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It is well known that far-red light (FR; >700 nm) drives PSI

photochemistry, but its effect on photosynthetic perform-

ance has received little attention. In this study, the effects of

the addition of FR to red fluctuating light (FL) have on

photosynthesis were examined in the leaves of Arabidopsis

thaliana. Light-activated leaves were illuminated with FL

[alternating high light/low light (HL/LL) at 800/30 lmol

m�2 s�1] for 10–15min without or with FR at intensities

that reflected natural conditions. The CO2 assimilation rates

upon the transition from HL to LL were significantly greater

with FR than without FR. The enhancement of photosyn-

thesis by FR was small under the steady-state conditions and

in the HL phases of FL. Proton conductivity through the

thylakoid membrane (gHþ) in the LL phases of FL, estimated

from the dark relaxation kinetics of the electrochromic ab-

sorbance shift, was greater with FR than without FR. The

relaxation of non-photochemical quenching (NPQ) in the

PSII antenna system and the increase in PSII photochemistry

in the LL phases accelerated in the presence of FR. Similar

FR-effects in FL were confirmed in typical sun and shade

plants. On the basis of these results, we concluded that FR

exerted beneficial effects on photosynthesis in FL by exciting

PSI and accelerating NPQ relaxation and PSII-yield increase.

This was probably because of the increased gHþ, which

would reflect faster DpH dissipation and ATP synthesis.

Keywords: Acceptor-side limitation of PSI • Far-red light •

Fluctuating light • Membrane potential • Non-photochem-

ical quenching • Proton motive force.

Introduction

Sunlight contains far-red light (FR; 700–800 nm) as well as vis-

ible light (400–700 nm). In an open site, the irradiance or pho-

ton flux density (PFD) per unit wavelength of FR is comparable

to that of the visible light (Gates 1980). As green leaves absorb

considerably more visible light than FR (Tasker and Smith 1977,

Smith 1982), irradiance per unit wavelength of FR is much

greater than that of visible light in a canopy shade. The

irradiance also changes dynamically with time in the field.

Even in an open site, it changes depending on the elevation

of the sun and the cover and movements of clouds. In a canopy,

irradiance fluctuatesmore frequently because of themovement

of the leaves and stems.

Plants use visible light or photosynthetically active radiation

(PAR) ranging from 400 to 700nm to drive the linear electron

flow (LEF) from water to NADPþ, to produce NADPH. When

applied solely, FR cannot drive photosynthetic O2 evolution or

CO2 assimilation (Emerson and Lewis 1943, Emerson et al. 1957,

Brody and Emerson 1959). This is known as the ‘red drop’ effect.

However, FR absorbed by PSI pigments oxidizes P700 and drives the

cyclic electron flow around PSI (CEF-PSI) (Joliot and Joliot 2005,

Joliot and Joliot 2006, Laisk et al. 2010). Both the linear and CEFs are

coupled with proton translocation from the stroma to the thyla-

koid lumen, generating the trans-membrane electrochemical po-

tential difference of protons, or the protonmotive force (pmf). The

pmf, which comprised the membrane potential (DW) and pH dif-

ference (DpH) (Kramer and Sacksteder 1998, Cruz et al. 2001), is

used for adenosine triphosphate (ATP) production by Hþ-ATPase.

Under high-light (HL) conditions, the lumenal pH is lowered,

which triggers the shift of the PSII antenna system from the light

absorption to the heat dissipationmode. The degree of this shift

can be assessed as the non-photochemical quenching (NPQ) of

chlorophyll (Chl) fluorescence (Yamamoto et al. 1962, Adams

et al. 1990). The DpH-dependent NPQ is referred to as energy-

dependent quenching, qE-quenching (Wraight and Crofts

1970), which is associated with the xanthophyll cycle pigments

(Niyogi et al. 1998) and the regulatory protein of PSII, PsbS (Li

et al. 2000). When light intensity is lowered, DpH collapses

within 10–20 s (Ruban 2013, 2016), whereas NPQ is relaxed

more slowly. The slow NPQ relaxation could limit photosyn-

thesis in low light (LL) of fluctuating light (FL) (Zhu et al. 2004,

Kromdijk et al. 2016).

Several studies have shown that FL causes PSI photoinhibi-

tion. We have reported significant PSI photoinhibition in wild-

type (WT) Arabidopsis thaliana (Kono et al. 2014), Oryza sativa

(Yamori et al. 2016) and some other field-grown plants (Kono

et al. 2017). Large limitations on electron flow on the acceptor-

Plant Cell Physiol. 61(1): 192–202 (2020) doi:10.1093/pcp/pcz191, Advance Access publication on 16 October 2019,
available FREE online at https://academic.oup.com/pcp
# The Author(s) 2019. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved.
For permissions, please email: journals.permissions@oup.com

R
egu

la
r
P
a
p
er

Ed
ito

r-in
-C
h
ief’s

C
h
o
ice

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
c
p
/a

rtic
le

/6
1
/1

/1
9
2
/5

5
8
4
2
6
5
 b

y
 U

.S
. D

e
p
a
rtm

e
n

t o
f J

u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2

https://academic.oup.com/


side of PSI would cause damage to PSI, because of the accumu-

lation of reactive oxygen species (Sonoike 1996, Takagi et al.

2016). Alternative photosynthetic electron flows, such as the

CEF-PSI, have been proposed to contribute to the protection of

PSI against FL (Suorsa et al. 2012, Kono et al. 2014, Yamori et al.

2016). As we recently reported, the addition of FR, at levels

realistic to those in nature, to red FL suppresses PSI photoinhi-

bition almost completely in the A. thalianaWT and some other

plants (Kono et al. 2017). Thus, PSI photoinhibition because of

FL may not be a serious problem in nature.

The roles of FR in photosynthesis have not been studied

intensively. This is probably because monochromatic FR drives

neither photosynthetic O2 evolution nor CO2 assimilation, and

thereby FR is not included in PAR. Obviously, the primary role of

FR is to oxidize P700 (Arnon et al. 1967, Myers 1971). FR alle-

viates acceptor-side limitations and imposes donor-side limita-

tions on the electron flow in PSI, and thereby increases the

fraction of oxidized P700, (P700þ)/(total P700). In this study,

we assessed the effects of FR on CO2 assimilation and the

photosynthetic electron transport system in FL with HL and

LL phases at a photosynthetic photon flux density (PPFD) of

800/30 lmol m�2 s�1 for 10/15min. To avoid the complexities

brought about by activation of various photosynthetic reac-

tions and gradual stomatal opening, we used leaves that had

been activated in moderate light at 135 lmol m�2 s�1 for about

30–60min in all themeasurements. Measurements were mostly

taken from attached, intact leaves of the A. thalianaWT ‘Col-0’

but also from those of typical sun and shade plants.

Furthermore, the effects of FR on the electron transport limi-

tations in PSI were examined in natural sunlight.

Results

FR accelerated photosynthesis in the LL phase of

the FL

We used light-emitting diodes (LEDs) that peaked at 740nm (see

Supplementary Fig. S1 for the spectrum) for FR. For the moder-

ate FR (m-FR) at 10.3W m�2, energy levels and PFDs in the 680–

700nm and 700–720 nm wavebands were 0.043W m�2 and

0.2lmol m�2 s�1, and 1.7W m�2 and 9lmol m�2 s�1, respect-

ively. We assumed that about 5% of photons from the FR were

absorbed by PSI pigments according to the absorptance spectrum

in Hogewoning et al. (2012). The amount of photons absorbed by

PSII pigments would be very small (Supplementary Fig. S2). For

the actinic light (AL), red LEDs that peaked at 626 nm were used.

We assumed that about 90% of photons of this AL were absorbed

by photosynthetic pigments and that their energy was equally

allocated to PSI and PSII.

Fig. 1 shows the effects of FR on the redox state of P700 in

low AL at a PPFD of 30 mmol m�2 s�1 (LL) in A. thaliana ‘Col-0’

leaf. The leaf was first pretreated in the dark. After a series of

measurements, the same leaf was kept in the light at 135 mmol

m�2 s�1 for 60min to fully activate the photosynthetic com-

ponents and another series of measurements were taken. In

both measurements, the first FR illumination oxidized a large

proportion of P700 [high (P700þ)/(total P700)] and the P700

redox level attained a steady state. On the basis of the above

assumptions, the actual electron flow rate through PSI was

small (�2 mmol m�2 s�1) because of the large NPQ by P700þ.

When LL was added to FR (LLþ FR), P700 was reduced by the

electrons from PSII, but about 30–50% of P700 remained as

P700þ. When FR was turned off (LL� FR), P700 was almost

entirely reduced, indicating that the acceptor-side limitation

of PSI, Y(NA), calculated as (Pm� Pm
0)/Pm, increased. The quan-

tum yield of PSI photochemistry, Y(I), calculated as (Pm
0 � P)/

Pm, was about 0.6 in LLþ FR and about 0.5 in LL� FR. This

indicates that the higher Y(I) in LLþ FR was achieved by
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Fig. 1 Changes in Chl fluorescence (orange) and redox state of P700

(black) in successive illumination with FR, FRþ LL and LL after a dark

treatment (upper) and after a subsequent light treatment (lower) in a

leaf of an Arabidopsis thaliana ‘Col-0 plant’. The dark treatment for

60min was followed by the first FR illumination. After the first set of

measurements (upper figure), the leaf was subjected to light treatment

at 135 lmol sm�2 s�1 for 60min. After the 30-s dark period, the second

set of measurements was taken (lower figure). During the measure-

ments, we checked the basal level corresponding to the full reduction

of P700, P0, by applying a SP and subsequently the complete darkness.

The dotted line shows the changes in the P0 levels. FR at 10.3Wm�2 and

LL at 30 lmol m�2 s�1 were from FR LEDs and red LEDs. Each dashed

arrowdenotes SP. F0 , Fm and Fm
0 ; theChlfluorescence level in theAL, and

themaximum level with closed PSII centers in the dark andAL, P and P0;

P700 absorbance at givenAL and level of the P700 full reduction. Pm and

Pm
0 , maximum oxidizable P700 in the dark and AL, respectively. The

black, dark red, orange and yellow bars denote, dark, FR, LLþ FR and LL,

respectively. The CO2 and O2 partial pressures were 40 Pa and 20 kPa,

respectively. Measurements were conducted in three leaves and typical

traces using the same leaf are shown.
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balancing Y(NA) and the donor-side limitation of PSI, Y(ND),

calculated as (P� P0)/Pm. The activation of photosynthesis by

the light pre-treatment affected the transients of the Chl fluor-

escence trace upon addition and turning off of FR, but the

activation exerted nomarked effects on the redox state of P700.

Changes in the rate of net CO2 assimilation and PSI and PSII

parameters in leaves of WT A. thaliana ‘Col-0’were measured in

the FL, in which HL at 800 lmol m�2 s�1 for 10min and LL at

30 lmol m�2 s�1 for 15min alternated in the absence or pres-

ence of FR (Fig. 2). These FL treatments are expressed as FL-800/

30 and FL-(800þ FR)/(30þ FR), where FR was added continu-

ously to FL. As shown in Supplementary Fig. S2, when solely

applied, this FR increased the CO2 assimilation rate (Pn) by 0.13

± 0.025 mmolm�2 s�1. Therefore, subtracted 0.13 lmolm�2 s�1

from the Pn values obtained in the presence of FR and these

‘corrected’ values are shown in Fig. 2A, B. Upon the transition

from HL to LL, Pn rapidly decreased for the first 30 s and then

gradually increased to attain a steady state. In LLþ FR, the de-

crease in Pn was slower than that in LL� FR. Pn at 5, 10 and 15 s

from the onset of LL was significantly greater in LLþ FR than in

LL� FR (Fig. 2A), indicating the greater CO2 assimilation in

LLþ FR after -HL illumination. From 300 s to 900 s after the

onset of LL, the steady-state level of the corrected Pn for

LLþ FR was higher by 0.19 ± 0.007 mmol m�2 s�1 (mean ± SD,

n¼ 6) than Pn in LL� FR (Fig. 2B). Upon the transition from

the dark to HL, or LL to HL, Pn increased rapidly for the first 60 s

and then gradually stabilized. Effects of FR were not apparent in

HL conditions.

The NPQ of the Chl fluorescence in PSII was higher in HL

than in LL. At least two components were involved in the

decreased NPQ in LL. NPQ rapidly decreased for the first

180 s (fast phase) and thereafter slowed to a steady-state level

from 180 s to 900 s after the onset of LL (slow phase). FR mark-

edly accelerated the relaxation of NPQ (Fig. 2E). At 10 s after

the shift to LLþ FR, NPQ was close to the level at 40 s after the

shift to LL� FR. In the slow phase, FR further relaxed NPQ to

nearly 0.10, whereas the steady-state level was 0.31 in LL� FR.

NPQ in HL showed a transient spike immediately after each

shift to HL and FR had no effect on the steady-state values.

Upon the shift from HL to LL, the quantum yield of PSII photo-

chemistry(Y(II)), and the fraction of open PSII centers (qL), rap-

idly increased at first (fast phase) and then gradually attained

their steady-state values (slow phase). The increases in Y(II) and

qL were slower and the steady-state values were significantly

lower in LL� FR than in LLþ FR (Fig. 2C, G). From 180 to 900 s

after the onset of LL, the difference in Y(II) between LL ± FR was

0.10 ± 0.005 (mean ± SD, n¼ 6). In HL, FR did not show any

effect on Y(II) or qL.

On the basis of the results shown in Fig. 2, we hypothesized

that FR enhanced photosynthesis in the LL phases of FL by

rapidly relaxing qE-quenching. Thus, we tested this hypothesis

by analyzing the npq1 and npq4mutants (Supplementary Figs.

S3, S4). The npq1 mutant is defective in violaxanthin de-

epoxidase (VDE) and thus lacks zeaxanthin, and the npq4 mu-

tant is defective in PsbS, the regulatory protein of PSII. Although

relaxation of NPQ in the npq1mutant showed the fast and slow

phases similar to those in theWT, their absolute levels were low

(Supplementary Fig. S3). The NPQ kinetics of npq4mutants in

LL differed from those in npq1. Upon the transition to LL, NPQ

in npq4 transiently increased and then gradually decreased

(Supplementary Fig. S4). In these mutants, the extent of

NPQ relaxation in the fast phase was lower than that of the

WT, and the differences in Y(II) and qL between þFR and �FR

were reduced. These results indicate that, in the WT, FR accel-

erated the relaxation of the qE-quenching, resulting in higher Y

(II) and qL in LL.

In HL, Y(ND) was high irrespective of exposure to FR. Upon

the transition from HL� FR to LL� FR, Y(ND) rapidly

decreased to almost zero (Fig. 2F, see also Supplementary

Fig. S5A, C). When FR was present, Y(ND) decreased upon

the transition to LL, but rapidly increased to 0.3 after that

(Fig. 2F, see also Supplementary Fig. S5B and D). In HL ± FR,

Y(NA) was lower than Y(ND). Y(NA) was somewhat lower in

LLþ FR than in HLþ FR (Fig. 2H). In contrast, in LL� FR, Y(NA)

gradually increased, then reached a plateau. Y(I) promptly

reached a constant level upon the transition to LLþ FR, where-

as in LL� FR, Y(I) showed a prompt increase and then a gradual

decrease, reaching a plateau, which complemented the changes

in Y(NA) (Fig. 2D).

The light response curves of the steady-state values of Pn, Y

(ND), Y(NA), Y(II) and NPQ at various PPFDs ranged from 1200

to 0 mmol m�2 s�1 with and without FR (Supplementary Fig.

S6). In continuous light below 60 mmol m�2 s�1, addition of

FR decreased Y(NA) and increased Y(ND). However, it was in-

sufficient to increase Pn significantly. At PPFDs below 60 lmol

m�2 s�1, Y(II) was significantly greater in the presence of FR, but

neither the differences in Pn nor those in NPQ were significant.

The difference in Y(II) between ±FR in LL at 30 lmol m�2 s�1

was 0.023, which was much smaller than the difference of 0.1

observed in FL.

Next, we confirmed whether FR independently affected the

fast- or slow-phases of NPQ relaxation (Fig. 3). When FR was

turned off for the first 180 s in the LL phase, NPQ relaxation

decelerated. When FR was subsequently turned on after 180 s in

the LL� FR phase, NPQ rapidly relaxed to nearly 0.1 in the slow

phase. Y(II) also rapidly increased after adding FR at 180 s (Fig. 3A).

Conversely, when FR was present for the first 180 s in LL, then

turned off after 180 s, the NPQ relaxation stopped and NPQ

remained at about 0.25 in the slow phase (Fig. 3B). The rapid

increase in Y(II) was also retarded after FR was turned off. These

clearly indicated that FR independently accelerated the fast- and

slow-phase relaxation of NPQ. The redox state of PSI also changed

depending on the presence or absence of FR in the LL phase in the

same manner as shown in Fig. 2 (Supplementary Fig. S7).

The effects of FR intensity on NPQ and Y(II) were examined

(Fig. 4). Upon the shift to LL, either of four FR levels, null (�FR),

low (l-FR), m-FR or high FR (h-FR) at 0, 3.5, 10.3 or 25.6W m�2,

respectively, were applied. In the HL phase, m-FR was present

unless otherwise stated. The dose-dependence of FR was seen in

accelerating the NPQ relaxation and Y(II) increase (Fig. 4A, C).

In the fast phase, NPQ relaxed more rapidly at higher FR inten-

sity. In the slow phase, the addition of m-FR was sufficient for

NPQ to relax to almost zero. Y(II) at 10 s from the onset of LL

was significantly higher with h-FR than with m-FR. Thereafter,
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the differences between h- and m-FR were not seen. We also

checked the response of Y(NA) because the effect of FR on the

photosynthetic performance might be associated with its

excitation of P700. FR suppressed Y(NA) in the LL phase, but

the FR-intensity dependence was not observed in Y(NA) for the

period corresponding to the fast phase of NPQ relaxation
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Fig. 2 Changes in the CO2 assimilation rate, Pn, (A and B), PSII parameters (C, E and G) and PSI parameters (D, F and H) to the FL in Arabidopsis

thaliana ‘Col-0’ leaves in the absence (FL-800/30, ) and presence [FL-(800þ FR)/(30þ FR),�] of m-FR. The FL was applied to the leaf which had

been in the light at 135lmol m�2 s�1 for 30–40min and subsequently kept in the dark for 5min. Pn values in the FL-(800þ FR)/(30þ FR) were

corrected by subtracting 0.13 lmolm�2 s�1, corresponding to the increase in Pn by just adding FR in the absence of AL (supplementary Fig. S2). In

(A), each pair of arrows shows the difference between the rates measured with FR and without FR at 5, 10 or 15 s from the onset of LL. These

differences were statistically significant by Student’s t-test (P< 0.05). Asterisks (**) indicate significant differences between themean rates for the LL

period, which are averaged from 300 to 900 s for the first and second LL phases and from 300 to 600 s for the third LL phase (P< 0.01, paired t-test).

Two panels in (B) are enlarged views of the first and second LL phases of (A). The leaf lamina was sandwiched in a chamber. The CO2 and O2 partial

pressures were 40 Pa and 20 kPa, respectively. Each data point represents the mean (n¼ 6). Error bars are omitted for simplicity. Each of the leaves

wasused for themeasurementswith andwithout FR. Theorderof these twomeasurementswas randomly chosen. For the error levels, seeFigs. 3, 4, 6.
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(Fig. 4D). In contrast, in the slow phase of NPQ relaxation, m-FR

and h-FR decreased Y(NA) to similar levels. These results indi-

cate that FR accelerated NPQ relaxation and Y(II) increase after

the transition to LL in an intensity-dependent manner.

NPQ relaxation was faster in m-FR (in the absence of LL)

than in the dark (Fig. 4B). Interestingly, the presence of FR in

the HL phase facilitated NPQ relaxation in the slow phase

in LL even when LL contained no FR (compare � and � in
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thenFRwas turnedonuntil the endof LLphase. (B) FRwas turnedoff at 180 s after thebeginningof LL. InHL,m-FRwaspresent.Data for the last 2min

in HL (10min) and 15min in LL are shown. Yellow, gray and dark red bars denote HL, LL and FR, respectively. Measurements were made under the

same conditions as those for Fig. 2. Each data point represents the mean ± SD (n¼ 3).
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Fig. 4A). This suggests that FR exerted some effects in HL

as well.

Effect of FR on pmf

Acceleration of Pn and PSII electron transfer in LL could be

related to the proton transfer across the thylakoid membrane.

To examine the effect of FR on the pmf, we analyzed the dark-

interval relaxation kinetics (DIRK) transient of the carotenoid

electrochromic shift (ECS) after turning off the AL. Fig. 5A

shows the DIRK traces in the leaves analyzed after turning off

the LL at 30 lmol m�2 s�1 and m-FR at 40, 120 and 300 s after

the transition from HL at 800 lmol m�2 s�1 ±FR to LL±FR. The

ECS transients obtained by turning off the LL� FR at 300 s

showed a typical trace: a rapid decline upon turning off the

red AL and a subsequent slow rise to a steady-state level.

However, the ECS transients after LLþ FR for 300 s markedly

differed. The rapid decline of the signal upon turning off both

AL and FR was followed by a slower decline for about 5 s and a

subsequent rise to an apparent steady state. The traces

obtained at 40 s and 120 s after the LL were similar, although

the drifts in the latter transients were considerable.

To characterize the effects of FR on the flux(es) of ion(s)

across the thylakoid membrane, we followed the conventional

method and estimated the total pmf from the amplitude of the

rapid decline of the ECS upon turning the light off, tentatively

ignoring the slow decay (Fig. 5B). The total pmf thus estimated

was attributed to the proton efflux via the thylakoidal Hþ-

ATPase. The total pmf levels were similar at 40 s and 120 s but

lower at 300 s. The effects of FR were not apparent. Hþ con-

ductance (g
þÞ
H , which is used to express the conductivity of the

thylakoid membrane to protons, determined predominantly by

the flux through the Hþ-ATPase, however, was significantly

greater with FR than without FR. The magnitude of gþH was

unchanged with time. The initial rate of the decay of the ECS

signal (vHþ), which is used as an estimate of the relative flux of

protons through the Hþ-ATPase, was also greater with FR.

Effects of FR in LL phase onNPQ relaxation in various

levels of FL

The effects of PPFD levels of HL at 2000, 800 and 300 mmol m�2

s�1 and/or LL at 200 and 30 mmol m�2 s�1 on NPQ relaxation

upon the transition to LL were examined (Fig. 6). In HL, m-FR

was present. In FL-2000/30, both the fast and slow phases of

NPQ relaxation in LL were accelerated by FR (Fig. 6A). Similarly,

the Y(II) recovery accelerated with increasing FR intensity. The

NPQ relaxation in FL-2000/30 was slower than that of FL-800/30

(Fig. 4). Moreover, even in the presence of m-FR, NPQ did not

decline to zero. On the contrary, in FL-300/30, the NPQ relax-

ation in the fast phase was slower in the presence of FR than in

its absence (Fig. 6G), whereas the Y(II) increase was faster

(Fig. 6H). In the slow phase, from 180 to 900 s, NPQ relaxation

was faster in LLþ FR, whereas, in LL� FR, the decline was not

observed. In FL-2000/200 and FL-800/200, the addition of FR

hardly accelerated the NPQ relaxation and Y(II) recovery

(Fig. 6C–F).
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Relevance of the present observations in other

species and under field conditions

We also conducted measurements, similar to those shown in

Fig. 2, in Nicotiana tabacum, a sun species, and in Alocasia

odora, a shade tolerant species. According to their required

light conditions for growth, we chose different PPFD levels for

HL and LL (see Supplementary Figs. S5E–H, S8, S9). The results

obtained with A. thaliana were largely reproducible in these

species, namely that typical sun and shade plants also showed

the effect of FR on photosynthetic performance.

To compare the intensities of FR used in this study and those

in the field, we measured PFD over a range of 400–780 nm in an

open site and on the floor of a broad-leaved deciduous forest. In

the open site, PFD of FR (700–780 nm), around noon, attained

about 500 lmol m�2 s�1 on sunny days, whereas PFD of FR

(700–780 nm) on the forest floor ranged from 20 to 50 lmol

m�2 s�1 (Supplementary Fig. S10). On the forest floor, the PFD

of FR was always greater than that of red light (600–700 nm).

These results indicate not only that the FR intensities used in

this study were appropriate, but also that the presence of FR is

of importance in the consideration of photosynthesis in

the field.

Whether FR in the field contributes to the oxidation of P700

was examined by eliminating FR using an infra-red cut-off filter.

The A. thaliana plants were placed in an open site, and the

830 nm waveband and Chl fluorescence signals were moni-

tored. Although the presence and absence of the FR

(>700 nm) did not affect the response of the Chl fluorescence,

the P700 signal detected as the 830 nm reflectance clearly

decreased upon the elimination of FR. When FR was turned

off, Y(ND) decreased and Y(NA) increased. This result indicates

that, under these field conditions, FR contributed to the in-

crease in the fraction of P700þ (Supplementary Fig. S11).

Discussion

FR (>700 nm) hardly drives photosynthetic O2 evolution and

CO2 assimilation. Here, we examined the effect of FR on photo-

synthesis in FL, and the results are summarized as follows: (i) in

low AL, FR released the acceptor-side limitation on PSI and

simultaneously imposed the donor-side limitation on PSI

(Figs. 1, 2, 4); (ii) FR enhanced CO2 assimilation after the tran-

sition from HL to LL in the FL by accelerating both NPQ relax-

ation and Y(II) increase, probably because of acceleration of

DpH dissipation by FR (Figs. 2, 3, 5); (iii) the acceleration of

NPQ relaxation by FR occurred when the PPFD level in the LL

phase was low and that in the HL phase was sufficiently high

(Fig. 6); and (iv) similar results were obtained inN. tabacum and

A. odora (Supplementary Figs. S8, S9).

When FR was given solely, it induced an increase in the

oxidized P700 fraction [(P700þ)/(total P700)], whereas P700

was almost completely reduced in low AL (Asada et al. 1992,

Fig. 1). Addition of FR to low AL in FL increased the (P700þ)/

(total P700) ratio to a relatively high level. However, the NPQ by

P700þ limited neither Y(I) nor Y(II). In contrast, in the absence

of FR, the steady-state level of Y(II) in LL gradually decreased

with the FL cycle (Fig. 2C). Moreover, large limitation of the PSI

acceptor-side in low AL could lead to PSI photoinhibition upon

a sudden increase in PPFD (Kono et al. 2017). Thus, it appears

that the maintenance of some oxidized P700 contributes to the

well-balanced photosynthesis in FL (Joliot and Joliot 2006, Laisk

et al. 2010, Miyake 2010, Kono et al. 2017, Takagi et al. 2017).

FR drives CEF-PSI, when it is given solely (Miyake et al. 1995).

However, because the high activity of CEF-PSI inevitably limits

the LEF, if the rate of CEF-PSI induced by FR were high, Y(II) in

LLþ FR would be smaller than that in LL� FR. In reality, Y(II)

was greater in LLþ FR, although FR per se did not drive PSII

(Fig. 2 and Supplementary Fig. S6). Therefore, the electrons
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Figure 6. Effects of the FR intensity on NPQ relaxation (A, C, E and G)

and Y(II) recovery (B, D, F and H) in LL in various FLs. ,�FR; ,þl-FR;

�, þm-FR. The leaves that had been kept at 135mmol m�2 s�1 for

40min were treated in HL and then LL. HL/LL conditions were: (A

and B) (2000þm-FR)/(30þ x-FR); (C and D) (2000þm-FR)/

(200þ x-FR); (E and F) (800þm-FR)/(200þ x-FR) and (G and H)

(300þm-FR)/(30þ x-FR). Arrows show the timing of the shift from

HL to LL. Insets show the enlarged views for 180 s from the transition

to LL phase. The mean values of NPQ for these HLþm-FR treatments

were 2.00 in HL at 2000 mmolm�2 s�1, 1.78 in HL at 800mmol s m�2 s�1

and 0.43 inHL at 300mmolm�2 s�1, respectively. The data ofNPQandY

(II) were normalized by the value at the end of HL and LL, respectively.

Measurements were taken under the same conditions as those in Fig. 2.

Each data point represents the mean ± SD (n¼ 3).
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ejected from PSI by FR contributed more to linear electron

transport and CO2 assimilation. Enhancement of Pn would re-

quire more ATP synthesis, which might be supported by the

higher gHþ in LLþ FR than in LL� FR (Fig. 5). In this study,

however, we did not try to separate pmf into DpH and DW in

the way proposed by Sacksteder et al. (2000) and Cruz et al.

(2001) because the DIRK after LLþ FR showed the second

decay. Further investigations of the nature of the second decay

are required.

When the irradiance suddenly drops, the decrease in Pn

delays for several seconds, and thus the CO2 assimilation for

the cumulative irradiance is greater than that calculated based

on the steady-state rates under continuous light conditions

(Kirschbaum and Pearcy 1988, Pons and Pearcy 1992, Roden

and Pearcy 1993, Pearcy et al. 1996, Kirschbaum et al. 1998). FR

enhanced the post-illumination CO2 assimilation for about 20 s

after the shift from HL to LL (Fig. 2). In LL soon after HL, the

reducing power and the pools of RuBP and triose-phosphates

that accumulates in HL (Laisk et al. 1987) are used in the post-

illumination CO2 assimilation (Pearcy 1990). The post-

illumination CO2 assimilation also requires ATP (Hangarter

and Good 1982, Laisk et al. 1984, Sharkey et al. 1986, Pearcy

1990). High gHþ and vHþ in LLþ FR (Fig. 5) could reflect the

higher rate of ATP synthesis.

The prompt regulation of NPQ is a potent strategy for

improving photosynthesis in FL. When the irradiance drops,

the relaxation of NPQ is considerably delayed (P�erez-Bueno

et al. 2008). Thus, after the shift to LL, NPQ transiently limits

CO2 assimilation. In a modelling study of canopy photosyn-

thesis of total diurnal carbon loss because of the slow relaxation

of NPQ was estimated to be 13–32% lower than that of NPQ

relaxation without delay, upon the rapid change in the PPFD

(Zhu et al. 2004). Recently, aiming at suppressing NPQ limita-

tion, transgenic N. tabacum lines overexpressing VDE, zeaxan-

thin epoxidase and PsbS were created (Kromdijk et al. 2016).

These plants clearly showed faster NPQ relaxation and higher

Pn upon the PPFD drop than that of the WT. Here, we showed

in the WT that FR enhanced CO2 assimilation in the LL phase of

FL by accelerating NPQ relaxation. Using npq mutants, we

found that FR accelerated the relaxation of the qE-quenching,

resulting in higher Y(II) in LL to some extent (Supplementary

Figs. S3, S4).

Analyses of the npq mutants provided further insight into

the efficient response to the FL. In LL ± FR, Y(II) was higher in the

npq mutants than in the WT plant, suggesting that the qE-

quenching induced in HL limits photosynthesis in the next LL

phase in WT plants. In LL, the steady-state Y(I) in the WT did

not differ, irrespective of FR, but the steady-state Y(I) in the npq

mutants was much lower in LL–FR than in LLþ FR. This indi-

cates that qE-quenching is required to balance the LEF in FL,

especially in the absence of FR. On the contrary, the improve-

ment of Y(I) in LLþ FR indicates that FR is needed to balance

photosynthesis in FL, especially in the npq mutants.

FR intensities used in this study were similar to the levels

observed in the open field site and understory (Supplementary

Fig. S10). We also confirmed the FR effects in the FL in typical

sun- and shade-type plants (Supplementary Figs. S8, S9).

Furthermore, we examined the effects of FR elimination on

P700 excitation in the natural sunlight (Supplementary Fig.

S11). These results indicate that the present findings are general

and relevant in the field.

In contrast to LL, the effects of FR on Pn and PSII and PSI

photochemistry were not apparent in the HL phases FL (Fig. 2)

or in the continuous light at high PPFD levels (Supplementary

Fig. S6) in the A. thaliana plants. However, the NPQ relaxation

in LL� FR was faster after HLþ FR than after HL� FR (Fig. 4A).

This implies that FR affected the electron transport system in

HL to some extent, although its effect was not apparent in the

HL phases of FL, probably because the absorbed FR level was less

than the absorbed red AL. These observations were made in

pre-illuminated, fully activated leaves. Photosynthetic induc-

tion is mainly limited by the activation of the RuBP regeneration

processes, the Calvin–Benson cycle enzymes, such as Rubisco,

and stomatal opening (Pearcy 1990, Way and Pearcy 2012,

Kaiser et. al. 2015). We also measured the induction response

of Pn to a sudden increase in PPFD in the dark-treated leaves, in

which the Calvin–Benson cycle was inactivate and the stomata

were closed. The induction curves of Pn upon illumination with

red AL at 800 lmol m�2 s�1 for 30min were similar irrespective

of the presence or absence of FR (Supplementary Fig. S12).

Thus, FR may not affect the photosynthetic induc-

tion processes.

In N. tabacum (Supplementary Fig. S8) and A. odora

(Supplementary Fig. S9), Pn in the HL phases of FL was also

higher with FR than without FR. This implies that whether the

effects of FR in HL are apparent would depend on the species,

growth light, and FL conditions, such as the PFD levels of PAR

and FR. For more general trends of the FR-effects, more detailed

studies are needed. For the next step, we should confirm

whether the FR-effect on the acceleration of photosynthesis

and the NPQ relaxation is adaptive under field conditions.

In this study, we showed that the plants exposed to FL

photosynthesized well in the presence of FR by accelerating

the NPQ relaxation and Y(II) increase, which was probably be-

cause of the increased gHþ, reflecting both faster DpH dissipa-

tion and faster ATP synthesis. Although further studies are

needed to elucidate the detailed mechanism of the FR-effect,

this study not only showed the importance of FR under FL

conditions but also provided several seeds for future studies.

We need to pay more attention to FR when we study photo-

synthetic performance. Elucidation of the exact mechanism of

the FR-effect on photosynthesis is needed to truly understand

plant performance in natural environments.

Materials and Methods

Plant materials

WT A. thaliana ‘Col-0’ plants were pot-grown in a growth chamber at 23 �C and

relative humidity of 60%. In the 8-h photoperiod, light was provided by a bank of

white fluorescent tubes and the irradiance at the plant level was 135lmol m�2

s�1. Plants were irrigated 2–3 times a week with deionized water for 2 weeks

after germination, and afterwards with a 1 : 500 strength Hyponex 6–10-5 solu-

tion (Hyponex Japan). Mature rosette leaves from 7- to 10-week-old plants were

used in experiments.
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Arabidopsis thaliana mutants (npq1, Niyogi et al. 1998; npq4, Li et al. 2000)

were grown under the same environmental conditions as the Col-0 plants. The

npq1 and npq4 mutants are used in Supplementary Figs. S3, S4, respectively.

Nicotiana tabacum, a sun plant, was grown in a constant white light at

200lmol m�2 s�1 in a growth chamber with an 8 h/16 h light/dark cycle.

Alocasia odora, a shade plant, was grown in a constant white light at 60lmol

m�2 s�1 in a growth chamber with an 8 h/16 h light/dark cycle. Other envir-

onmental conditions were the same as those used for A. thaliana plants.

Nicotiana tabacum and A. odora plants are used in Supplementary Figs. S8,

S9, respectively.

FL and FR treatments

In this study, we used FL, in which HL at 800lmol m�2 s�1 for 10min and LL at

30 lmol m�2 s�1 for 15min alternated. For both HL and LL, red LEDs with a

wavelength peak at 630 nm were used. The FR, provided by LEDs with a wave-

length peak at 740 nm, was at 10.3W m�2 (m-FR). An integration of the spec-

trum shown in Supplementary Fig. S1 gave 50.4mmol m�2 s�1. This was an

appropriate level corresponding to those found in the field. FR was constantly

supplied throughout the FL treatments. When FR was used in combination with

the actinic red light, the FL treatments are abbreviated such as FL-(800þ FR)/

(30þ FR). In some experiments, high- and low FR at 25.6 (h-FR) and 3.47 (l-FR)

W m�2, corresponding to 126 and 15 mmol m�2 s�1 of PPFD, were used.

Gas exchange, Chl fluorescence and 830-nm

absorbance change measurements

Gas exchange, Chl fluorescence and absorption changes at 830 nm were meas-

ured simultaneously in intact leaves in a Dual-PAM Gas-Exchange Cuvette

(3010-Dual; Heinz Walz GmbH, Effeltrich, Germany) with a GFS-3000

(Portable Gas Exchange System; Walz, Effeltrich, Germany) and a DUAL-PAM-

100 (Chl fluorescence and P700 absorption analyzer equipped with a P700 dual

wavelength emitter at 830 and 875 nm; Walz, Effeltrich, Germany). The CO2

concentration in the leaf chamber was regulated with the GFS-3000 Control

Unit 3000-C. The O2 concentration in the air was controlled by mixing N2 gas

and O2 gas using mass flow controllers. The CO2 and O2 partial pressures in the

leaf chamber were 40 Pa and 20 kPa, respectively. The leaf temperature was

controlled at 23 �C. Vapor pressure deficit ranged from 0.6 to 0.75 kPa.

Saturation pulses (SPs) from red LEDs (7000lmol m�2 s�1, 400-ms dur-

ation) were applied to determine the maximum Chl fluorescence with closed

PSII centers after a dark treatment (Fm) and in AL (Fm
0). The maximum photo-

chemical quantum yield of PSII (Fv/Fm) in the dark was calculated as (Fm� F0)/

Fm, where F0 is the minimal Chl fluorescence yield in the dark. The effective

quantum yield of PSII in AL, Y(II), was calculated as (Fm
0 � F0)/Fm

0 , where F0 is the

Chl fluorescence level in the AL from red LEDs that peaked at 635 nm (Genty

et al. 1989). The coefficient of photochemical quenching, qL, a measure of the

fraction of open PSII reaction centers, based on the ‘lake model’ of PSII antenna

pigment organization, was calculated as (Fm
0 � F0)/(Fm

0 � F0
0)�F0

0/F0 (Kramer

et al. 2004). F0
0 is the minimal fluorescence yield in an AL and was estimated as

F0/(Fv/Fmþ F0/Fm
0) according to Oxborough and Baker (1997). Two other PSII

quantum yields, Y(NPQ) and Y(NO), which represent the regulated and non-

regulated energy dissipation in PSII, respectively, were calculated as F0/Fm
0 � F0/

Fm and F0/Fm, respectively (Hendrickson et al. 2004). These add up to unity with

the photochemical quantum yield [i.e. Y(II)þY(NPQ)þY(NO) ¼ 1]; for

details, see Klughammer and Schreiber (2008).

With the Dual-PAM-100, P700þwasmonitored as the absorption difference

between 830 and 875 nm in transmission mode. In analogy to the quantum

yields of PSII, the quantum yields of PSI were determined using the SP method

(Klughammer and Schreiber 1994). For the P700 parameters, the following

values were measured: P, P700 absorbance in AL, Pm, Pm
0 , maximum oxidizable

P700 levels in the dark and in AL, P0, and the level of the P700 full reduction. Pm
was determined by application of the SP in the presence of FR at 740 nm. As the

decrease in Pm is an indicator of PSI photoinhibition, it needed to be deter-

mined. We checked the intensity of FR to obtain an optimal level of Pm. In the

leaves light-treated at the growth PPFD of 135lmol m�2 s�1, we measured Pm
in FR light at 25.6W m�2. In the dark-treated leaves, the FR used was at a lower

intensity of 3.47W m�2. These observations might be related to the activation

state of the Calvin–Benson cycle and the pool size of stromal components that

accept the electrons from PSI by FR-dependent excitation of P700. Y(I), Y(ND)

and Y(NA) were determined in the AL. These add up to unity with the photo-

chemical quantum yield [i.e. Y(I)þY(ND)þY(NA) ¼ 1]. To oxidize the inter-

system electron carriers, we applied FR for 200ms before the start of the SP until

its cessation. When FR was added to the AL, the P700 absorbance signal showed

some drift (Supplementary Figs. S5, S7C, D). This is observed with most of the

DUAL-PAM systems. We routinely checked that P0 and Y(ND) were correctly

measured by the SP in the presence of FR (Supplementary Fig. S13). P0 was

obtained from the signal in the dark for 1000ms after the SP for 400ms. During

the dark interval, all the lights, including red AL, FR and SP, were turned off.

Measurements were carried out in the light-adapted leaves at 135mmol

m�2 s�1 for 30–40min to fully activate the Calvin–Benson cycle enzymes and

to open the stomata. When the HL phase transferred to the LL phase, the SP was

applied at 10, 40, 70, 120, 180, 300, 420, 540, 660, 780 and 900 s from the onset of

LL. Upon the transfer from dark to HL, or from LL to HL, the SP was applied at 10,

40, 70, 120, 180, 240, 300, 360, 420, 480 and 600 s from the onset of HL. These are

applicable to Figs. 2–4, 6.

Measurement of ECS signal

The pmfwas assessed bymeasuring the electrochromic absorbance shift (ECS or

P515) with the DUAL-PAM-100 using the P515/535 module. The ECS signal is

the difference between the transmittance at 550 nm and that at 515 nm

(Klughammer et al. 2013). For determinations of the rate of proton efflux via

the Hþ-ATPase (vHþ), the proton conductivity of the thylakoidmembrane (g
þÞ
H ,

(Joliot and Joliot 2002; Avenson et al. 2005) and the size of the pmf (Sacksteder

et al. 2000; Cruz et al. 2001), DIRK-analysis was conducted [for details, see Baker

et al. (2007)]. The ECS decay from the AL turn-off for 100–200ms in the dark

was fitted by one-component decay kinetics, A1e
�k1t þ B, where A1 is an amp-

litude constant, k1 is a rate constant and B is a constant. The rate of proton efflux

via the Hþ-ATPase was calculated as A1k1. Proton conductivity of the thylakoid

membrane was identical to k1. ECS signals were normalized by a single-turnover

flash for 10 ms.

Supplementary Data

Supplementary data are available at PCP online.
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