuevas
etal. 2019). Anthropogenic soil salinization occurs when the balance between freshwater supply (from rainfalls
and irrigation) and soil transpiration is altered in favor of the latter because of bad irrigation practices, such as
waterlogging, use of unlined canals and vegetation clearing (Qadir et al. 2014, Ritzema 2016, Cuevas et al.
2019). To keep the pace with increasing soil degradation and worldwide food demand it becomes necessary to

improve crops’ water use efficiency and salt tolerance (Jajoo 2013).

The major player in salinity stress is sodium chloride (NaCl), with Cl- being the most toxic in plants tissues of
the two ions (Ferreira et al. 2019). Plants cope with salinity stress adopting a complex network of acclimation
and adaptation strategies. Plants naturally adapted to live and proliferate in salty soils are termed halophytes:
these species adopt different mechanisms, such as selective ion uptake, compartmentalization of Na*, tight
regulation of ion homeostasis, production of osmolytes, development of salt glands and bladders, and enhanced
antioxidant activity (Flowers et al. 2008, Platel et al. 2020, Rahman et al. 2021). The study of these plants is
extremely important to unveil the metabolic pathways needed to inhabit environments characterized by high
salt concentrations, because the most widespread crops are conversely sensitive or extremely sensitive to high

levels of NaCl in the soil (Rahman et al. 2021).

Plants respond to salinity stress in two ways at the shoot level: ion-independent responses and ion-dependent
responses (Negrdo et al. 2017). The ion-independent response occurs as primary response within minutes to
days and is deemed to be triggered by Na* sensing and signaling (Gilroy et al. 2014, Roy et al. 2014); side
effects produced by this response are stomatal closure and inhibited (Munns and Termaat 1986). The ion-
dependent response develops over days to weeks and depends on the accumulation of ions up to toxic
concentrations, which cause premature leaf senescence, reduced plant yield or even plant death (Negrao et al.
2017). Plants avoid the most negative outcomes by excluding ions from the shoot, segregating toxic ions into
specific tissues, cells and organelles, and maintaining growth and water uptake rates independently of the

accumulation of Na* (Negrio et al. 2017).

However, crops are usually sensitive to salt stress, therefore side effects appear even when tolerance responses
are developed to some extent. General effects of salinity comprise the inhibition of seed germination and
progressive dehydration, reduced growth, metabolic disfunctions, enzymes inactivation and altered protein
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synthesis, impairment of membrane permeability and reduction of photosynthetic activity (Jajoo 2012, Zorb
et al. 2018, Hernandez 2019, Rahjabi Dehnavi et al. 2020, Arif et al. 2021). The depression of the
photosynthetic activity is a fundamental concern for crops productivity because photosynthesis is necessary to
sustain plant development and growth. At the photosynthetic level, two main types of effects are activated
when plants are subjected to salinity stress: osmotic effects and ion effects (Jajoo 2012, Chen et al. 2015,
Dabrowski et al. 2016). Osmotic effects are responsible of the progressive dehydration of the plant tissues,
leading to reduction of stomatal conductance and therefore of the intracellular CO, concentration, depression
of RuBisCO activity, sucrose accumulation, changes in PSII antenna heterogeneity, reduction of chlorophyll
content, and significant ultrastructural alterations of the chloroplast (Hernandez et al. 1999, James et al. 2002,
Munns and Tester 2008, Jajoo 2012, Arif et al. 2021). Conversely, ion effects are related to ion imbalance and
consequently to the direct alteration of the thylakoid membrane organization, for example the induction of
increased grana stacking, the inhibition at the donor and acceptor side of PSII due to increased production of
Oxygen Reactive Species (ROS), the over-reduction of the photosynthetic electron transport chain and,
consequently, the depression of the electron transport (Hernandez et al. 1999, Mitsuya et al. 2000, Strasser et

al. 2010, Metha et al. 2010a-b, Yaghubi et al. 2016, Pan et al. 2021).

In view of the strong sensitivity of the photosynthetic machinery to salt stress, especially the methods based
on chlorophyll fluorescence emission are considered elective for monitoring the occurrence of detrimental
effects caused by salt stress, as well as for screening plants with respect to their ability to exploit effective
acclimative responses (Perez-Bueno et al. 2019, Van Bezouw et al. 2019). The chlorophyll fluorescence
measurements suited to the scope of plant phenotyping are neither time demanding nor destructive, therefore
they are the perfect deal to collect much useful information about the photosynthetic functionality in medium-
to-large screening experiments approaching the plant responses to a variety of stresses, salt stress included
(Baker and Rosenqvist 2004, Lazar et al. 2006, Borawska-Jarmutowicz et al. 2014, Humplik et al. 2015). Major
advances have occurred in the last decades, including the use of phenotyping facilities to maintain a controlled
environment and perform automated measurements on samples (Song et al. 2021). The control of
environmental conditions in growth chambers and in the whole phenotyping infrastructure allows the
maximization of the samples homogeneity and, therefore, emphasizes the differential effect produced by a
given stress, such as salinity stress, on a panel of cultivars or accessions (Van Bezouw et al. 2019, Song et al.

2021)

The present experiment is an application of chlorophyll fluorescence techniques operated in an automated plant
phenotyping facility and aims to screen five strawberries market cultivars for their salinity stress tolerance.
Strawberry is a valuable crop cultivated worldwide and is particularly sensitive to salinity stress (Ferreira et
al. 2019, Esmaecilizadeh et al. 2021). According to Grieve et al. (2012) the salinity tolerance threshold for
strawberry is 1 mS c¢cm™!, after which the plant yield decreases by 33% per every unit increase in electric

conductivity. Both NaCl and KCI induce leaf scorching after four weeks of irrigation with water at 1 mS cm’
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!, while severe leaf damages appear at electric conductivity > 5 mS cm™! (Martinez-Barroso and Alvarez 1997).
The selection of less salt-sensitive strawberry accessions has been pursed for some time with the main scope
of extending the cultivation of this crop to harsher land, particularly in the Mediterranean area (Ondrasek et
al. 2006, Al-Shorafa et al. 2014, Cardefiosa et al. 2015, Bani et al. 2021). The awareness of the rising
salinization of soils has progressively increased to interest in screening programs of strawberry selections that
exhibit an enhanced salt tolerance. The five cultivars used in this experiment (Table 1) were provided by the
Consorzio Italiano Vivaisti (C.I.V., Comacchio, Italy, https:/civ.it), a high profile and internationally
recognized research center specialized, among others, in obtaining new market varieties of strawberry and
investigating their potential for cultivation in different environmental contexts, including marginal land prone
to salt stress. The plant material has been studied at the Slovak PlantScreen™ Phenotyping Unit (SPPU) of the
Slovak University of Agriculture in Nitra (SK), which allowed us to set precise environmental conditions and
perform automated RGB morphometric and chlorophyll fluorescence monitoring of the plants. Together with
a regularly irrigated control group, two different treatments have been applied by enriching the control water
with NaCl in order to reach the electric conductivity values of 2 and 4 mS cm™'. Such levels were chosen to
enable the onset of moderate (2 mS ¢cm™) and severe (4 mS cm™) salinity stress in agreement with previous
reports (Martinez-Barroso and Alvarez 1997, Grieve et al. 2012, Bani et al. 2021). Moreover, based on
indications by C.I.V., these values well approximated real salinity records in irrigation waters during the
summer period in the coastal zone of the Ferrara Province, Northern Italy, where strawberry is widely

cultivated.

Beside the specific scientific objective of the strawberry minipanel screening for salt stress sensitivity, this
work also aims at fostering a methodological advancement by exploiting an advanced phenotyping protocol.
The state-of-art technology proposed in this research can potentially support future strawberry breeding
programs, shortening the time needed for selection and overcoming the limitations of the routine visual
inspection (late emergence of sufferance signs, subjectivity of evaluations) using quantitative automated
analyses (Van Bezouw et al. 2019, Yang et al. 2020, Song et al. 2021). Particularly, two screening methods
have been investigated and compared for their effectiveness to enable the early detection of salt stress effects.
The first is based on morphometric parameters obtained through red-green-blue (RGB) imaging, which allows
a gain in objectivity with regard to the plant symptoms evaluation at the whole shoot level. The second,
hypothesized to be more sensitive, in based on the physiological information derived from chlorophyll «
fluorescence emission signals, according to the principles of modulated fluorometry and quenching analysis

(Schreiber 2004, Klughammer and Schreiber 2008, Linn et al. 2021).
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Materials and methods

Plant material and growth conditions

Five market varieties of strawberry (Fragaria x ananassa Duch.) were made available by C.1.V. All of them
are day-neutral, ever-bearing cultivars with a high requirement for cold. The main characteristics of each
variety are listed in Tablel. Immediately after delivering to the Slovak University of Agriculture in Nitra (SK),
the rooted plantlets were temporary stored in darkness at 4 °C until planting in pots containing 100 g sand as
an inert substrate. The pots were placed in a growth chamber for one week to restart the vegetative growth and
acclimate the plants (180 umol photons m~ s! cool white light, photoperiod 14:10h day:night, temperature 24
°C / 18 °C day/night, thermoperiod 14:10h day:night) watering them with Hoagland solution in the first day
and with tap water on the subsequent days. Subsequently, 18 to 21 plants per variety were moved to the SPPU
phenotyping facility (Photon System Instruments, Czech Republic), placed in individual trays, and registered

into the PlantScreen™ system (Photon System Instruments, Czech Republic).

A photoperiod of 16:8 h (day:night) was set with continuous illumination provided by cool-white LED panels.
The daily lighting protocol included the simulation of sunrise up to a plateau photosynthetically active radiation
(PAR) of 900 pumol photons m™ s™'; after four hours exposure to constant PAR, light intensity decreased
progressively to simulate sunset, as exemplified in Fig. 1. Temperature ranged from 17 °C in the night to 23

°C in the daytime, with constant 40% relative humidity.
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Table 1. Main characteristics of the strawberry cultivars examined in this research. Source of information about plants and fruits is
Consorzio Italiano Vivaisti (www.civ.it). Notice that the term “fruit” is used for the sake of brevity, while in Fragaria species it is a

pseudocarp.

Vivara?®

Murano””

Ania®
(CIVRH612Pb)

Cantus®
(CIVRH6217™)

Edwina®
(CIVRH295%)

Plant

Medium to high vigor. Very high and constant
productivity.

Plant of good vigor with upright. Very high
productivity.

Hardy plant of medium vigor, upright habit.
Good productivity.

Hardy plant with medium-high vigor and
semi-erect habit.
High productivity.

Ever-bearing middle-low vigor plant, low
branching of inflorescence. Medium
productivity, lower compared to the other
varieties.

Fruits

Heart shape.

Regular medium-large caliber.
Good flavor, medium sugar values.
High shelf life.

Conical shape.

High and constant caliber.

Excellent flavor, with high and constant Brix.
Excellent shelf life.

Heart shape.

Medium and constant caliber.

Excellent organoleptic characteristics with
high Brix levels.

Excellent shelf life.

Conical shape.

Optimal and constant caliber.
Pleasant taste, good Brix level.
Very good shelf life.

Large caliber.
Excellent shelf life.
Pleasant taste.

Very good shelf life.

<1000 -

500 ~

Light intensity (umol m? s

0

00:00 04:00 08:00 12:00 16:00 20:00 00:00

Time of the day

Figure 1. Example of the daily light routine used in the experiment.
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Plant irrigation and salt treatments

Irrigation was provided daily to the control plants using the automated watering system included in the SPPU
phenotyping unit. In treated plants, the daily irrigation with tap water added with NaCl was performed
manually. To impose the intermediate salt stress (S1 group, water electric conductivity = 2.0 mS cm™), 651
mg L' of NaCl were added to the solution, while for severe salt stress (S2, electric conductivity = 4.0 mS cm

1) 1702 mg L' were added.

Automated plant phenotyping measurements

For shoot image-based phenotyping, the plant-to-sensor, automated PlantScreen™ system operating at SPPU
was used. Measurements were performed before the beginning of treatment (day 0) and subsequently after 3,
6, 10, 14, 19, 30, 34 and 41 days of treatment. The routine started with the measurements of chlorophyll a
fluorescence, obtained using the modulated chlorophyll fluorescence imaging unit in PlantScreen™ systems,
which quantifies the reemitted light upon excitation with red light. PSII maximum quantum yield of
photochemistry (F7/Fy) was measured after the application of a saturating pulse (800 ms cool white light,
3287 umol photons m? s!). Fy/Fy measurement was followed by 70 seconds of exposure to a high intensity
of actinic light (cool white light, 496 umol photons m™ s!), which allowed the photosynthetic apparatus to
approach a quasi-steady state (ss). Steady state values for non-regulatory energy loss quantum yield Y(NOss),
quantum yield of thermal dissipation Y(NPQss), Stern-Volmer parameter of non-photochemical quenching
NPQss and Lichtenthaler’s vitality index Rrq were calculated as reported in Table 2. Immediately after the
induction protocol, the plants were allowed to dark relaxate the fluorescence parameters and the recovered
Fy/Fy value was determined applying a saturation pulse after 100 seconds. The difference between initial and
recovered Fy/Fy was assigned to the photoinhibitory quantum yield loss of PSII Y(ql). The overall

fluorescence analysis routine is reported in Fig. 2.

After the measurement in the fluorescence cabin, the trays moved to the RGB cabin. Morphometric
measurements were performed automatically using an RGB camera mounted above the passing trays. The
RGB values were converted to synthetic morphometric parameters representative of the whole shoot and listed

in Table 3, with the corresponding meaning according to the manufacturer (see also Gao et al. 2020).
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A FP
Fm™ Fm”
< 4
I Saturating pulses
Actinic light ON / OFF
Ft- Ft l Far-red pulses
Fo
4 4
2

P irrrrm momwf

Figure 2. Example of fluorescence analysis routine. Fo was measured in dark acclimated samples, while upon the application of a
saturating pulse (800 ms cool white light, 3287 mmol photons m s') maximum fluorescence yield Fm was measured. After 17 seconds
of dark acclimation, actinic light (cool white light, 496 mmol photons m~ s!') was switched on, allowing the measurement of the
fluorescence peak during the initial phase of the Kautsky effect (Fp). Actinic light illumination, yielding a fluorescence value Ft, was
spaced by five saturating pulses at regular intervals to measure the quenching of maximum fluorescence (Fm”). The illumination with
actinic light was maintained for 70 seconds, followed by 100 seconds of dark relaxation. After switching off the actinic light, three
saturating pulses were applied to the plant. Each saturating pulse was followed by a 2 seconds exposure to far-red light to measure the
minimum fluorescence Fo’. The fluorescence values measured at the end of the recovery were used to calculate PSS photoinhibition.
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Table 2. List of fluorometric parameters with their formula and description.

PARAMETER

FORMULA

DESCRIPTION

Fo

Fm

Fp

Fm’

Ft

Fv/Fm

Y(NOss)

Y(NPQss)

NPQss

Rra

Y(qD)

measured

measured

measured

measured

measured

(Fm-Fo)/Fm

Ft/Fm

(Ft/Fm’)-(Ft/Fm)

Y(NPQss)/Y(NOss)

(Fp-Ft)/Ft

(Fv/Fm)-(Fv/Fm after dark recovery)
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Minimum fluorescence level for the
dark-adapted state

Maximum fluorescence level for the
dark-adapted state

Fluorescence peak during the initial
phase of the Kautsky effect

Maximum fluorescence level for the
light-adapted state

Instantaneous fluorescence level at
time t

Maximum PSII quantum yield of
photochemistry for the light adapted
state

Quantum yield of PSII non-regulatory
energy loss for the light-adapted state
(Hendrickson et al. 2004)

Quantum yield of PSII thermal
dissipation for the light-adapted state
(Hendrickson et al. 2004)

Non-photochemical quenching which
estimates the rate constant for PSII
thermal dissipation
(Lazar 2006)

Vitality index or ratio of fluorescence
decay
(Lichtenthaler et al. 2005)

Quantum yield of PSII
photoinhibition



Table 3. List of morphometric parameters with their meaning and units.

PARAMETER DESCRIPTION UNIT
Area Total area covered with plant pixel
Roundness Ratio between area and dimensionless

perimeter or its convex hull

Isotropy Ratio between area and surface dimensionless
of convex hull

Compactness Difference between convex hull dimensionless
area and circle which has center
in plant centroid and radius
proportional to area weighted by
compactness

Eccentricity Ratio between the distance of dimensionless
the foci of the ellipse with same
variance as a plant and its major

axis length

Rotational Mass Symmetry (RMS) Ratio between squared sum of dimensionless
leaf lengths and area

Slenderness Of Leaves (SOL) Ratio between squared sum of dimensionless
leaf lengths and area

Data treatment

Raw data were exported from the PlantScreen™ system and analyzed using Microsoft Office Excel software
(Microsoft, USA). Scatter/line and spider plots were obtained after processing the data using Origin software

version 2022 (OriginLab Corporation, USA).
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Results and discussion

Effect of salt treatment on morphometric parameters

Morphometric measurements were performed on the whole plant shoot at various time intervals over an
extended period of 41 days. Area parameter was used to obtain the plant growth curve. In four of the control,
water-irrigated cultivars (Vivara, Murano, Ania and Cantus), the growth continued during the entire
experiment approaching a plateau between 20-30 days, while in Edwina a decrease in the Area was observed
at the last sampling time (Fig. 3). The cause for the late Area decrease in Edwina was the tendency of plants
to die after 30 days of cultivation. Exposure to the intermediate salt concentration (S1) did not affect negatively
the growth curve until the 19" day, and surprisingly in Murano and Cantus the growth was even higher than
in the respective controls (Fig. 3). However, in the later stages of the experiment, S1 treatment produced an
evident contraction in the growth of Vivara, Murano and Edwina, which resulted in a decrease in plant Area
(Fig. 3). Conversely, only a slight decrease in Area was induced by intermediate salt stress in Cantus and no
significant effect was observed for Ania (Fig. 3). Likewise, the early growth of strawberry plants undergoing
severe salt stress (S2) was negligibly affected in comparison to the control (Fig. 3). However, prolonged severe
salt stress induced a marked decrease in the plant Area in all the varieties. Reduction of the plant area growth
rate is reported as a common response in plants when exposed to salt stress already at the early stages of plant
development (Murill-Amador 2015, Johansen et al. 2019, Corrado et al. 2021, Tian et al. 2021). Therefore, it
was interesting that the analyzed strawberry varieties were not affected by plant area reduction at the early
stage, but specifically after ca. 20 days of exposure (Fig. 3). Though in a cultivar-specific manner, the extent
of growth inhibition occurring at the late stage of the experiment was larger for S2 than S1 treatment, indicating

the dose effect of salinity on the plant development.
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Figure 3. Plant area trends during the experiment with five strawberry cultivars (Vivara, Murano, Ania, Cantus and Edwina). Black
dots connected with black lines represent the average values of the control group (plants irrigated with only water), red dots connected
with red lines represent the average values of the S1 group (moderate salt stress, plants treated with water with NaCl addition until
reaching the conductivity value of 2 mS e¢m™), blue dots connected with blue lines represent the average values of the S2 group (severe
salt stress, plants treated with water supplemented with NaCl until reaching the conductivity value of 4 mS cm™). Error bars represent
SE for n=7-8. In the lower part of the figure representative RGB images of individual plants of each variety in control, S1 and S2

irrigation conditions are presented at the day 19 of treatment.
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Other morphometric features were analyzed through RGB imaging leading to synthetic parameters descriptive
of the shoot morphology. Among them, the most sensitive to the presence of salt stress were plant compactness,
plant isotropy and leaf slenderness (other morphometric parameters are provided as Supplementary materials).
Plant Compactness is obtained by dividing the plant area by the convex hull area, i.e., the smallest area enclosed
by the outer contour of the plant. Therefore, this parameter provides an objective quantification of the “density”
of a plant (e.g., Kim et al. 2020). Loss of plant compactness in response to salt stress was previously reported
(Sorrentino et al. 2022), and a strong reduction in such parameter was indeed apparent in all the S2 treated
varieties (Fig. 4). However, at the early stages of the experiment, such response was not uniform in the different
varieties. In Murano, the S2 samples had lower compactness already from the first experimental week (Fig.
4); conversely, in Ania and Edwina plants no differences were induced by the saline irrigation conditions,
while in Vivara and Cantus the plant compactness tended to increase in response to salinity stress (Fig. 4). The
progressive loss of compactness appeared in both S1 and S2 plants only at the later stages of the experiment,

in which the dose-dependent response became apparent (Fig. 4).
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Figure 4. Plant compactness trends during the experiment with five strawberry cultivars (Vivara, Murano, Ania, Cantus and Edwina).

Symbols and abbreviations as in Figure 3.

Plant isotropy quantifies the degree of uniformity of a plant in all orientations and is a helpful parameter

describing the geometry of rosette plants (Gao et al. 2020). [sotropy tended to slowly decrease over time in all
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the irrigation conditions, highlighting the mode of radially irregular shoot development specific to Fragaria x
ananassa, e.g., linked to the lateral emergence of stolons. However, the decline was generally more marked in
presence of increasing salt concentrations in water (Fig. 5). A clear effect of salinity to reduce the plant isotropy
was seen only at the late stages of the experiment, sometimes featuring an abrupt decrease (e.g., S1 treatment
of Murano). In general, the isotropy reduction was a later response compared to the decrease in plant
compactness (Fig. 4-5). Similarly, the slenderness of leaves (SOL) was stable until the 19" experimental day
in all cultivars, whereas in the second part of the experiment there was a strong raise of SOL dependent on the
salt concentration applied (Fig. 6). The extent of SOL increase was also evidently cultivar-specific, with a
striking increment in Edwina, followed by Ania, Cantus and Murano, down to the only small increase in
Vivara. Increase in SOL is considered an adaptive response to salinity stress (Awila et al. 2016, Sorrentino et
al. 2022) and the small variation occurring in Vivara suggested a less effective acclimation potential of such

cultivar to salt stress, which was further analyzed based on chlorophyll fluorescence parameters.
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Figure 5. Plant isotropy trends during the experiment with five strawberry cultivars (Vivara, Murano, Ania, Cantus and Edwina).

Symbols and abbreviations as in Figure 3.
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Figure 6. Slenderness of leaves (SOL) trends during the experiment with five strawberry cultivars (Vivara, Murano, Ania, Cantus and

Edwina). Symbols and abbreviations as in Figure 3.

Effect of salt treatment on photosynthetic efficiency and light energy management

PSII photochemical efficiency (F3/F)), quantum yield of non-regulatory energy dissipation in PSII [Y(NO)],
quantum yield of regulatory thermal dissipation [Y(NPQ)], and thermal dissipation parameter (NPQ) trends

over the time of treatment were recorded for each cultivar.

As an estimate of PSII maximum quantum yield, F}/F) is known to be sensitive to biotic and abiotic stresses,
reflecting the occurrence of PSII photoinhibition or photodamage (Na et al. 2014, Stirbet et al. 2018, Faseela
et al. 2019). The time-course of F/F) is reported in Fig. 7. In control plants, such parameter was almost
constant throughout the experiment, with only a small and very gradual declined in Edwina. Already from the
first few days, the detrimental effects of the salinity treatment were extremely apparent in Vivara plants
exposed to severe salt stress S2. A decline in F}/F) also occurred in the other varieties but with a considerable
delay compared to Vivara, i.e., after 30 days of treatment. Conversely, intermediate salinity stress S1 produced

a significant decline in F)/F), on the last days of treatment only in Vivara and Murano.

Y(NO) is commonly used as an indicator of the reduction state of the electron transport chain (ETC): high
values of such parameter indicate that the ETC is highly reduced, symptom of a deregulated electron transport

(Ferroni et al. 2020). Y(NO) quantum yield was measured at the end of 180 s light induction and is termed
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Y (NOss), that is Y(NO) at the steady state. The adaptation of a common induction protocol to the scope of fast
plant phenotyping, though reducing to only 3 min the exposure to actinic light, requires the experimenter to
accept the approximation that the steady state is reached, i.e., cyclic electron transport and photosynthetic
control mediated by Cytochrome bef have been activated (Huang et al. 2010, Tikkanen et al. 2015, Huang et
al. 2018, Yamamoto and Shikanai 2019, Tan et al. 2020, Zhang et al. 2021). The results are reported in Fig. 8.
Again, in control plants, Y(NOss) only showed minor fluctuations during the experiment, while major
increases were observed in salt-treated plants. S2 irrigation of Vivara plants induced a strong increase in
Y(NOss) already after five days of treatment, and such increase continued for the rest of the experiment,
suggesting a reduced ability in controlling the reduction state of the ETC. Severe salt stress increased Y(NOss)
also in the other varieties, although later and to a lesser extent in comparison to Vivara. In the last experimental
week, Y(NOss) also raised in the presence of intermediate salinity stress S1, except in Ania and Cantus, while

in Murano, the effects of intermediate and severe salt stress were almost superimposable.

The extent of thermal dissipation of excess absorbed energy was quantified in terms of Y(NPQ) quantum yield
or using the Stern-Volmer NPQ parameter (Bilger and Bjorkman 1990, Hendrickson et al. 2004, Ferroni et al.
2014, Lazar 2015). The values calculated at the end of the 3-min-long exposure to actinic light are denoted as
(quasi)-steady state Y(NPQss) and NPQss, reported in Fig. 9 and 10, respectively. In control plants, Y(NPQss)
remained stable throughout the experiment, with NPQss displaying wider variations due to the broader range
of values intrinsic to such parameter. Specular to the behavior of Y(NOss), Vivara plants were inefficient in
inducing thermal dissipation when exposed to severe salt stress already in the first experimental week. In the
other S2-treated varieties, the decline in thermal dissipation capacity appeared after 19 days, with a progressive
decay of Y(NPQss) and NPQss to extremely low values, close to those observed in Vivara. Particularly, the
last cultivar showing a decline in Y(NPQss) was Edwina, after 30 days. The response of thermal dissipation
parameters to the intermediate salinity S1 was obviously less intense in all cultivars; a late decrease in

Y(NPQss) and NPQss occurred in Murano and Edwina.

Overall, from the point of view of PSII-related parameters, the intermediate salt stress was well tolerated by
Ania and Cantus, while it interfered with the normal photosynthetic functions in Vivara, Murano and Edwina
at a late stage of exposure. Severe salt stress induced more marked alterations of the excitation energy

management in all examined varieties, but particularly intense in Vivara.
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Figure 7. PSII photochemical efficiency (Fv/Fm) trends during the experiment with five strawberry cultivars (Vivara, Murano, Ania,

Cantus and Edwina). Symbols and abbreviations as in Figure 3.
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Figure 3.

135



1 1 1
0.8 0.8 0.8
806+ 506+ 806+
o o ]
z z z
0.4+ 0.4+ $0.4
024 Lo 0.2 0.2-
sz VIVARA MURANO ANIA
0 T g T T T 0 T T v v T 0 T T v T g
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
days of treatment days of treatment days of treatment
1 1
0.8 0.8
806+ 806
o o
a a
z z
$04- $04
0.2+ 0.2+
CANTUS EDWINA
0 T T T T T 0 T T T v T
0 10 20 30 40 0 10 20 30 40

days of treatment days of treatment
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Cantus and Edwina). Symbols and abbreviations as in Figure 3.
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Effect of salt treatment on Rra - the vitality index

Rra quantifies the photosynthetic activity of the whole leaf and, since its introduction by Hartmut K.
Lichtenthaler, it is referred to as the “vitality index” of the plant (Lichtenthaler et al. 1983, 1986). In samples
probed with saturating light, Rgq is directly correlated with the net CO, assimilation rate of the whole leaf,
therefore it is a useful tool to assess the net photosynthetic activity of a plant (Lichtenthaler et al. 2005). In the
automated phenotyping approach, the robustness of Rrq as an estimator of the whole plant photosynthetic
capacity is increased by the whole plant fluorescence imaging approach. The time-course of R4 is reported in
Fig. 11. Rgq values in control plants were decreasing during the first 17 days of experiment, except for Cantus.
However, in the second part of the experiment, Rrq became nearly stationary or even steadily increasing in the
case of Murano. The divergence between S2 and control plants was apparent from the very first days of
sampling in a cultivar-specific fashion: the strongest effect on Rrq was observed for Vivara plants from the
very beginning of the treatment, while the slightest characterized Edwina, in which the divergence of S2-
treated plants from the controls occurred after 19 days, with a final drop at 41 days. The other cultivars showed
a response collectively spanning between these two extremes, particularly Rrq tended to stabilize in Murano
and Cantus, whereas it was monotonically decreasing in Ania. Conversely, the effects of intermediate salt
stress S1 were less apparent, with strong reductions of Rpq in Vivara and Murano plants only in the last
experimental week. Curiously, Murano seemed to benefit from a moderate saline stress during the first two

weeks of treatment, only subsequently followed by a decrease in Rra.
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Cantus and Edwina), as calculated according to Lichtenthaler et al. (2005). Symbols and abbreviations as in Figure 3. In the lower

part of the figure is reported the Rrq index imaging corresponding to the day 19 of treatment.

Comparative sensitivity of morphometric and fluorometric parameters

Salt effects were more clearly emerging after 19 days of treatment, and the alterations seemed to be better
evidenced by fluorometric than morphometric parameters (Fig. 3-11). To help disentangle the extent of salt-
treatment-induced alterations and thus order the cultivars in a salt-sensitivity series, spider graphs were built
for each salt treatment (S1 or S2) and type of parameter (morphometric and fluorometric) at the 19" day of
experiment. Although a similar comparative approach would have emphasized differences between cultivars

if applied to data at day 41, the choice of the 19" day was drive by the rationale of the early detection of stress
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effects. The results reported in Fig. 12 represent the relative average variation of the treated sample with respect

to the corresponding average values of the controls, to which the value 1 was assigned.

Interestingly, the morphometric parameters seemed more affected by the intermediate than the severe salt
stress. In S1 plants, Area was increasing in Murano and Cantus, unaltered in Vivara and Ania, and lower in
Edwina compared to the respective control. The Area increase was confirmed in Murano and Cantus also under
S2 conditions, while in the other cultivars it was ca. 20% less. The morphometric parameters related to the
plant shape allowed a good differentiation of the cultivars only under the moderate salt stress S1, while they
were less robust under the more severe S2. In plants exposed to S1 there was a clear tendency to maintain or
even increase the overall shoot isotropy and compactness, while the SOL was higher in treated Vivara, Murano
and Cantus, and equal or lower in Ania and Edwina respectively (Fig. 12). However, under S2 the three
parameters varied in a relatively narrow range around the respective controls (Fig.12). In particular, an early
increase in plant compactness and isotropy marked the onset of the response to an intermediate salt stress in
all examined strawberry varieties, except Edwina, whereas, in the presence of S2, both tended not to change
or at most to slightly decrease. Collectively, the behavior of the compactness parameter in strawberry was in
contradiction with previous reports, in which the loss in compactness was instead identified as an early
symptom of salt stress in lettuce (Sorrentino et al. 2022). A shown in Fig. 4-5, the strong decrease in isotropy
and compactness in both S1 and S2 conditions occurred in the final part of the experiment as a late event in
the response of strawberry to salt stress. Interestingly, the early occurrence of increased compactness and
isotropy only under S1 suggested the somewhat counterintuitive hypothesis that these two parameters could
reflect the level of increasing sensitivity to salt stress in a series represented by Vivara-Cantus (more sensitive),
Murano-Ania (intermediate sensitivity), Edwina (less sensitive) (Fig. 4). In general, the severity series cannot

be reconstructed with a sufficient degree of confidence under S2 based on morphometrics.

Contrasting to the morphometric parameters, the fluorometric parameters examined on the 19" day of
treatment tended to worsen in response to the increasing salt concentration (Fig. 12). However, the conclusions

about the sensitivity series resulting from the two salinity levels were different.

In the presence of S1, the PSII photochemical efficiency was the same as in the controls, only except Edwina,
in which Fy/Fy was 20% less. With regard to the other parameters, Murano, Ania and Cantus had a similar
behavior to the control, while in Vivara Y(NOss) was lower and Y(NPQss), NPQss and Rgq increased. In
contrast, in Edwina plants Y(NOss) was higher, while Y(NPQss), NPQss and Rrs were lower than in the
control. According to these observations, Vivara seemed the most tolerant to the intermediate salt stress. In
fact, maintaining a low Y(NOss) usually means an efficient control of the reduction state of the ETC, and
therefore an efficient photosynthetic regulation operated by the Cytochrome bsf and the cyclic electron
transport (Huang et al. 2010, Tikkanen et al. 2015, Huang et al. 2018, Yamamoto and Shikanai 2019, Tan et
al. 2020, Zhang et al. 2021). At the same time, the increased ability in inducing the thermal dissipation, which
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likewise is largely linked to an active cyclic electron flow (Munekage et al. 2002, Suorsa et al. 2013, Ferroni
et al. 2020), could in principle ensure a more efficient light energy management. However, in lettuce and
tomato, higher levels of thermal dissipation were reported as early symptoms of the onset of salt stress in
previous reports (Sorrentino et al. 2022). Therefore, the NPQss increase characterizing Vivara, associated to
enhanced photosynthetic metabolism as expressed by higher Rg4, could be interpreted as a first symptom of
the salt-induced alterations occurring in the photosynthetic membrane. Accordingly, the trending increase in
NPQss occurring later in other cultivars, particularly Ania, would suggest a higher tolerance to salt stress than

in Vivara (Fig. 10).

The scenario was more dramatic in plants treated with S2, in which several parameters diverged from the
respective control values, allowing us to define a salt-sensitivity series with a high degree of confidence (Fig.
12). Fy/Fu was strongly affected in Vivara, in which the decrease was around 35%. A remarkable decrease
was also present in the thermal dissipation parameters: in Vivara and Cantus, Y(NPQss) and NPQss were
almost halved, in Murano and Ania the decrease was smaller, although still marked. Differently, in Edwina
little to no difference were found compared to the controls and, accordingly, it was the most efficient in
maintaining the control of the ETC redox state by keeping Y(NOss) values close to those of the controls. A
moderate increase in Y(NOss) was observed in Ania and Murano, while the ETC reduction state was strongly
deregulated in Vivara and Cantus (+50% in both, Fig. 12). A very clear decreasing series was visible with Rgq:
compared to the corresponding controls, the Req reduction was minimal in Edwina (-10%), moderate in Ania,
followed by Cantus and finally by Murano and Vivara, with only 50% Rgq (Fig. 12). Increments in Y(NOss)
and, conversely, decrements in thermal dissipation capacity and Rrq are alarming red flags for the plant fitness.
The inability in maintaining an oxidized ETC could produce major damages to one of the most vulnerable sites
of the photosynthetic membrane, i.e., Photosystem I (PSI) (Sonoike et al. 1995, Sonoike 2011, Tikkanen et al.
2014). PSI becomes photodamaged when the electron flow from PSII exceeds the capacity of PSI end acceptors
to receive electrons, thus leading to the generation of reactive oxygen species that inactivate the photosystem
(Tikkanen et al. 2014, Huang et al. 2016, Shimaka and Miyake 2018, 2019). The consequences of an extended
PSI photodamage are extremely penalizing to the plant fitness, because the PSI repair system takes several
days, dramatically undermining the photosynthetic capacity of the plant (Shimaka and Miyake 2018, Lima-
Melo et al. 2019). The photosynthetic apparatus exploits several strategies — the so-called “P700 oxidation
system” (Shimaka and Miyake 2018) — to avoid this scenario, including the induction of the cyclic electron
transport and the consequent increase in trans-thylakoid ApH (Yamamoto and Shikanai 2019). Primarily, the
ApH acts at the Cytochrome bgf level, downregulating the electron transfer from the plastoquinone pool to the
plastocyanin, thus alleviating the electronic pressure on PSI acceptor side (Huang et al. 2010, Tikkanen et al.
2015, Huang et al. 2018, Yamamoto and Shikanai, 2019, Tan et al. 2020, Zhang et al. 2021). Secondly, the
ApH induces the NPQ, which down-regulates the activity of PSII and very likely also PSI (Grieco et al. 2012,
Ruban 2018); whether NPQ may participate in limiting the electron transport from PSII to PSI, to facilitate the

PSI oxidized state, is a conceivable but questioned issue (Tikkanen et al. 2015). Only Edwina plants were able
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to maintain levels of ETC redox state regulation, thermal dissipation, and photosynthetic activity close to the
controls, testifying to the high level of salt tolerance in this cultivar. Conversely, Cantus and even more Vivara
displayed significant alterations of the normal functions of the photosynthetic apparatus (Fig. 12). Both
cultivars are subjected to similarly high levels of membrane over-reduction, but Cantus seems overall more
capable to keep the photosynthetic function under control, with a preserved PSII maximum quantum yield.
Differently, in Vivara the deregulation of the electron flow was associated to a loss of PSII photochemistry.
Photoinhibition of PSII function can be the negative result of the excessive plastoquinone reduction.
Interestingly, among all cultivars, only Vivara experienced a marked loss of PSII function upon the 3 min-long
exposure to actinic light, showing an usually strong susceptibility of PSII to photoinhibition (see
Supplementary materials) not only under S2, but also S1 treatment. This response could suggest a regulatory
role of PSII photoinhibition in the salt-sensitive cultivar Vivara. In fact, a sustained depression in PSII activity
can also have an acclimative meaning to limit the electron inflow into the chain and preserve PSI integrity,

while ensuring a sufficient synthesis of ATP for the cell metabolism (Huang et al. 2018, Sun et al. 2020).
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Figure 12. Spider graphs showing the variation of morphometric and fluorometric parameters in S1 and S2 strawberry plants
normalized to the respective control for each cultivar. Each point represents the average normalized value of a given parameter for the

respective salinity treatment. Parameters are defined in Tables 2 and 3.
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Conclusions

The strict control of the environmental conditions in the automated phenotyping facility, including the growth
chamber and the measuring cabins connected to it through a plant-to-sensor system, allows to isolate the
specific effects of the salt treatment from any other possible environmental disturbance, which is instead
typical of the field conditions. Nevertheless, it is assumed that the controlled growth coupled with the
automated phenotyping can provide basic information to drive subsequent research in the field, where
predictions can be put to test. Although the plant phenome can be ideally described by a tremendous
multiplicity of parameters, only some specific subsets of them can be useful to support a screening program.
In this comparative study, developed on a 40 days-timeline, the morphometric parameters were slowly
responsive to the imposition of different degrees of salt stress, hence being not suitable for future phenotyping
applications to reveal the onset of salt stress in strawberry varieties. Parameters reflecting indirectly the
photosynthetic performance are instead confirmed to be among the most powerful when a response to stress is

phenotyped in crops (van Bezouw et al. 2019).

Fluorometric parameters were fast-responsive to the imposition of salt stress, with visible effects in
correspondence of the 19" day of treatment, and therefore well before the onset of more dramatic effects on
the shoot morphology. Therefore, such parameters have potential for plant phenotyping programs of
strawberry cultivars. Moreover, their relation to the overall crop productivity invites to be explored more in
depth to unveil the mechanisms underlying the tolerance to stress. Some hints about the wide physiological
diversity of strawberry cultivars with respect to salt stress emerged in this study. The most responsive
fluorometric parameters, such as Y(NOss), Y(NPQss), NPQ ss and Rrq can be measured in a short time (after
3 minutes of high light induction in this experiment; Fig. 2) and therefore could be the perfect deal for the
collection of a conspicuous amount of data in a very short time from many samples, as is required in plant
phenotyping studies. Such parameters were also descriptive of major alterations occurring in the
photosynthetic membrane and pointed out the progressive inability of salt-treated plants to control the linear
electron flow from PSII to PSI. The decrease in Y(NPQss) and NPQss observed in the least tolerant varieties,
Vivara and Cantus, was symptomatic of a reduced ability to induce sufficient levels of thermal dissipation, and
consequently their inefficiency in building the necessary proton gradient across the thylakoid membrane
needed to ensure the optimal light excitation management. Therefore, the regulation of the ETC reduction state
was compromised in the sensitive varieties, being apparent already at the 19" day and progressively
deteriorating throughout the experiment. Such alterations can be extremely harmful, primarily leading to the
overreduction of the PSI end acceptors, and therefore increasing the probability for PSI photodamage. Since
the damage of PSI is very slowly reversible and its repair is extremely expensive for the plant, it can be a

possible cause for the reduction of the photosynthetic capacity as assessed by the vitality index Ry.
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In the severity series, Edwina exhibited a good tolerance even to the severe salt stress, since the divergences
between treated and control plants were comprised in a small variability range. While at the 19" day Vivara
and Cantus showed clear signs of electron flow deregulation, Edwina plants were still very efficient in
regulating the control of electron transfer from PSII to PSI. However, it should be noticed that, different to the
other cultivars and independent of the salt treatment, Edwina was possibly less stable under the controlled
growth chamber conditions and showed a tendency to die. This observation could affect the significance of the

results, particularly their reproducibility to the field.

The transferability of phenotyping results obtained in a controlled environment to real field conditions is
always a critical step in the selection process. In the field, even in the most controlled context, the environment
is characterized by unpredictable fluctuations, first of all of the light. Interestingly, the superimposed light
variations not necessarily have a negative effect on the plant performance. For example, Esmacilizadeh et al.
(2020) analyzed the effect of specific light wavelength supplementation on the response of strawberry cv.
Camarosa to salt and alkaline stress and found an improvement of photosynthetic parameters under red and
blue light enrichment. Some of the strawberry cultivars used in our research are the outcome of the most recent
breeding efforts by C.I.V. to obtain plants coupling good organoleptic and technological features with plant
rusticity, to possibly extend the cultivations to less favorable land, including territories exposed to salt stress.
A preliminary field trial was carried out at the C.I.V. from May to September 2021 imposing three separate
salinity levels (1.5, 3.0 and 4.5 mS cm™) to the same varieties analyzed in the present study. The experimental
setup was different from that described in this work, since the cultivation was in the open field, exposed to
wide oscillations of the environmental conditions, and the cultivation was performed using an organic soil
substrate instead of inert sand. Nonetheless, valuable insights could be drawn from it and compared with the
experiment in controlled environment. Of particular interest is the check for consistency between predictive
salt-sensitivity of cultivars indoors and their cumulative productivity under field conditions. The measurements
very clearly revealed that the moderate salt treatments enhanced the productivity of Edwina plants, while
decreasing it in the other varieties (Fig. 13). The maximum increment was recorded in plants irrigated with 3
mS cm’!, but an increasing trend was still visible at 4.5 mS cm™'. A good tolerance to intermediate salt stress
(1.5 and 3 mS cm™) was also found in Murano and Ania plants, which were however negatively affected by
the highest salinity level (Fig. 13). Conversely, Cantus and, more markedly, Vivara productivities were
strongly undermined by all salt treatments (Fig. 13). It is evident that four fluorometric parameters, namely
Y(NOss), Y(NPQss), NPQss and Rrq, evaluated in the controlled phenotyping experiment, closely match the
gradient in plant productivity gain/loss outdoors determined by the salt treatments. Therefore, the fluorescence
parameters in the indoor experiment are potential indicators of salinity stress tolerance in strawberry cultivated
outdoors. Interestingly, their variation emerging in controlled conditions after less than 20 days of exposure to
salt stress have a very high predictive value with respect to the field outcome, particularly the cumulative
productivity, whose analysis requires instead an entire vegetative season of monitoring. To the specific scope

of the breeder, Edwina, though less productive than other cultivars, has a great potential for the cultivation
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under conditions usually deemed harsh for strawberry. Moreover, the chance to obtain information on salt
tolerance from the early phases of treatment may suggest that long-term growth problems in an artificial

environment, such as the premature senescence of Edwina, can be neglected.
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Figure 13. Normalized cumulative fruit productivity during the spring-summer 2021 of the five varieties (Vivara, Murano, Ania,
Cantus and CIVRH/Edwina) cultivated in the open field and exposed to salt stress. Red bars represent the reference values for each
variety (set to 1), blue-shaded bars the productivity of salt treated plants. The electric conductivity of 1.5 mS cm! in S1, 3 mS cm™! in

S2 and 4.5 mS cm™' in S3 were reached by adding NaCl to the irrigation water.
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Supplementary Figurel. Plant eccentricity trends during the experiment with five strawberry cultivars (Vivara, Murano, Ania,
Cantus and Edwina). Symbols and abbreviations as in Figure 3 of the main text.
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Supplementary Figure 3. Plant rotational mass symmetry (RMS) trends during the experiment with five strawberry cultivars
(Vivara, Murano, Ania, Cantus and Edwina). Symbols and abbreviations as in Figure 3 of the main text.
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Concluding remarks and future perspectives
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Two main research lines have been developed during these three years of PhD course. The first line was
focused on the characterization of the thylakoid membrane structure and dynamics in Selaginella martensii.
The novel information obtained by means of chlorophyll fluorescence analysis, associated with other methods,
deepens our understanding of the specificity of the thylakoid organization in a representative of the diminutive
group of vascular plants known as lycophytes, which has undergone an evolution of the photosynthetic
apparatus parallel to that of the other, dominating clade of euphyllophytes. Examples of such evolutionary
outcomes in Selaginella species encompass the unique chloroplast structure (Sheue et al. 2007), the PSII
antenna complement and its functional flexibility (Ferroni et al. 2014, 2016), the unusually high thermal
dissipation capacity (Ferroni et al. 2018, 2020), the long-term regulation of the leaf diffusional limitations of

photosynthesis (Ferroni et al. 2021).

The first aim was to characterize the dynamics of PSII photoinhibition and photoprotection in S. martensii to
understand whether a constant NPQ capacity in plants grown in strongly contrasting light regimes (Ferroni et
al. 2016) likewise corresponded to a constant capacity of PSII photoprotection (Chapter 1). The work
elucidated the importance of photoprotective NPQ (pNPQ), as determined by the fluorometric protocol
proposed by Ware et al. (2015), in determining the degree of sensitivity to PSII photoinhibition in S. martensii
plants acclimated to different light conditions: similar total NPQ amplitudes actually hid different levels of
pNPQ and, in plants acclimated to high light intensity, higher levels of the latter corresponded to a lower
sensitivity to PSII photoinhibition. Moreover, the work highlighted the relevance of PSII antenna uncoupling
in inducing high levels of pNPQ: plants grown under a high light regime were the most prone to LHCII antenna
uncoupling from PSII and benefitted from higher PSII photoprotection. The results were finalized in a
publication in the international peer-reviewed journal Physiologia Plantarum. The work also gained a special
focus in the Journal, which dedicated a comment “IN THE SPOTLIGHT” written by Robert H. Calderon
(Department of Plant Physiology, Umeéd University, Umea, Sweden) (Fig. 1). The comment, including an
artistic translation of the main message, underlined the significance of the findings and suggested their
implications in the context of the characterization of the thylakoid membrane dynamics in lycophytes and early

divergent plants (Fig. 2).
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Figure 1. Extract from Calderon (2022) proposing a comment on Colpo et al. (2022).
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Figure 2. Artistic representation of the results described in Colpo et al. (2022), as interpreted by the professional illustrator Daria
Chrobok (https://www.dariasciart.com) for the comment by Calderon (2022).

Progresses have been made also in the characterization of the ultrastructure and organization of S. martensii
thylakoid membrane in the plant grown under natural shade conditions (Chapter 2). The uniqueness of the
giant chloroplast makes it not obvious whether the shade-adaptation traits characterized in detail in

angiosperms are confirmed in a lycophyte. In this study, the chlorophyll fluorescence analysis was used to
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independently support the inferences derived from combined ultrastructural, biochemical and EPR analyses.
While it was confirmed that S. martensii has a typical pigment composition and PSI/PSII ratio of a shade-
adapted plant, the electron microscopy morphometrics revealed that the lycophyte grana are laterally extended
rather than developed vertically, as instead was expected from the well-established response to shade in
angiosperms. Furthermore, the average length of the granum — nearly 700 nm — was significantly beyond the
optimal functional length limit of 500 nm hypothesized for the correct diffusion of the soluble electron carriers
in angiosperms (Hohner et al. 2020). These findings are extremely important, since they demonstrate that the
correct functionality of the photosynthetic apparatus was achieved differently in angiosperms and lycophytes.
For example, the slow diffusion of electron carriers in a lycophyte may explain the need for the fast and intense
induction of NPQ, as well as, in the general context of photosynthetic regulation in S. martensii, it suggests
that the organization of LHCII in this species may have other characteristics of uniqueness. Further steps
forward in the knowledge of the photosynthetic organization in S. martensii were made analyzing the LHCII
dynamics in response to acclimation to different light conditions. The preliminary results, obtained with
steady-state chlorophyll spectrofluorometry, indicate that in S. martensii LHCII antenna might function as
harvesting complex for PSI also in conditions of dark acclimation, which should instead promote a nearly
complete association of LHCII to only PSII (Appendix 1). The data available to date suggest a permanent and
stable association between LHCII and PSI. More insights into the dynamics of LHCII will be provided from
the results of the time-resolved chlorophyll fluorescence measurements performed in collaboration with Prof.
Roberta Croce at the LaserLab center in the Vrije University of Amsterdam (NL). While such results will
hopefully clarify the extent to which LHCII is used by S. martensii as an antenna for PSI, other questions
remain about the modulation of LHCII association with PSII, particularly in the grana cores. The long-term
changes in LHCII:PSII stoichiometry, complicated by the use of a large fraction of LHCII as an antenna for
PSI, make it uncertain whether the antenna size of PSII is variable or not. Investigation on this aspect has been
undertaken analyzing OJIP transients, and the preliminary result suggest interesting modulations of the PSII

connectivity, a quite controversial issue in photosynthesis studies (Appendix 2).

The second research line of the PhD program was the application of fluorometric techniques in the context of
the photosynthetic plant phenotyping, again taking advantage of the information derived from chlorophyll

fluorescence analysis.

A first research project was performed on a minipanel of chlorophyll-depleted mutants of durum and bread
wheat, in continuity with the previous works in collaboration with Prof. Ing. Marian Bresti¢ at the University
of Agriculture (SUA) in Nitra (SK) (Ferroni et al. 2020, 2022). After the experiences in the phenotyping
facility, a validation of the previous findings was necessary under natural conditions, particularly to ascertain
the impact of the deregulated electron flow control characterizing the mutants to different levels of severity.
The wheat lines were sewed and cultivated outdoors in semi-field conditions at the Botanical Garden of
Ferrara, to understand the impact of the outdoor cultivation on mutant lines and to find correlations between

fluorometric and productivity parameters (Chapter 3). The research exploited combined quenching and OJIP
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analyses, and particularly it shows the usefulness of the pPNPQ method previously developed in S. martensii
(Chapter 1) and here adapted to the scope of wheat phenotyping. The correlation analysis revealed that specific
early measured fluorometric parameters can be robust predictors of the overall productivity of the wheat plants.
This project lays the groundwork for further characterization of the mutants, which is currently underway
involving the characterization of elemental content and stable C and N isotopic composition of leaves and

grains.

Photosynthetic plant phenotyping techniques were also employed in a research project in collaboration with
C.L.V. (Consorzio Italiano Vivaisti), a varietal selection center based in Comacchio (Ferrara, Italy). The project
focused on two types of applications of fluorometric phenotyping methods: one carried out on commercial
apple varieties to search for water stress resistant rootstocks, the other aimed at screening five commercial
strawberry varieties for salt stress resistance. This project was very uplifting in that it allowed us to establish
a valuable partnership to test whether knowledge gained in the laboratory could be applied in the open field
and support specific needs of breeders. The most suited method for plant phenotyping was OJIP transient
analysis: hundreds of transients were recorded over an entire vegetative season and still require extensive
elaboration, so they are not presented in extenso in this Thesis, but shortly presented in Appendix 3 regarding
the main results of the experiment with apple rootstocks. The challenging complexity of the real agricultural
context with respect to the research of salt-tolerant strawberry varieties suggested that a parallel research could
be profitably performed in a phenotyping facility. Therefore, an experiment was set up at the Slovak
PlantScreen™ Phenotyping Unit (SPPU) of the SUA with the collaboration and supervision of Prof. Ing.
Marian Bresti¢. The experiment was performed in controlled environmental conditions, hence allowing a better
understanding of the onset of the stress response in the plants, as evidenced by chlorophyll fluorescence
imaging associated with whole plant morphometrics (Chapter 4). Nonetheless, the results presented in this
Thesis represent only a part of the data collected in SPPU but already very informative about the comparative
salt-tolerance of the five strawberry varieties. The variety Edwina, the most recently marketed by C.L.V.,
resulted the most tolerant. The treatment and interpretation of the not yet analyzed data, including simultaneous
measurements of PSI and PSII activity (DUAL-PAM), as well as the redox state of the intersystem electron
carriers (DUAL-KLAS-NIR), will potentially enrich this work with functional details.

The works presented in this Thesis have the potential to lead to new research projects aiming at expanding the
knowledge on basic photosynthetic functioning and applications of chlorophyll fluorometric techniques in the
frame of plant phenotyping. In addition, the projects pursued during the three-year-long PhD course have
allowed past scientific collaborations to be strengthened and new and potentially fruitful ones to be created,
thus creating a fertile ground for new and innovative research in the field of photosynthesis from structure to

function.
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Appendix 1

Functional characterization of the light harvesting complex II (LHCII) in

Selaginella martensii

Selaginella martensii Spring (Lycopodiophyta) is an ancient vascular plant characterized by a peculiar
thylakoid membrane structure and dynamics. Differently from the most studied land plants, S. martensii
contains an overabundance of Light Harvesting Complex II (LHCII) in comparison to the photosystem
availability (Ferroni et al. 2016). Most LHCII is in the form of free trimers, and only a small fraction of it is
bound to PSII or organized in megacomplexes with PSI and PSII (Ferroni et al. 2016). In angiosperms, the
LHCII found in excess of that stably associated with PSII is generally deemed to be involved in excess energy
dissipation (Holzwarth et al. 2009, Nicol et al. 2019, Shukla et al. 2020) and excitation balancing between the
two photosystems (Wientjes et al. 2013, Grieco et al. 2016, Wood and Johnson, 2020). In S. martensii the

excess LHCII could be mostly coupled with PSI or uncoupled from photosystems.

This project aimed at measuring the degree of association of LHCII with each photosystem in different light
conditions. The hypothesis was tested whether LHCII works as an antenna for PSI even in the dark, and
whether the PSII functional antenna size undergoes short-term changes. Other related aims were the
quantification of the LHCII amount uncoupled from the photosystems and the detection of energy spillover
from PSII to PSI, in continuity with previous works on S. martensii (Colpo et al. 2022, Ferroni et al. 2021).
The experiment involved biochemical analyses on the composition of the thylakoid membrane, steady state
absorption and fluorescence measurements on intact thylakoids and isolated complexes on thylakoids
previously short-term acclimated to the different conditions, such as darkness (relaxed thylakoid membrane),
low-intensity light (maximization of PSI-LHCII association) and far-red light (maximization of PSII-LHCII

association).

Illumination treatments and thylakoids isolation were performed in the Laboratory of Plant Cytophysiology
at the University of Ferrara. S. martensii plants were acclimated to dark for 30 minutes or treated with 60
minutes of low light (100 umol photons m? s!) or exposed to far-red light (15 minutes exposure). Thylakoids
were extracted according to Giovanardi et al. (2018). Thylakoids were shipped in dry ice to the LaserLab
laboratories at the Vrije University of Amsterdam (NL) and stored in fridges at -80 °C until use.

The biochemical characterization of the membrane complexes separation profiles was performed by

ultracentrifugation on sucrose gradient as described in Tian et al. (2015).

Fluorescence emission spectra of bands separated from sucrose density gradient and intact thylakoids were

analysed at room temperature and at 77 K on a Fluorolog 3.22 spectrofluorometer (HORIBA Jobin Yvon,
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Longjumeau, France). Together with S. martensii thylakoids, Arabidopsis thaliana thylakoids were analysed
as a reference.

The result of the band separation on a sucrose gradient is shown in Fig. 1, in which the assignment of each
band to a specific thylakoid complex is reported. The main differences between S. martensii and A. thaliana
separation profiles were the absence of the band 4 (LHCII-M trimer + minor antennae) in dark-acclimated S.
martensii and the detection of an additional band in all S. martensii samples (band 6°). The reduced abundance
of Lheb monomers (B2), PSII core dimers (B5), PSI-LHCI (B6) and PSII supercomplexes (B7) in S. martensii
samples was evident compared to A. thaliana. At the same time, S. martensii samples were enriched in LHCII
trimer band (B3). These comparative results were consistent with the previous knowledge about S. martensii
thylakoid membrane structure and organization, with a lower (PSI+PSII)/LHCII ratio compared to A. thaliana.
The presence of band 6°, assigned to a complex containing PSI and PSII, is also in line with the idea of an
extensive contact of the two photosystems in S. martensii membranes (Ferroni et al. 2016), most probably
allowed by the complex tridimensional structure of the thylakoid system, in which a part of the stroma

thylakoids is enclosed inside the network formed by the grana stacks (Chapter 2).
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Figure 1. Separation profile of Arabidopsis thaliana and Selaginella martensii after ultracentrifugation on sucrose
density gradient.
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In Fig. 2 the spectra acquired from the whole thylakoids at the spectrofluorometer are reported (77K
measurements by exciting the sample at the wavelength of 465 nm). On the left, normalization was done on
the emission peak of PSI (about 730 nm), while on the right on the peak of PSII (about 680 nm). Taking sample
D as a reference, short-term acclimation to low light (sample L, in green) resulted in a reduction of the
functional association of LHCII with PSII to the benefit of association with PSI, as the state transition of LHCII
antennae from PSII to PSI is stimulated, so that excitation is distributed in a balanced manner between the two
photosystems (exposure to growth light, in fact, stimulates this process). In contrast, exposure to FR light
resulted in an increased association of LHCII with PSII compared with PSI (far-red light in fact has the effect
of selectively exciting PSI). The comparative analysis between the three conditions (D, L, FR) confirmed the
hypothesis that the LHCII antenna is functionally associated with PSI under dark conditions and could be
(partly) uncoupled from it by FR. This result was a first indication in S. martensii of the surprising functional

flexibility of the LHCII antenna to associate with PSII or PSI in response to different light conditions.
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Figure 2. 77 K fluorescence emission profiles of whole thylakoids of Selaginella martensii plants acclimated to dark (black line), low light (green
line) and far-red light (red line).
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Appendix 2

Photosystem II functional antenna size and excitonic connectivity in Selaginella

martensii

Selaginella martensii displays a surprising ability to survive and acclimate to different light regimes, such as
deep shade and full sunlight (Ferroni et al. 2016, 2021). The long-term photosynthetic acclimation process
varies the Photosystem II / Photosystem I (PSII/PSI) ratio, while the relative content of PSII Light Harvesting
Complex (LHCII) remains invariable. The latter is a peculiarity of the lycophyte because the majority of the
vascular plants cope with the increasing light availability decreasing the amount of LHCII. The degree of
association between LHCII and the two photosystems is subjected to major long-term rearrangements in S.
martensii: LHCII association to PSII is more relevant in shade plants, while sun plants are characterized by
more extensive LHCII-PSI associations (Ferroni et al. 2016). Such rearrangements strongly influence several
functional properties of the photosynthetic membrane (Chapter 1), but most of the features that allow the

efficient light acclimation of S. martensii to different light regimes remains still unclear.

This work aims to investigate how the long-term light acclimation affects two main aspects of the light
harvesting process, i.e., the functional antenna size of PSII and the excitonic connectivity between PSII units.
S. martensii plants were acclimated long-term to deep shade (L), intermediate shade (M) and full sunlight (H).
The OJIP transients were measured using a Handy-PEA fluorometer (Hansatech, UK) after exposure to two
different conditions: 20 minutes of dark acclimation or 20 minutes of far-red light (FR) exposure. Dark
acclimation generally allows the discharge of electrons in the membrane and permits the recovery of all the
excitation energy quenching components to evaluate the two parameters in a relaxed condition (Stirbet and
Govindjee 2011). However, the discharge may be incomplete because of residual electron recycling from the
stroma to plastoquinone. Moreover, the antenna size of PSII may be not the maximum possible because of the
LHCII serving PSI in darkness (Appendix 1). The preferential excitation of PSI by FR allows the full
plastoquinone oxidation and promotes the migration of LHCII to the PSII region, potentially reestablishing the
maximum PSII antenna size. The functional antenna of PSII was measured as the ABS/RC parameter
according to the Theory of Energy Fluxes (Strasser et al. 2004, Stirbet and Govindjee 2011); the PSII excitonic
connectivity was analyzed based on the curvature of the O-K trait (0.02-0.3 ms) according to the model by

Strasser and Stirbet (2001).

Fig. 1 shows that ABS/RC is poorly dependent on the light acclimation regime and only partly responding to
the short-term FR treatment. More interestingly, the PSII excitonic connectivity is strongly dependent on the
light acclimation regime and well responsive to FR. In fact, FR significantly reduced the connectivity between
PSII units, and this effect was more relevant in H plants. Collectively, the results obtained suggest that each

PSII unit is served by a nearly constant LHCII antenna complement independent of the growth light regime.
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Figure 1. PSII antenna size accounting for the PSII connectivity (ABS/RC)*(1+C) (where C is the curvature parameter) and
corresponding values of overall grouping probability between PSII units (p2g) measured in Selaginella martensii plants acclimated to
contrasting light regimes (L=deep shade, M= intermediate shade and H=full sunlight). On the left, the values measured in dark
acclimated plants (20 minutes), on the right the values for far-red light acclimated plants (20 minutes). Histogram represents average
values £standard error for n = 7-10; different letters indicate a significant difference at P <0.05, as determined using one-factor ANOVA
followed by Tukey's test

The abundant LHCII trimers characterizing S. martensii thylakoids presumably form a lake that embeds both
PSI (Ferroni et al. 2016, Appendix 1) and PSII; however, in the grana appressions the extreme abundance of
LHCII very likely does not allow a permissive distance for the connectivity of the PSII units. The result is that
the PSII units exhibit an intriguing “puddle” organization, which becomes a prefect “zero-connectivity” in H
plants, possibly participating in PSII photoprotection (Ziv&ak et al. 2014). This organization is compatible with
the extreme thylakoid appression which in S. martensii emphasizes the lateral extension of the grana partitions

(Chapter 2).
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Appendix 3

In-field chlorophyll a fluorescence-based phenotyping of drought stress effect on
three apple tree (Malus domestica Borkh) rootstocks

The plant lifetime is characterized by a continuous fight-to-survive against environmental stresses, both biotic
and abiotic. Within the latter, drought stress has become a hot topic because of its impact on the natural
ecosystem fitness as well as on the crop productivity. The prevention of irreversible damages due to such
unfavorable environmental conditions depends on the responsiveness of environmental operators, farmers, and
scientists, which are constantly in the search for fast and non-invasive screening techniques. Some of these
techniques rely on the monitoring of the plant photosynthetic efficiency using field tools, such as portable

fluorometers.

In this work, the progress of drought stress in apple trees (Malus domestica Borkh) during the productive
season (May-September) was monitored using a pocket plant phenotyping approach based on chlorophyll a
direct fluorescence measurement (HandyPEA fluorometer, Hansatech, Norfolk, UK). Drought resistance in
apple is strongly dependent on the rootstock used (Tworkowski et al. 2016). The comparative study was
performed on M. domestica cv. Superchief® trees grafted on three different rootstocks: CIVP21P, M106,
M26. CIVP21P"" is a new rootstock patented by Consorzio Italiano Vivaisti and was selected for its wide root
system, potentially supporting a superior resistance to drought stress. The plants were cultivated in water
shortage conditions and compared to their control counterpart, which were normally irrigated throughout the
season. Soil moisture and temperature were monitored using Watermark (Irrometer, Riverside, USA) sensors.

Measurements were performed at intervals of 7-10 days during the whole experiment.

Fig. 1 illustrates the variation in soil moisture and temperature during the experiment. After ca. 20 days from
the interruption of the irrigation, the soil water tension reached a value of 13 kPa, with three subsequent rain
events reestablishing temporarily a higher soil water content (though not evident from the average water
content monitoring at 10 cm). In sandy soils, the need for crop irrigation to avoid cavitation and turgor loss in
plants already occurs at soil moisture tensions as low as 10 kPa, when the soil starts to lose water (Souza et al.

2021). Therefore, the drought stress experienced by the plants was moderate and chronic.

The fluorescence parameters monitored during the experiment were calculated from the OJIP transient
according to the JIP-test theory (Strasser et al. 2004, Stirbet and Govindjee 2011). To help disentangle the
comparative effect of drought stress in the presence of other variations induced by environmental factors, for
each rootstock type the parameters were normalized on the corresponding well-watered controls. The results
indicated that drought stress had an influence on several fluorometric parameters, with variable intensity
depending on the rootstock. Fig. 2 shows two selected parameters which have a potential as indexes to assess

the effect of a moderate chronic drought stress. Fv/Fo relates to the photochemical capacity of PSII; Plays tor is
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the performance index on absorption basis, derived from the Energy Flux Theory. The latter is a parameter
depending on the apparent PSII antenna size, the PSII photochemical activity, the probability of electron
transport from PSII to the plastoquinone pool and the probability of electron transport from the plastoquinone
to the PSI end acceptors. As a very comprehensive parameter and despite its large variability, it shows the
decline in the potential photosynthetic performance during the experiment in all rootstocks, without a clear

differential response between the rootstocks.
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Figure 1. On the left, average daily soil moisture at a depth of 10 cm and 30 cm in the irrigated or non-irrigated parcels; on the right,
the average soil moisture is expressed as water potential in the non-irrigated parcel, being 0 kPa in the irrigated parcel. The

corresponding variations in soil temperature are also shown.
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Figure 2. Examples of JIP-test-derived parameters evaluated in apple trees with three different rootstocks under drought stress. On
the left, the time-course variation of the photochemical capacity of PSIl, Fv/Fo; on the right the performance index on absorption
basis Plabs tot. The parameters values of the irrigated controls are assigned a value of 1; the colored bands represent standard
deviations (N=15-25 determinations).

At the end of the season, the plant productivity was evaluated and is reported in Fig. 3. The low soil moisture
negatively affected the seasonal productivity of all water-stressed rootstocks compared to control plants.

Although the normalized average harvest underwent a 30% decline in all cases, the rootstocks showed a
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specificity with respect to the fruit number and shape. M26 maintained a higher fruits production than M106
and CIVP21P", but its fruits had a lower average weight.

Figure 3. Production yields evaluated in apple trees with three different
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The comparison of fluorometric and productive results indicate the complexity of response to drought
depending on the rootstock. At a first glance, the similar overall decline in Plaps 1ot Was in line with the same
loss in productivity experienced by all rootstocks. However, drought stress influenced differentially the plants
if interest is in the two basic properties if fruits, i.e., their number and weight. Although the JIP-test is being
used for the analysis of apple cultivars and rootstocks to drought (e.g., Mihaljevi¢ et al. 2021, Shi et al. 2020),
there is a still unexplored potential of the JIP parameters in a predictive way. The subsequent phases of the
research will screen the whole set of JIP-test parameters for significant correlations with the productive yields.
Moreover, as an alternative approach, the large datasets of OJIP transients make them suitable to the analysis

with artificial intelligence and deep learning methods.
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