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Abstract

Vascular plants use carotenoids and chlorophylls a and b to harvest solar energy in the

visible region (400–700 nm), but they make little use of the far-red (FR) light. Instead,

some cyanobacteria have developed the ability to use FR light by redesigning their pho-

tosynthetic apparatus and synthesizing red-shifted chlorophylls. Implementing this

strategy in plants is considered promising to increase crop yield. To prepare for this, a

characterization of the FR light-induced changes in plants is necessary. Here, we

explore the behaviour of Arabidopsis thaliana upon exposure to FR light by following

the changes in morphology, physiology and composition of the photosynthetic com-

plexes. We found that after FR-light treatment, the ratio between the photosystems

and their antenna size drastically readjust in an attempt to rebalance the energy input

to support electron transfer. Despite a large increase in PSBS accumulation, these

adjustments result in strong photoinhibition when FR-adapted plants are exposed to

light again. Crucially, FR light-induced changes in the photosynthetic membrane are not

the result of senescence, but are a response to the excitation imbalance between the

photosystems. This indicates that an increase in the FR absorption by the photosys-

tems should be sufficient for boosting photosynthetic activity in FR light.
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1 | INTRODUCTION

Oxygenic photosynthesis is driven by light in the 400–700 nm range

(photosynthetically active radiation; PAR). Due to this selective light

utilization and shading effect, light is unevenly distributed within a

canopy with most of the visible photons being absorbed by the top

leaves, while leaves at the bottom receive mainly far-red (FR) light

(700–800 nm) (Rivadossi, Zucchelli, Garlaschi, & Jennings, 1999). FR

light is of little use for plant photosynthesis because its absorption is

limited to a small number of pigments associated with PSI (Croce &

van Amerongen, 2013; Santabarbara, Casazza, Belgio, Kaňa, &

Pr�ašil, 2020). Indeed, FR light triggers shade-avoidance responses

and senescence (Martinez-Garcia et al., 2014).

While the inability to use FR is common to many organisms per-

forming oxygenic photosynthesis, recently, cyanobacteria able to harvest

FR photons were reported (Gan, Zhang, et al., 2014). These cyanobacteria

redesign their photosynthetic apparatus when exposed to FR light, by syn-

thesizing the FR-absorbing Chlorophylls (Chl) d and f and integrating them

into FR-specific PSI and PSII subunits (Gan, Zhang, et al., 2014; Hu

et al., 1998). The newly-assembled FR photosystems effectively use light

at wavelengths up to 800 nm (Gan, Shen, & Bryant, 2014; Mascoli,

Bersanini, & Croce, 2020; Nurnberg et al., 2018; Soulier, Laremore, &

Bryant, 2020), allowing cyanobacteria to grow in dense microbial mats

where ‘classical’ PAR is not available (Chen et al., 2010).

Some algae were also shown to make use of the FR light.

Although no eukaryotic algae synthesizing Chl d or f are known, some
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species acclimate to FR light by tuning the absorption of their chloro-

phylls a to lower energy (Kotabova et al., 2014; Wolf &

Blankenship, 2019). The integration of these strategies in plants has

been proposed as one of the possible ways to increase plant produc-

tivity (Blankenship & Chen, 2013). The harvesting of FR photons can

be especially relevant in the very crowded crop fields, where only FR

light can penetrate (Ort et al., 2015).

In vascular plants, FR light influences the photosynthetic appara-

tus in several ways on different time scales (Dietzel, Brautigam, &

Pfannschmidt, 2008). In the short-term, FR light triggers electron

transfer in PSI more efficiently than in PSII resulting in the oxidation

of the electron carriers between the two reaction centres (RCs). As a

consequence, the major light-harvesting complexes II (LHCII) are de-

phosphorylated and dissociate from PSI to bind to PSII in a process

known as state transitions (Lemeille & Rochaix, 2010). Upon long-

term FR acclimation, plants sense the FR light as a low-light trigger

and modify their morphology to harvest more photons by elongating

their petioles and raising their leaf tips (Franklin & Quail, 2010). The

transcript levels in chloroplast genes were found to be regulated

under FR-enriched light, showing a lower ratio between PSI (PsaA)

and PSII (e.g. PsbB) (Glick, Mccauley, Gruissem, & Melis, 1986). The

ratio between PSI and PSII proteins was reported to be lower than

that in white light treated leaves (Melis & Harvey, 1981). In agreement

with this change in protein composition, the thylakoids showed more

and thicker grana than under PAR (Melis & Harvey, 1981). To date,

the change in PSI/PSII stoichiometry seems to be the main response

of the photosynthetic apparatus of plants to long-term exposure to

FR light. However, all the previous studies used a mixture of FR light

and light of other wavelengths, mainly red light, which can still be

absorbed by both photosystems, although to a different extent. To

challenge the plants and see if they are able to develop a stronger

response to FR light, here we use light with λ > 700 nm, which is

absorbed only by PSI (Figure S1) and we characterize its effect at the

thylakoid level.

It was also reported that both darkness and FR light could pro-

mote leaf senescence (Causin, Jauregui, & Barneix, 2006). A recent

study showed that extra FR pulses in the dark induce senescence in

Arabidopsis leaves (Lim et al., 2018), during which gene expression

changes and chlorophylls and chloroplast proteins are degraded

(Buchanan-Wollaston et al., 2003; Lim, Kim, & Nam, 2007). To investi-

gate whether the FR acclimation is senescence-related, we treated

the plants with FR light and we compared their properties with those

of plants acclimated to complete darkness.

2 | MATERIALS AND METHODS

2.1 | Plant growth conditions

Wild type (WT) Arabidopsis thaliana (Arabidopsis Col-0) were first

grown under constant white light (see Figure S1a for the spectrum) at

120 μmol photons/m2/s, 12 hr/12 hr day/night cycle at 23�C, for

5 weeks. Nutrients were added to the soil only once, before

germination. The plants were then separated into three different

groups, white light group (WL), far-red light group (FR) and dark

group (Dark).

The WL plants were exposed to the same white light conditions

as before. FR plants were transferred into a chamber supplied with

�100 μmol m�2 s�1 FR light (Figure S1a) and grown with

12 hr/12 hr day/ night cycle. The light intensity of FR light was mea-

sured using a Laser Power Meter (RoHS, FieldMate). The Dark group

was kept in full darkness with the same temperature settings as the

WL group.

2.2 | Leaf temperature measurements

A commercial IR thermometer (UT300S) was used for measuring the

temperature on the upper and lower face of the leaves. The tempera-

ture was read with the light on and the reading on the screen was sta-

ble for 5 s. The temperature of each genotype in each growth

condition was measured three times on three individual leaves of dif-

ferent plants (Table S1).

2.3 | Chlorophyll fluorescence measurements

The maximum of PSII light use efficiency (Fv/Fm), the PSII efficiency in

steady-state in actinic light (ΦPSII) and non-photochemical quenching

(Fm/Fm0 � 1) were measured with a Dual-PAM-100 MODULAR fluo-

rimeter (Walz, Germany) as previously reported (de Bianchi

et al., 2011). Measuring light was set at 3 μE, actinic light was

1,024 μmol photons m�2 s�1 (red) and the red saturating pulse

was 4,000 μmol photons m�2 s�1 for 150 ms. PSII efficiency in

steady-state, ΦPSII, was averaged throughout the last 3 min of the

10 min actinic light period.

2.4 | Electron microscopy

The ultrastructure of the chloroplast was imaged by transmission elec-

tron microscopy as described in Nicol, Nawrocki, and Croce (2019). The

leaves were harvested from the overnight dark-adapted plants, cut into

strips and immediately fixed in 0.1 M Caco buffer (pH 7.4) with 2%

(v/v) glutaraldehyde and 2% (v/v) paraformaldehyde for 2 hr at room

temperature and at 4�C overnight. The fixed leaves were examined and

imaged with a JEOL-100CX transmission electron microscope. The

number of membrane layer per grana and the grana number per chloro-

plast were manually counted from the images. The grana and stroma

lamella length ratio was obtained using ImageJ software.

2.5 | Thylakoid membranes isolation

Leaves were harvested and kept on ice in the dark or with a dim light

and thylakoids were prepared as described previously (Xu, Tian,
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Kloz, & Croce, 2015). The isolated thylakoids were suspended in a

buffer (20 mM HEPES, pH 7.5, 0.4 M sorbitol, 15 mM NaCl and 5 mM

MgCl2), frozen in liquid nitrogen and kept at �80�C until usage.

2.6 | Pigment analysis and leaf chlorophyll content
measurements

Chlorophyll a/b ratio and chlorophyll/carotenoid ratio were obtained

by fitting the spectra of the pigment extracts in 80% acetone (mea-

sured with a Cary 4000 UV–Vis spectrophotometer) with the spectra

of pure pigments according to Croce, Canino, Ros, and Bassi (2002).

Chlorophyll concentration was determined using the extinction coeffi-

cients reported in Porra, Thompson, and Kriedemann (1989). The rela-

tive carotenoid content was obtained by high-performance liquid

chromatography analysis according to Croce et al. (2002).

For leaf chlorophyll concentration measurement, a 1 mL pipette

tip was used to excise a round piece of the leaf by carefully screwing

it on the surface of the leaf. The leaf discs were frozen in liquid nitro-

gen, crushed in 80% acetone and diluted to an optical density in the

chlorophyll Qy region (about 663 nm) below 1.0.

2.7 | Blue native gels (BN-PAGE) and 2D BN-PAGE

Blue native gels were prepared according to Jarvi, Suorsa,

Paakkarinen, and Aro (2011) with the minor modifications described

in Bielczynski, Schansker, and Croce (2016). The resolving gels were

made with 4–12.5% T (w/v,), 3% C (w/w). The stacking gels

were made with 4% (w/v) T and 3% C (w/w), where T is the total con-

centration of acrylamide and bisacrylamide monomers and C is the rel-

ative concentration of the cross-linker bisacrylamide to the total

monomer concentration of acrylamide and bisacrylamide.

After running, the blue native gels were cut in strips and loaded

onto a Laemmli-SDS-PAGE (Laemmli, 1970) for the second dimension.

A 6% T (w/v) acrylamide was used for the stacking gel and 13% T

(w/v) for the resolving gel. After running, the gels were stained with a

coomassie blue solution (0.1% Coomassie Blue R250 in 10% acetic

acid, 40% methanol and 50% H2O) for 2 hr and de-stained with a de-

staining solution (10% acetic acid, 40% methanol and 50% H2O)

for 3 � 2 hr.

2.8 | Immunoblotting

Thylakoids were loaded onto a pre-cast gel [4–12% T (w/v) Bis-Tris

Plus, Invitrogen] based on their chlorophyll content. After electropho-

resis, the proteins were transferred to a nitrocellulose membrane and

stained with Ponceau S solution [0.1% (w/v) Ponceau S in 5% (v/v)

acetic acid]. The stained membranes were imaged using a LAS 4000

Image Analyzer (ImageQuant Luminescent) under digital imaging

(exposure time: 1/60 s). Afterward, the membranes were blocked with

10% (w/v) milk in TBST (20 mM Tris, pH 7.5, 150 mM NaCl, 0.1%

Tween 20) for 1 hr and were incubated with different primary anti-

bodies (all from Agrisera, Sweden) overnight in the dark at 4�C. The

primary antibodies included: PsaA (AS06172), PSAG (AS204368),

PSAK (AS04049), LHCA1 (AS01005), PsbA (AS10704), PsbC

(AS111787), LHCB1 (AS01004), PSBS (AS09533), PetA (AS06119)

and ATPC (AS08312). The membranes were washed with TBST for

4� 10 min and then incubated with the secondary antibody (goat

anti-rabbit IgG) for another hour. After washing with 4 � 5 min and

2 � 30 min to get rid of the unbound secondary antibody, the mem-

branes were developed for chemiluminescence (SuperSignal West

Pico, Thermo Scientific) using a LAS 4000 Image Analyzer. Densito-

metric analysis of the images was performed using the software

ImageJ.

2.9 | Isolation of native protein complexes

The experiments were performed according to Caffarri, Kouril, Ker-

eiche, Boekema, and Croce (2009). The sucrose gradients were pro-

duced by freezing a tube containing a sucrose solution (0.5 M sucrose,

20 mM Hepes pH 7.5, 0.06% a-DM) at �80�C and thawing it at 4�C.

Samples containing 350 μg Chl were washed with 5 mM EDTA,

10 mM Hepes pH 7.5, diluted to 0.5 mg Chl/ml and then an equal vol-

ume of solution for solubilization (1% a-DM in 10 mM Hepes 7.5) was

added. The samples were centrifuged at 12,000 � g for 10 min and

the supernatant was loaded onto the gradients and centrifuged for

16 hr at 4�C at 160,000 � g. The bands were collected with a syringe.

2.10 | Low-temperature steady-state fluorescence
spectroscopy

Low-temperature steady-state fluorescence emission spectra were

recorded using a Fluorolog spectrophotometer. The sample (OD of

0.05/cm at Qy maximum) was set up in a glass Pasteur pipette inside a

transparent Dewar filled with liquid nitrogen. The fluorescence emis-

sion spectra were acquired using excitation at 440 nm and recorded

with a 1 nm step range from 600 to 800 nm.

2.11 | Room-temperature steady-state absorption
spectroscopy

Room-temperature steady-state absorption spectra of sucrose bands

were recorded using a Cary 4000 UV–Vis spectrophotometer. The

spectra were recorded with a 1 nm step from 350 to 750 nm.

2.12 | Functional PSI/PSII ratio and antenna size
measurements in vivo

The ratio of PSI to PSII reaction centres as well as the functional

antenna sizes of PSI and PSII were determined by measuring the
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electrochromic shift signal (ECS) with a JTS-10 spectrophotometer as

described in Nawrocki, Santabarbara, Mosebach, Wollman, and Rap-

paport (2016). The reaction centre (RC) ratio was measured using a

saturating, single turnover flash to trigger charge separation

[�630 nm fluorescent dye pumped with a 5 ns full width at half maxi-

mum (FWHM) Nd: YAG laser flashes at 532 nm; Minilite II, Contin-

uum] and the detection was done at 520 nm (10 mm thick Schott

glass filter, 10 nm FWHM) after subtraction of the signal at 546 nm

(10 mm thick Schott glass filter, 10 nm FWHM). The actinic light was

prevented from reaching the detector by a 3 mm Schott BG39 filter.

The functional antenna sizes were determined using continuous LED

light (630 nm, �300 μmol photons m�2 s�1). The initial slope of the

ECS rise in light-limiting conditions in a fraction of RCs (i.e. before a

single e� is separated in every RC) represents the maximal,

absorption-limited rate of charge separation, which depends—in the

absence of acceptor- and donor-side limitations—on the size of

antenna functionally connected to the RC. In order to deconvolute

the PSI and PSII signals, the leaves were infiltrated with either 10 mM

HEPES (pH 7) and 150 mM sorbitol solution (yielding PSII+PSI signal)

or with PSII inhibitors (200 μM DCMU and 1 mM hydroxylamine in

HEPES-sorbitol; yielding PSI signal only). The quantum yield of PSII

[(Fm � F0)/Fm] was always verified to attain values below 0.05 after

the DCMU-HA infiltration to make sure that the inhibition was

complete.

3 | RESULTS

3.1 | Plant morphology

Arabidopsis plants were grown in white light (WL) for 5 weeks and

then divided into three groups. One group was maintained in WL

(WL group), the second exposed to FR light (FR group) and the third

kept in the dark (Dark group). Acclimation was followed for 1 week.

After 7 days of FR light, the plants displayed extended petioles. Com-

pared with the WL group, the FR-acclimated leaves were smaller and

paler, yellowish and faced considerably more upwards (Figure 1). Day

7 Dark plants also raised the tips of the leaves but the yellowing was

only observed in older leaves, while younger leaves retained their nor-

mal shape and colour (Figure 1). As leaf temperature plays an essential

role in the photosystem stability (Mathur, Agrawal, & Jajoo, 2014), to

exclude that the observed differences between the WL and FR group

were the result of a thermal effect induced by FR-light, leaf tempera-

ture was measured on both the upper and lower sides. No FR light-

induced heating was observed (Table S1).

3.2 | Photosynthetic parameters

To check how the photosynthetic apparatus acclimates to FR light,

maximum PSII efficiency (Fv/Fm), PSII operating efficiency (ΦPSII) and

non-photochemical quenching (NPQ) was determined during the

treatments (Figures 2 and 3). The WL group showed a relatively stable

Fv/Fm from Day 1 to 7 (around 0.84), while in both FR and Dark

groups the Fv/Fm value decreased after Day 3, reaching 0.77 and

0.57, respectively, after 7 days of acclimation (Figure 2a). ΦPSII was

relatively stable from Day 1 to 7 in both Dark and WL group, but 2–3

times lower in the former than in the latter. On the other hand, the

ΦPSII of the FR group decreased continuously, reaching 0 at Day

7 (Figure 2b).

After 1 day of treatment, little difference in the NPQ values

between WL, FR and Dark group were observed upon red actinic light

treatment (Figure 3a), except that the NPQ recovery in darkness was

faster in the FR plants than in the other groups. However, from Day

3 to Day 7, the FR group showed a continuous increase in NPQ, with

slow induction kinetics and absence of plateau (Figure 3b–d). More-

over, the majority of the fluorescence did not recover when the

actinic light was turned off, indicating that photoinhibition occurred

during the measurements. After 5 days of FR light, the NPQ signal

was almost exclusively due to the non-relaxing component. The

behaviour of the FR plants was substantially different from that of

the Dark group, in which the NPQ kinetics remained very similar to

that of the WL group until Day 5, and only in Day 7 the induction

kinetics become slower and the amplitude of NPQ decreased.

3.3 | Structure of the chloroplasts

The ultrastructure of the chloroplasts after 7 days of acclimation was

analysed by electron microscopy (Figure 4). Compared with WL and

Dark, the FR plants showed an abnormal shape of the chloroplasts

(Figure 4a) and the degree of membrane stacking was higher than in

the other groups (Figure 4b,c) in agreement with a previous study

(Melis & Harvey, 1981); however, the number of grana per chloroplast

was lower (Figure 4d). The ratio between grana and stroma lamellae

F IGURE 1 Wild type (WT) Arabidopsis plants treated with 7-day
with (a) white light (Day 7 WL), (b) far-red (FR) light (Day 7 FR) and
(c) dark (Day 7 Dark). Representative plants are shown. The
experiment was repeated three times with comparable results [Colour
figure can be viewed at wileyonlinelibrary.com]
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was the highest in FR chloroplast (about two times higher than in

WL), and the lowest in Dark chloroplast (Figure 4e).

3.4 | Pigment composition of the thylakoid
membranes

Next, we investigated how the leaf chlorophyll content and pig-

ment compositions changed upon acclimation to long-term FR

light. Upon 7 days of treatment, the leaf chlorophyll content of

both FR (155.0 ± 36.8 μmol/m2) and Dark (71.7 ± 44.4 μmol/m2)

groups were lower than that of the WL group (252.4 ± 41.5 μmol/

m2, Figure 5a). During the 7 days of treatment, WL plants kept a

relatively stable Chl a/b ratio (3.34 ± 0.17). The Chl a/b ratio of the

FR group instead was already lower than that of the WL group

after 1 day of treatment (2.99 ± 0.06) and decreased further

throughout the treatment (Figure 5b). The Dark-treated plants

showed values similar to that of the WL up to 3 days, followed by

an increase to 3.91 ± 0.06 and 3.77 ± 0.06 after 5 and 7 days,

respectively (Figure 5b). The Chl/Car ratio in the WL group

remained close to the starting value (3.60 ± 0.04) while the ratio

dropped in both FR- and Dark- groups during the treatment to

2.65 ± 0.11 and 2.82 ± 0.04, respectively (Figure 5c). The caroten-

oid composition of the leaves is reported in Figure 5d. After 7-day

FR treatment, the relative content of neoxanthin (Nx), violaxanthin

(Vx), antheraxanthin (Ax) and lutein (L) increased, while that of

β-carotene decreased by 33%. Antheraxanthin (Ax), which was

absent in WL, appeared in Day 7 FR plants. Similar to Day 7 FR,

Day 7 Dark also showed a higher amount of most carotenoids (rel-

ative to Chls) while its β-carotene content was similar to that of

the WL group; the de-epoxidation state of the xanthophyll cycle in

Day 7 Dark was lower than in Day 7 FR but higher than in

Day 7 WL.

3.5 | Protein composition of the thylakoid
membranes

To determine the effect of FR acclimation on the composition of the

photosynthetic complexes, we analysed the thylakoid composition

using native-PAGE and 2D gels (Figures 6 and S3 and Table S2). The

proteins were identified on the basis of previous work (Andaluz

et al., 2006; Aro et al., 2005; Bielczynski et al., 2016; Caffarri

et al., 2009; Takabayashi et al., 2013). After 3 days of acclimation,

both FR and Dark plants showed a reduced amount of PSII super-

complexes, PSI-LHCI, PSII dimers and cytochrome b6f (Cyt. b6f ) as

compared to the WL plants. After Day 7 of FR acclimation, we noted

a substantial decrease in PSI-LHCI and Cyt. b6f, but not in the PSII

supercomplexes. On the contrary, the content of PSII supercomplex

decreased further after 7 days in the dark, while the amount of PSI

and Cyt. b6f remained constant (Figure 6). In conclusion, while FR light

induces a strong decrease in PSI, in darkness it is PSII that is degraded

first.

To check if the properties of the pigment-protein complexes

changed upon FR acclimation, the thylakoids of Day 7 WL and FR

plants were solubilized and loaded onto sucrose gradients. Six bands

were obtained from both WL and FR thylakoids. Based on their pig-

ment composition, protein composition (Figure 7b), absorption

(Figure S4) and fluorescence spectra (Figure 8) and previous results

(Xu et al., 2015) they were assigned to: band 1, free pigments; band

2, LHCB monomers; band 3, LHCII trimers; band 4, PSII core (together

with some contaminants of proteins that do not contain pigments as

the spectrum of band 4 is that of PSII core) c; band 5, PSI-LHCI com-

plexes; band 6 in WL contains mainly PSI in a higher oligomerization

state as often observed in sucrose gradients and native gels (Boekema

et al., 2001; Heinemeyer, Eubel, Wehmhoner, Jansch, & Braun, 2004;

Kouril, van Oosterwijk, Yakushevska, & Boekema, 2005), although a

contamination from PSII is also visible both in the gel and in the

F IGURE 2 Fv/Fm values and PSII efficiency in steady-state in actinic light (ΦPSII) of leaves acclimated to different light conditions from Day
1 to Day 7. Blue squares represent white light (WL), orange circles and green triangles stand for far-red (FR) and dark (Dark) groups, respectively.
All data are shown as averages ± SD (n = 3, biologically independent samples, measured on leaves of a similar age and position in different plants)
[Colour figure can be viewed at wileyonlinelibrary.com]
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spectra. The amount of PSII in band 6 is instead far higher in the FR

sample, in agreement with a reduced amount of PSI in these plants.

We also observed that the chlorophyll content of bands 5 and 6 from

Day 7 FR was significantly lower than that of Day 7 WL (Figure 7a),

again in agreement with a lower content of PSI-LHCI in FR (Figure 6).

The composition of the other bands was similar between WL and FR

membranes.

The properties of the complexes were investigated by low-

temperature fluorescence spectroscopy. At 77 K, little differences

were observed between the spectra of most complexes from WL and

FR, while the spectrum of band 6 reflected the relative increase of

PSII supercomplexes in the FR sample (Figure 8). The 77 K fluores-

cence spectra were also acquired from thylakoids of 3- and 7-day

treated plants, confirming this observation (Figure S5). Notably, the

emission wavelength of the PSI- and PSII complexes remained

unchanged in the FR samples, implying that there were no changes in

the red chlorophyll form upon FR acclimation.

3.6 | Functional analysis: PSI/PSII ratio and
antenna size of the photosystems

The functional PSI/PSII RC ratio strongly decreased in FR-treated

plants with respect to WL plants (Table 1), in agreement with the large

decrease in PSI protein level as determined by immunoblots after

7 days of treatment (Figure S6). An increase in PSII functional antenna

size and a decrease in PSI antenna size occur during the FR treatment

(Table 1). Furthermore, the blots revealed that the Cyt. f content (per

chlorophyll basis) significantly decreased, while PSBS was up-

regulated after FR treatment.

4 | DISCUSSION

In this work, we studied the acclimation of the photosynthetic appara-

tus of A. thaliana to far-red light. Differently from previous studies

F IGURE 3 Non-photochemical quenching (NPQ) response curves of leaves acclimated to different light conditions for 1–7 days. Blue squares
represent white light (WL), orange circles and green triangles stand for far-red (FR) and dark (Dark) groups, respectively. The grey and dark bars
on the bottom of each figure represent light/dark periods, respectively. All data are shown as average with ±SD (n = 3, biologically independent
samples, measured on leaves of a similar age and position in different plants) [Colour figure can be viewed at wileyonlinelibrary.com]
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that used a mixture of red and FR light (Chow, Melis, &

Anderson, 1990; Glick et al., 1986; Hogewoning et al., 2012; Kim,

Glick, & Melis, 1993; Melis & Harvey, 1981; Walters & Horton, 1994),

we treated the plants with pure FR light with λ > 700 nm. Our goal

was to challenge the photosynthetic apparatus as these wavelengths

are absorbed almost exclusively by Photosystem I. We also used high-

intensity FR light to distinguish the effects of FR acclimation from

those of dark-induced senescence, due to a low photon flux.

While, when exposed to FR light, some cyanobacteria synthesize

chlorophylls d and f, enhancing the absorption in the FR region (Gan,

Zhang, et al., 2014; Mascoli et al., 2020; Nurnberg et al., 2018), no

vascular plants that produce these chlorophylls are known. However,

plants do use a small part of the FR light thanks to the so-called PSI

red chlorophyll forms, which absorb at wavelengths longer than

>700 nm and originate from strongly coupled Chl a pigments (Croce &

van Amerongen, 2013). The energy and number of red forms differ in

different organisms (Gobets & van Grondelle, 2001) and also between

plant species (Chukhutsina, Liu, Xu, & Croce, 2020). One of the possi-

ble effects of FR acclimation could thus be a change in the red form

content as it is the case in some algae (Santabarbara et al., 2020).

However, our data clearly show that this is not the case, because the

absorption and emission spectra of the individual complexes do not

change upon FR treatment (Figures S4 and 8). On the contrary,

A. thaliana plants exposed to FR light decreased the absolute content

of red forms by drastically reducing the amount of PSI. Indeed, the

main effect of FR acclimation in Arabidopsis is a substantial decrease

in PSI/PSII ratio accompanied by an increase in the PSII antenna size

and a reduction in the PSI antenna size (Table 1).

What drives the redesign of the photosynthetic apparatus during

FR treatment? In photosynthetic linear electron flow, the two photo-

systems work in series, with PSII electron transfer rate (ETR) identical

to PSI ETR at steady-state. Any changes in light quality (such as an

increase in the proportion of the FR in the incident light) or photosys-

tem absorption capacity will temporarily unbalance the electron flow.

Photosynthesis has developed multiple mechanisms to counteract the

effects of uneven ETRs (reviewed in Chow et al., 1990; Dietzel

et al., 2008). Notably, during the short-term relative increase

in the FR light, state transitions are employed to balance the

excitation and increase the PSII antenna size at the expense of

the PSI cross section (Lemeille & Rochaix, 2010; Minagawa, 2011;

Mukherjee, 2020; Ruban & Johnson, 2009). Nonetheless, cyclic elec-

tron flow, NPQ and water-to-water cycles, as well as long-term accli-

mation resulting in antennae synthesis or degradation, all have a role

in the optimization of unbalanced photosynthetic electron flow

(Dietzel et al., 2008). In our experiments, the extreme effect of the FR

light, which triggers only PSI, leads to the degradation of this complex

and an increase of the PSII antenna size in a bid to even PSII and PSI

ETRs (Table 1). In line with this, the thylakoid membranes of FR-

treated plants become more stacked (Figure 4), increasing the area of

the grana (where most PSII locate) as reported before (Melis &

Harvey, 1981). Changes in PSI/PSII RC stoichiometry due to changes

in light quality are well-documented from cyanobacteria to vascular

plants (Fujita & Murakami, 1987; Glick, Mccauley, & Melis, 1985;

Melis & Brown, 1980; Shimakawa & Miyake, 2019; Wilhelm,

Kr�amer, & Wild, 1985). We note that this compensation strategy

works not only under FR light but also in other conditions that cause
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F IGURE 4 (a,b) Representative electron microscopy images of chloroplasts from Day 7 WL (WL), far-red (FR) and dark (dark). (c) Number of
membrane layers per grana in each sample ± SD (n > 80). (d) Grana number per chloroplast in each sample ± SD (n > 10). (e) Ratio between grana
and stroma lamellae ±SD (n > 10). Blue diamonds represent WL, orange and green diamonds stand for FR and Dark, respectively. The lines in the
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difference (MD) between two groups is statistically significant (p < .05, t test) [Colour figure can be viewed at wileyonlinelibrary.com]
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the unbalanced PSI and PSII ETRs. Several chlorophyll b-deficient

mutants of vascular plants show a lower PSI/PSII ratio than their

WTs, compensating for a lower excitation level in PSII caused by a

small PSII antenna size (Brestic et al., 2015; Kim et al., 1993). Recently,

we have also shown that genetic modifications resulting in a decrease

of PSII absorption capacity are a trigger to increase the number of PSII

RCs to balance the ETRs (Chukhutsina et al., 2020; Nicol et al., 2019).

4.1 | PSII undergoes photoinhibition under actinic
light after long-term FR treatment due to a
downstream electron transfer bottleneck

Because FR light is enriched in shaded environments, one might

expect that plants exposed to FR prepare their NPQ machinery to get

ready for sun flecks (Aspinall-O'Dea et al., 2002; Li et al., 2000; Peter-

son & Havir, 2000). This is particularly important because an increase

of PSII/PSI ETR ratio (which is what would occur if the FR acclimated

plants are exposed to full sunlight spectrum) is far more detrimental

to the photosynthetic organisms than its decrease—the latter mostly

resulting in a decrease of efficiency rather than an overreduction of

the ETC and ROS production. In line with this, we observed that both

the PSBS content (Figure S6) and the xanthophyll de-epoxidation

levels increased (Figure 5d) during FR treatment. However, the NPQ

value of the FR-treated plant was comparable with that of the WL

and Dark groups after the first day and third day of treatment

(Figure 3a,b) and strong PSII photoinhibition was observed after expo-

sure of 5- and 7-day FR- treated plants to actinic light (Figure 3c,d).

What are the reasons behind this PSII photoinhibition? We exclude

the possibility that the FR treatment itself results in PSII damage. This
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(n = 3). ‘*’ represents the mean difference (MD) between WL and other groups is statistically significant (p < .05, t test, n > 5). The data are
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dark-treated samples, respectively [Colour figure can be viewed at wileyonlinelibrary.com]
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F IGURE 6 Thylakoids
composition analysed by 2D BN-
PAGE. (a) Blue native gels of
thylakoids from 3 or 7 days-treated
WL, far-red (FR) and Dark-treated
plants. A total of 8 μg of chls were
loaded in each lane. (b) Densitometric
profile of the bands from Day 3 WL
sample (Table S2). (c) Second

dimension SDS-PAGE of the blue
native gels in Day 7. From left to
right: WL, FR and Dark. Orange
arrows indicate the following
proteins: 1, LHCA3/LHCA2/PSAD;
2, PSAF/PSAL/PSAE/PSAH; 3, PSAG/
PsaC/PSAK; 4,5 Cyt. b6f subunits; as
previously reported (Grebe
et al., 2019) [Colour figure can be
viewed at wileyonlinelibrary.com]

F IGURE 7 Isolation of photosynthetic complexes. (a) Sucrose density gradients loaded with solubilized thylakoid membranes isolated from
7-day white light acclimated (left; WL) and far-red (FR) acclimated plants (right; FR). A total of 350 μg of Chl were loaded in each gradient.
(b) Coomassie-stained SDS-PAGE showing the protein composition of the bands from the sucrose gradients. The proteins indicated by arrows
were identified based on previous works (Dikaios et al., 2019; Nicol et al., 2019; Suorsa et al., 2014; Wood et al., 2018) [Colour figure can be
viewed at wileyonlinelibrary.com]
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can be theoretically predicted as the spectrum of the FR light does

not sensitize the chlorophylls of PSII (Figure S1). Furthermore, Fv/Fm

measurements, a proxy for PSII photoinhibition, indicate that PSII

remains largely functional even after 7-day FR treatment prior to

actinic light exposure (Fv/Fm 0.77 compared to 0.84 in the 7-day WL

conditions). The difference in Fv/Fm can be, at least in part, due to the

larger antenna size of PSII in FR, which influences the efficiency of

the delivery of the excitation to the reaction centre (Wientjes, van

Amerongen, & Croce, 2013). Interestingly, dark treatment has a more

detrimental effect on PSII than FR light, with Fv/Fm decreasing to 0.57

after 7 days. We then suggest that the rapid, actinic light-induced qI

quenching results from acceptor-side PSII photoinhibition due to the

downstream electron transfer bottleneck that can be seen from a

decreased ΦPSII (Figure 2b), and that is due to the reduction of PSI

and Cyt. b6f complexes (relative to PSII) (Figures 6 and S6). This indi-

cates that the observed increase of both PSBS and de-epoxidated

xanthophylls is not sufficient to protect the cells in these conditions.

4.2 | Long-term FR light effects differ from
dark-induced senescence

Senescence is an important strategy for plants adapting to exogenous

and endogenous factors to redistribute nutrients and secure the

reproductive process (Woo, Kim, Nam, & Lim, 2013). During senes-

cence, leaves become yellow, chlorophyll content decreases and pho-

tosynthetic proteins and lipids are degraded (Lim et al., 2007). It is

reported that both darkness and FR light can lead to leaf senescence

(Brouwer, Ziolkowska, Bagard, Keech, & Gardestrom, 2012; Causin

et al., 2006; Degreef, Butler, Roth, & Frederic, 1971; Mishra &

Pradhan, 1973), and that extra FR pulses between dark periods can

even promote senescence in detached Arabidopsis leaves (Lim

et al., 2018). In this work, by using high-intensity FR light we were

able to disentangle the contribution of the light spectrum- and

intensity on the induction of senescence. We found that yellowing

of the leaves occurs upon both dark- and FR treatments,

F IGURE 8 Fluorescence emission spectra at low temperature (77 K) from band (B)2 to band 6 isolated by sucrose gradient. The samples from
Day 7 WL and Day 7 far-red (FR) are in blue and orange, respectively. The excitation wavelength is 440 nm [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 1 PSI and PSII content and functional analysis of the

Arabidopsis leaves

WL FR

Functional analysis

PSI/PSII RC ratio 0.65 ± 0.05 0.20 ± 0.05*

PSI antenna size 1.00 ± 0.12 0.43 ± 0.09*

PSII antenna size

(both relative values)

1.43 ± 0.14 1.64 ± 0.20

Note: RC ratio and antenna sizes of both photosystems measured in vivo

using the electrochromic probe. All functional antenna sizes are

normalized to the PSI antenna size in WL. All data are means ± SD (n = 5,

biological replicates).

*Mean difference between FR and WL is significant within one group

(p < .05, t test, n = 3).
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concomitant with a decrease in the Chl content and an increase in

Car/Chl ratio, all indications of senescence (Lim et al., 2018). How-

ever, the chlorophyll composition of FR- and Dark-thylakoids chan-

ged in different directions: the FR group showed a lower Chl a/b

ratio whereas the Dark group showed an increase in the ratio as

compared to WL plants. This difference arises as a consequence of

the PSI loss upon FR treatment (Figure S6), a finding contrasting

with the effect observed during senescence (Kotakis, Kyzeridou, &

Manetas, 2014), with PSI being more stable than PSII (Choe &

Thimann, 1977).

5 | CONCLUSIONS

In this work, we showed that the plant adaptation strategies to dark-

ness and to intense FR-light are substantially different. In both cases,

the shade avoidance response is triggered, together with an increase in

the PSII antenna/RC ratio. However, FR-light mediated exclusive sensi-

tization of PSI results in an unbalance of PSII and PSI ETRs, which the

plant tries to prevent by degrading PSI. It would be interesting to inves-

tigate whether the FR light-acclimated plants could be a model for PSII

photoinhibition studies, particularly when exposed to fluctuating light

or medium high light—an excess of PSII-borne electrons are blocked

due to the bottleneck in the down-stream of ETC. This suggests that

the potential for crop yield increase if the plants are engineered to be

able to synthesize red-shifted Chlorophylls and extend the range of

absorbed light (Allakhverdiev et al., 2016; Nurnberg et al., 2018), could

be achieved with rewiring photosynthesis.
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