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Short Communication

Photosynthetic Characteristics of Rice Leaves Grown under Red Light with

or without Supplemental Blue Light

Ryo Matsuda !, Keiko Ohashi-Kaneko, Kazuhiro Fujiwara, Eiji Goto* and Kenji Kurata

Department of Biological and Environmental Engineering, Graduate School of Agricultural and Life Sciences, The University of Tokyo, 1-1-1

Yayoi, Bunkyo-ku, Tokyo, 113-8657 Japan

In rice plants grown under red light supplemented
with blue light (red/blue-light PPFD ratio was 4/1), photo-
synthetic rates per unit leaf area measured under white
light at 1,600 and 250 pmol m™ s™! were higher than those
in the plants grown under red light alone. The higher pho-
tosynthetic rates were associated with higher total N con-
tent of leaves, which was accompanied by larger amounts of
key components of photosynthesis-limiting processes,
including Rubisco, Cyt f, Chl and LHCII. These results
suggested that the increase in total N content of leaves
induced by supplemental blue light enhanced both light-
saturated and light-limited photosynthesis.

Keywords: Blue light — Gas exchange (photosynthesis) —
Light-emitting diode (LED) — Light quality — Nitrogen (leaf)
— Rice (Oryza sativa L.).

Abbreviations: LED, light-emitting diode; LHCII, light-harvest-
ing Chl a/b-binding protein of PSII; pCa, atmospheric CO, partial
pressure; PPFD, photosynthetic photon flux density; R, red light; RB,
red light supplemented with blue light; Rubisco, ribulose-1,5-bisphos-
phate carboxylase/oxygenase; RuBP, ribulose-1,5-bisphosphate; SPD,
spectral photon-number distribution.

Light quality (spectral distribution of light) affects vari-
ous characteristics of plants. Blue light is vital for the growth
and development of higher plants, because blue-light photore-
ceptors participate in many events of photomorphogenesis (for
reviews, see Briggs and Huala 1999, Christie and Briggs 2001).
Furthermore, supplementing red light from light-emitting diodes
(LEDs) with blue light promotes dry matter production in sev-
eral plant species, including pepper (Brown et al. 1995), wheat
(Goins et al. 1997), spinach, radish and lettuce (Yorio et al.
2001). These results suggest that blue light plays important
roles in both photomorphogenesis and dry matter production.
Blue light generally promotes stomatal opening more than
other light wavelengths (Sharkey and Raschke 1981, Karlsson
1986), and this stimulation of stomatal opening may contribute

to the enhancement of dry matter production. In fact, Goins et
al. (1997) observed in wheat that photosynthetic rates were
higher along with the increase in stomatal conductance in
leaves under red-LED light supplemented with blue light. They
suggested that the increase in photosynthetic rate by increased
stomatal conductance may be related to enhancement of dry
matter accumulation under red-LED light by supplemental blue
light. However, Yorio et al. (2001) reported that stomatal open-
ing was stimulated but photosynthesis was not enhanced in
leaves of lettuce under red-LED light supplemented with blue
light. Thus, the effects of blue light on dry matter productivity
and leaf photosynthesis remain unclear, and there may be varia-
tion with plant species.

On the other hand, several studies have shown that blue
light influences the biochemical properties of photosynthesis in
leaves. Plants grown under blue fluorescent lamps had higher
Chl a/b ratios (for a review, see Senger and Bauer 1987),
smaller amounts of light-harvesting Chl a/b-binding protein of
PSII (LHCII) per unit Chl content (Leong and Anderson 1984)
or per unit total protein content (Eskins et al. 1991), higher
photosynthetic electron-transport activities per unit Chl con-
tent (Leong and Anderson 1984) and higher ribulose-1,5-
bisphosphate (RuBP) carboxylase/oxygenase (Rubisco) activi-
ties per unit leaf area (Eskins et al. 1991) than plants grown
under red fluorescent lamps. However, it is not known whether
such changes in the biochemical properties of photosynthesis
are responsible for the differences in gas exchange between the
leaves of plants grown under red light with or without supple-
mental blue light.

In the present study we investigated how supplementing
red light with blue light during growth affects the photosyn-
thetic characteristics of leaves. We grew rice (Oryza sativa L.)
plants hydroponically under red light alone (R) or supple-
mented with blue light (RB) in nutrient solutions with 0.5, 2 or
8 mM N and examined the photosynthetic characteristics of
young, fully expanded leaf blades. Because leaf photosynthe-
sis is strongly dependent on total leaf N content and N parti-
tioning among photosynthetic components (for reviews, see
Evans 1989, Terashima and Hikosaka 1995), we evaluated gas-
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exchange characteristics in relation to total leaf N content and
N partitioning among photosynthetic components. Rice was
used as the plant material because the response of photosynthe-
sis to leaf N content has been characterized in detail in this
plant (for a review, see Makino 2003).

As a light source, red and blue LEDs, which characteristi-
cally have narrow bandwidths, were used to avoid contamina-
tion with undesired wave bands. Fig. 1 shows the spectral
photon-number distributions (SPDs) of R and RB. For RB, blue
light was mixed with red light at 20% of the total photosyn-
thetic photon flux density (PPFD). This ratio was determined
based on the suggestion that 1-10% blue light was effective in
enhancing dry matter production and leaf photosynthesis
(Brown et al. 1995, Goins et al. 1997, Yorio et al. 2001). PPFD
of both R and RB was adjusted to 240 umol m™ s~ at the tops
of the plants. The photon flux densities absorbed by the leaf
blade of rice, calculated from Fig. 1 and the spectral
absorptance from 400 to 700 nm in the leaf blade, was about
210 pmol m™ s™' for either R or RB. This means that the
number of photons available for photochemical reactions was
nearly the same in the plants under R and RB. In addition, phy-
tochrome photoequilibria, the ratios of active phytochrome
(Pgg) to total phytochrome (Pg; + Py), under R and RB were
nearly the same. The calculated values of phytochrome pho-
toequilibria were 0.89 and 0.88 under R and RB, respectively.
Therefore, differences in the reversible action of phytochrome
between the plants under R and RB were negligible.

600 700 800

was provided from red and blue LEDs. The
number of photons was counted for every 1 nm.

We first measured light-saturated and light-limited rates of
photosynthesis per unit leaf area at PPFDs of 1,600 and
250 umol m™ s7!, respectively, and an atmospheric CO, partial
pressure (pCa) of 36 Pa. A white halogen lamp was used as the
measurement light source. The light-saturated rate of photosyn-
thesis in the RB-grown plants was 88% higher than that in the
R-grown plants in the nutrient solution with 2 mM N (Table 1).
The light-limited rate of photosynthesis was also 53% higher in
the RB-grown plants than in the R-grown plants (Table 1). The
RB-grown plants had a significantly higher total leaf N content
in addition to higher rates of photosynthesis than the R-grown
plants (Table 1). Similar differences in the photosynthetic rates
and total leaf N content between the plants grown under R and
RB were observed when the plants were grown in a nutrient
solution containing 0.5 or 8 mM N (data not shown).

The light-saturated photosynthetic rate in the plants grown
in the nutrient solutions with three N concentrations was line-
arly correlated with total leaf N content in each light treatment
(Fig. 2a). Although the y-intercept of the regression line for the
RB-grown plants was significantly different from that for the
R-grown plants, the higher total leaf N content in the RB-grown
plants greatly contributed to the higher photosynthetic rate. The
light-limited photosynthetic rates plotted against total leaf N
content regressed to the same line in both R- and RB-grown
plants (Fig. 2b). The slope of the regression line under light-
limiting conditions (250 pmol m s™") tended to be gentler than
that under light-saturating conditions (1,600 pmol m=2 s7).

Table 1 Net photosynthetic rates and total N content per unit leaf area in rice plants grown

under R or RB in a nutrient solution with 2 mM N

) Net photosynthetic rate (umol CO, m2s™") %° Total leaf N content
Light treatment > 1 B R— 2\ a
1,600 pmol m2s7! ¢ 250 pmol m2 57! ¢ (mmol m™)
R 5.8+ 1.08* 4.04 + 0.442% 49.9 + 0.98*
RB 10.9 £ 1.33% 6.18 £ 0.646* 57.1 £2.38%

¢ Mean = standard errors (n = 4-6). Means in each column with an asterisk (*) are significantly different at

the 5% level by ¢ test.

® Measurements were made at a pCa of 36 Pa, a leaf temperature of 27°C, and a leaf-to-air vapor pressure dif-

ference of 1.1 £ 0.1 kPa.

¢ Measurement PPFD. Light was provided by a white halogen lamp.
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Moreover, although the mean value of stomatal conductance in
the RB-grown plants was higher than that in the R-grown
plants under either measurement PPFD (data not shown),
higher stomatal conductance in the RB-grown plants was asso-
ciated with a higher total leaf N content (Fig. 2c, d). These
results suggest that enhancement of both light-saturated and
light-limited photosynthesis by supplemental blue light prima-
rily results from the increase in total leaf N content. Hirose and
Werger (1987) found that the positive correlation between
photosynthetic rate and leaf N content was gradually lost as the
PPFD lowered. This trend may reflect the fact that light-limited
photosynthesis is not necessarily limited by leaf N content
(Hirose and Werger 1987, Makino et al. 1997b). In rice, how-
ever, a positive correlation between photosynthetic rate and leaf
N content was observed at 350 umol m™ s™' PPFD, particu-
larly in leaves with a low N content (Makino et al. 1997a,
Makino et al. 1997b). In this study, both R- and RB-grown
plants had a relatively low total leaf N content, and therefore
the photosynthetic rate measured at 250 pmol m~= s PPFD
may be positively correlated with total leaf N content.

We next compared N allocations to several key compo-
nents of photosynthesis-limiting processes in the RB-grown
plants with those in the R-grown plants. We determined the
amounts of Rubisco, a key enzyme of RuBP carboxylation, Cyt
f, a rate-limiting factor for electron transport, and Chl and
LHCII, light-harvesting components (Makino et al. 1994). The
mean amounts of all measured photosynthetic components
were significantly larger in the RB-grown plants than in the
R-grown plants under all N-treatment conditions (data not

covariance; otherwise a single regression
equation was given.

shown). The larger amounts of photosynthetic components in
the RB-grown plants than in the R-grown plants were mainly
caused by the higher total leaf N content (Fig. 3), as was the
case for the higher photosynthetic rate caused by RB irradia-
tion. For Rubisco, Chl and LHCII, there were significant differ-
ences in the y-intercepts of the regression lines between the
plants grown under R and RB conditions. However, the ranges
in which data points overlapped between the plants grown
under R and RB conditions were small. Therefore, it is diffi-
cult to conclude whether the increase in the amounts of photo-
synthetic components in the RB-grown plants can be explained
solely by the increase in total leaf N content, or whether slight
changes in N partitioning among photosynthetic components
are additionally involved.

In summary, rice plants grown under RB conditions
showed higher light-saturated and light-limited photosynthetic
rates than those grown under R conditions, and this was associ-
ated with a higher total leaf N content. The increased total leaf
N content was accompanied by increases in the amounts of key
components of photosynthesis-limiting processes. We consid-
ered that this was a major cause of the enhancement of both
light-saturated and light-limited photosynthesis by supplement-
ing red light with blue light in rice plants.

Anderson et al. (1995) proposed that specific blue-light
perception might be involved in adjustments of photosynthetic
apparatus stoichiometry in response to different light environ-
ments. Blue light is more effective in the formation of ‘sun-
type’ chloroplasts than red light in pea (Ldpez-Juez and
Hughes 1995) and Arabidopsis thaliana (Walters and Horton
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Fig. 3 Rubisco (a), Cyt f (b), Chl (c) and
LHCII (d) contents per unit leaf area ver-

sus total N content per unit leaf area. For

(a), y = 0.0269x — 0.535, * = 0.57 (R); y =
A, 0.0271x — 0.406, r* = 0.79 (RB). For (b), y
= 0.0136x — 0.269, * = 0.45 (R and RB).
For (c), y = 0.00458x + 0.0916, r* = 0.75

(| (R); y = 0.00385x + 0.140, r* = 0.69 (RB).
o For (d), y = 0.00396x — 0.0161, +* = 0.34
A (R); y = 0.00442x — 0.0349, 2 = 0.60
O (RB). Separate regression equations were
given for R and RB when the slopes or y-
intercepts were significantly different at
the 5% level by F test in the analysis of
covariance; otherwise a single regression
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1995). According to Makino et al. (1997a), when rice plants
were grown under white light, leaves developing under higher
irradiance had a lower Chl content, a higher Chl a/b ratio and
slightly larger amounts of electron-transport components at a
given leaf N content than those developing under lower irradi-
ance. N allocation to Rubisco did not differ between sun- and
shade-type leaves of rice (Makino et al. 1997a). In this study,
the Chl a/b ratio in the plants grown under RB was slightly
higher than that in the plants grown under R. The mean values
of Chl a/b ratio obtained under all N-treatment conditions were
3.20 £ 0.017 and 3.27 + 0.014 in the R- and RB-grown plants,
respectively. However, no apparent difference due to light treat-
ment in N partitioning between the light-harvesting and elec-
tron-transport components was found under the conditions of
this study. Thus, it is difficult to determine whether rice leaves
developing under RB have sun-type characteristics when com-
pared with those developing under R. It has been reported that
dicotyledonous species tend to be more sensitive to blue light
than monocotyledonous species, at least with regard to mor-
phogenesis at the whole-plant level (Britz and Sager 1990,
Dougher and Bugbee 2001). It is possible that the response of
the photosynthetic properties at the single leaf level to blue
light also differs between monocots and dicots. Further studies
focusing on the differences between species and quantitative
analysis of responses to blue light are required.

Rice (cv. Sasanishiki) plants were grown hydroponically
in environmentally controlled chambers equipped with a LED
panel (LHP0364-040; Iwasaki Electric Co., Tokyo, Japan),
which was composed of 1,296 red and 648 blue LEDs. Seeds

40 60 80 equation was given. Symbols are as

described for Fig. 2.

were germinated on a plastic net floating on tap water and
grown for 21 d under white fluorescent lamps in an environ-
mentally controlled room (320 + 20 umol m™ s™' PPFD at the
tops of the plants during a 16-h photoperiod, 25 + 2/20 + 2°C
day/night temperatures). Two seedlings were then transplanted
to each of 18 plastic bottles (500 ml) containing a nutrient solu-
tion and were grown under R or RB in the environmentally
controlled chamber. A total of 18 seedlings were subjected to
each set of light treatment conditions. Growth conditions were
as follows: 240 umol m> s PPFD at the tops of the plants
during the 12-h photoperiod, 27 + 1/20 + 1°C day/night tem-
peratures and 75 £ 10% relative humidity. The basal nutrient
solution used was prepared according to Mae and Ohira (1981)
and was renewed once a week. The strength of the nutrient
solution was varied depending on plant growth as follows (days
after germination): 1/3, on 21 and 28 d; 1/2, on 35 d; 2/3, on
42 d; and full, from 49 d. From 42 d after germination, six
plants under R and RB were supplied with a nutrient solution
with 1/4-, 1- or 4-fold N concentration relative to the standard
N concentration. The N concentrations in nutrient solutions
from 49 d were 0.5, 2 and 8 mM. All measurements were made
on young, fully expanded leaf blades of 54- to 87-day-old
plants.

PPFD was measured using a quantum sensor (LI-190SA;
Li-Cor Inc., Lincoln, NE, U.S.A.). SPD was calculated from
the spectral energy distributions of the red and blue LEDs,
which were measured using a spectroradiometer (MSR-7000;
Opto Research Co., Tokyo, Japan). Spectral absorptance was
measured using the spectroradiometer with an integrating
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sphere. SPD and spectral absorptance were counted for every
1 nm. Phytochrome photoequilibrium was calculated accord-
ing to Sager et al. (1988).

Gas-exchange rates were measured using a portable
gas-exchange measurement system (LI-6400; Li-Cor Inc.).
Light was provided from a 35-W white halogen lamp
(JR12V35WKW/3GZ4; Phoenix Electric Co., Hyogo, Japan),
and PPFD was adjusted by shading with cloths. All measure-
ments were made at a leaf temperature of 27°C and a leaf-to-air
vapor pressure difference of 1.1 £ 0.1 kPa.

A single leaf blade was homogenized with a chilled pestle
and mortar in 50 mM Na-phosphate buffer (pH 7.0) containing
2 mM Na-iodoacetate, 0.8% (v/v) 2-mercaptoethanol and 5%
(v/v) glycerol. Chl, Rubisco and total leaf N content was deter-
mined from a part of this homogenate according to the meth-
ods of Makino et al. (1994). A calibration curve for Rubisco
determination was made with Rubisco purified from tomato
leaves. For determination of LHCII, the insoluble fraction was
prepared according to the method of Makino et al. (2003) and
was subjected to SDS-PAGE. The LHCII content was deter-
mined spectrophotometrically by formamide extraction of the
Coomassie-Brilliant-Blue-R-250-stained bands (Makino et al.
1986) corresponding to approximately 27 and 25 kDa from the
gel. A calibration curve was made with bovine serum albumin.
The 27- and 25-kDa polypeptides were identified as LHCII
apoproteins by immunoblotting using a polyclonal anti-LHCII
antiserum. Cyt f content was estimated according to the method
of Ohashi et al. (1998). The millimolar extinction coefficient
used was 20 mM ™' cm™ (Bendall et al. 1971).
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