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Effects of Chilling Stress on Photosynthetic Rate and Chlorophyll
Fluorescence Parameter in Seedlings of Two Rice Cultivars Differing

in Cold Tolerance
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Abstract: A cold-tolerant cultivar, Xiangnuo 1, and a cold-sensitive cultivar, IR50, were used to study the influence of chilling on

photosynthetic rate and chlorophyll fluorescence parameters in rice seedlings. The photosynthetic rates declined dramatically during

chilling, and decreased by 48.7% and 67.5% in Xiangnuo 1 and IR50 seedlings, respectively, after being subjected to chilling

treatment for two days. Chlorophyll fluorescence measurements showed that relatively higher gp and gne in Xiangnuo 1 were

maintained to dissipate the redundant excitation energy and protect the reaction centers from chill injury; accordingly, redundant

excitation energy accumulated less in the reaction centers, and antenna systems were less injured by chilling in Xiangnuo 1. On the

contrary, in IR50, gp and gne declined rapidly while Ey increased, as the chilling persisted. This result indicated that the reaction

centers and antenna systems in IR50 were damaged severely by chilling, which led to the lower photosynthetic rate.
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It has been reported that rice showed damage
from chilling when the temperature was lower than
10-12°C ™. The injury to metabolism and
physiological process in rice upon chilling is
irreversible, including the increased membrane
permeability, inhibition of chlorophyll synthesis 13,
the broken chloroplast ®, and eventually the
decreased photosynthetic ability. Moreover, it was
investigated that the photo-inhibition more easily
occurred under low temperatures both in cold-tolerant
and cold-sensitive plants . Chilling lowered the
activity of dark reaction in chloroplast stroma [,
reduced the light-dependent reaction activity in
thylakoid membrane '®, decreased the light
energy-transferring and converting efficiency of PSII
in the thylakoid membrane !, and reduced CO,
assimilation activity. Furthermore, the activity of the
light-dependent reaction was more sensitive to
chilling than that of the dark reaction . Kaniuga ©®
reported that chilling reduced the activity of Hill
reaction, and inhibited the electron transmission
activity. Moreover, the inhibition happened mainly at
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the oxidation side of PSII . As we known,
excessive excitation energy increased in plant under
chilling stress. This energy could be dissipated
through various paths such as the dissipation and the
heat emission (NPQ) in photochemical reaction of
photosynthesis. Also, a relevant study showed that
under medium illumination at 4°C, excessive light
energy could be dissipated through photochemical
mechanism in barley. Consequently, excessive light
energy could be dissipated via the xanthophyll cycle
in barley and in the cold-tolerant rice cultivars, but not
in the cold-sensitive rice cultivars. This discrepancy
suggested the mechanism responsible for the
cold-sensitive phenomena occurrence 3. There are
still no reports about the difference of light energy
alocation and excessive excitation energy dissipation
between these two rice cultivars upon chilling. In
present study, photosynthetic rate and chlorophyll
fluorescence were measured in rice cultivars with
different cold-tolerance. We expected to speculate the
relationship between difference on photosynthetic
ability of rice cultivars and the differences on energy
alocation and excessive excitation energy dissipation
upon chilling.
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MATERIALS AND METHODS

Plant materials

Rice (Oryza sativa L.) cultivars Xiangnuo 1
(cold-tolerant) and IR50 (cold-sensitive) were cultured
to three-leaf stage with the method described by
Liu et ad ™ and then were transferred to an air-
conditioned chamber (8°C) with a photon flux density
(PFD) of 160 pmol/(m? +s) and 80% relative humidity.
The control was set under normal temperature (28°C)
in another chamber with the same PDF and relative
humidity. After chilling treatment for five days, the
treatment was transferred to the control conditions for
two additional days under control conditions. The rice
leaf for determination was randomly sampled every
day after exposed to chilling.

Photosynthetic rate

TPS-1 portable photosynthetic measurement
system (PP-Systems, UK) was used to measure the
photosynthetic rate. When measuring, the light
intensity above leaf room was 800-1000 pmol/
(m? s, air current velocity was 300 mL / min in the
leaf room, and the photosynthetic rate was expressed
by P, [umol CO,/ (m? + 9)].

Chlorophyll fluorescence analysis

A pulsemodulated  fluorometer FMS-1
(Hansatech, UK) was used to analyze the dynamic
fluorescence parameters. Initial fluorescence yield F,
was measured under the examining light [<0.05 pwmol
/(m? + 5)] after the leaves were set in the dark to adapt
for 20 min. Then F,/F, was measured under the
saturated pulse light [12 000 pmol /(m® < s)]. The
inside source turning light [180 umol /(m? ¢ s)] was
turned on, examining light and saturated pulse light (1
pulse) were used alternatively to measure maximum
fluorescence Fy,. Then the function light was closed
and far infrared was used immediately to measure F,'/
Fn and Fo' in light when the @PSII kept stable
through recorded fluorescence parameters and
fluorescence quenching curve periodicaly. All
parameters were measured repeatedly 5 times.

According to the methods of Schreiber ¥ and Adams ™,

the parameters were calculated based on the formula
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below:
Lero)=1—(0p - F\'/Fn)/0.83,
P=F,/ Fy' - Op,
D=1—F,/Fy,
E=F/Fy (1_qP)

RESULTS

Changes of photosynthetic rate

P,, decreased by 48.7% and 67.5% in Xiangnuo 1
and IR50 after they were subject to chilling for two
days, respectively. P, decreased by 85.0% and 94.4%
in the two cultivars after five days, respectively. When
they recovered under control conditions for two days,
P, in Xiangnuo 1 increased to the control level, while
P, in IR50 continued to decline until only weak
respiratory rate could be detected (Fig. 1).

Analysis of chlorophyll fluorescence

Generally, F /Fp, is used to reflect the origina
photochemical efficiency of PSII. F,/F,, decreased in
the two rice cultivars, but severely in IR50. When two
cultivars were subject to chilling for three days or five
days, F./Fy, in Xiangnuo 1 decreased by 26.2% and
40.3%, whereas, in IR50 it decreased by 46.6% and
69.2%. After they recovered under control conditions
for five days, Fu/Fr, in Xiangnuo 1 returned to origina
level, but it did so more slowly in IR50 (Fig. 1).

gp is a ratio of opened reaction centers to tota
reaction centers in PSII . Upon chilling, gr in
Xiangnuo 1 declined rather slowly, whereas in IR50 it
declined continuously by 25.8% and 51.1% after
chilled for three and five days, respectively.
Eventually, ge could recovered to the control level in
both cultivars when they were returned to control
conditions (Fig. 1).

gne in Xiangnuo 1 and IR50 was greater than the
control upon chilling. Chilling-induced changes in gnp
was little in Xiangnuo after chilled for one day, but it
increased gradually and above the control level from
an onward. In contrast, qup in IR50 increased rapidly
after chilling for one day. Then it decreased gradually
as the chilling continued. Eventually, gne could
recover in both cultivars when they were under
control conditions (Fig. 1).
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Fig. 1. Photosynthetic rate and fluorescence parameters of rice
cultivars Xiangnuo 1(A) and IR50(B) under chilling treatment
and after restoring at room temperature.

R1, R2 refer to 1 d and 2 d after restoring at room temperature,
respectively.

The light energy absorbed by the plant leaf can be
divided into three parts according to the fluorescence
parameter. The first is that energy dissipated through
the antenna system called D. The second is used in the
photochemical reaction called P; the last is depleted
through the photochemical reaction in reaction centers
called E.. In this study, D increased in both cultivars
as the chilling continued, D increased non-
significantly by 60.6% and 66.4% in Xiangnuo 1 and
IR50, respectively. Consequently, D recovered in
Xiangnuo 1 under control conditions for one day, but
it needed two daysin IR50 (Fig. 1).

The vaue of P decreased rapidly by 45.8% and
63.4% in Xiangnuo 1 and IR50 upon chilling for three
days, and by 57.2% and 83.5% after five days,
respectively. In case of return to control conditions, P
recovered to the control level faster in Xiangnuo 1
than in IR50 (Fig. 1). In contrast with D and P, E, was
lower in both cultivars. Ex only significantly
increased in IR50 upon chilling (Fig. 1).

DISCUSSION

Of al the physiologica processes, photo-
synthesis is affected heavily by chilling. When therice
seedlings were chilled, the superstructure of
chloroplasts is damaged severely !, and the electron
transfer function decreased % It was reported that in
Xiangnuo 1, membrane permeability kept stable at
three-leaf stage at 8°C for five days, wheress, it
increased continuously in IR50, which meant that
Xiangnuo 1 was more tolerant to chilling than IR501%),
In this research, photosynthetic rate decreased in both
cultivars, and it was higher in the cold-tolerant
cultivar Xiangnuo 1. As we know, F,/Fy, values are
used to estimate the original photochemical efficiency
in PS 1I ™ which directly influence the
photosynthetic rate under low light intensity™. A
study by Li*¥ on chlorophyll fluorescence in flag
leaves in indica rice varieties with different
cold-tolerance suggested that F,/F, decreased more
rapidly upon chilling in the light than in the dark.
Moreover, F./Fy, decreased more in the cold-tolerant
cultivar than in cold-sensitive cultivar, but it recovered
quickly under normal temperature with weak light.
In this study, F./Fp, decreased in both cultivars upon
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chilling with weak light, but it decreased more
severely in the cold-sensitive cultivars, indicating that
the decrease of F,/F, was consistent with the
tolerance to chilling in rice cultivars, which was also
consistent with the study on tomato cultivars with
different cold-tolerance.

The utilization of light energy in plant includes
energy transfer through the photochemical reaction,
the production of non-photochemical heat, and
excessive energy dissipated in the form of chlorophyll
fluorescence. A change in the photochemical reaction
and heat dissipation could cause change of chlorophyll
fluorescence  quenching, which  consists  of
photochemical and non-photochemical quenching. It
was reported that the activity of reaction centers and
electron transfer antennae in PSIIwere affected by
chilling, which would lead to photoinhibition in PSII
because of photo-damage to reaction centers and the
decrease of ability in trapping excitation energy in
reaction centers ®. The study showed that
non-photochemical quenching was a self- protective
mechanism that played a role in protecting the
photosynthetic apparatus and that was helpful to resist
photoinhibition upon chilling. Thus, it was regarded
that photoinhibition was caused by inefficient NPQ
path in photoinhibition-sensitive rice ™. In our study,
the energy alocated to photochemical reaction
decreased. While the energy allocated to dissipation in
antennae and reaction centers increased. The result
indicated that during the decrease of photosynthetic
rate in rice, excessive dissipation energy increased in
photosynthetic  apparatus. Therefore, the heat
dissipation increased in the antenna system, with less
decrease of energy in the photochemical reaction. On
the other hand, the injury to light reaction centers was
less in the cold-tolerant rice cultivar, which led to
higher photochemical efficiency and less energy
dissipation allocated to antenna system. At the same
time, this study indicates higher photochemical
efficiency as well as increasing gnp in Xiangnuo 1
both help to dissipate the redundant energy, which
may be the reason that it was more tolerant to chilling
and had higher photosynthetic efficiency. Whereas, in
IR50 gp decreased more and the gyp route did not
developed efficiently. This probably was because
partial reaction centers were inactive and the antenna
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system was damaged upon chilling. Therefore, the
photosynthetic ability was suppressed in IR50 by
aggregation of excessive excitation energy.

There were multiple effects on physiological and
biochemical mechanisms and photosynthesis in rice
seedlings upon chilling. Not only the change of
fluorescence spectrum could be affected by the change
in leaf color, leaf components, and membrane lipids,
but also the photosynthetic rate could be affected by
the change in the metabolism of photosynthetic
enzymes. Consequently, in this paper, it was just a
simple speculation of the change of photosynthetic
rate according to the change of PSII analyzed by
fluorescence parameters, and further study is needed
to interpret their relationship. Moreover, further study
is aso needed to show whether the chilling played a
direct effect on photosynthetic rate and chlorophyll
fluorescence parameters.

REFERENCES

1 Lyons J M. Chilling injury in plants. Ann Rev Plant
Physiol, 1973, 24: 445-451.

2 Zeng N Y, He J X, Zhao W, Liang H G Changes in
components of pigments and proteins in rice
photosynthetic membrane during chilling stress. Acta Bot
Bor-Occ Sin, 2000, 20(1): 8-14. (in Chinese with English
abstract)

3 Chen S N, Zou X J, Liang B. Electronmicroscope
observation on membrane system of leaf cells of some
varieties of rice seedlings with different cold- resistance.
Plant Physiol Comm, 1997, 33(3): 191-194. (in Chinese)

4 Hetherington S E, He J, Smile R M. Photoinhibition at
low temperature in chilling sensitive and resistant plants.
Plant Physiol, 1989, 90: 1609-1615.

5 Weeden N F Buchanan B B.
fructose-1,6-bisphosphatase—A potential targets in low
temperature stress. Plant Physiol, 1983, 72: 259-261.

6 Li B LiuH X,WangY R, LiangC Y, Guo Z Y. Effect of

chilling on photosynthesis in flag leaves at primary

Leaf cytosolic

heading stage of F, hybrid rice cultivars and their parental
lines (three lines). Acta Bot Sin, 1990, 32(6): 456-464. (in
Chinese with English abstract)

7 Li P Chen Y Z, Li X P Effects of chilling stress
temperature on photosynthesis and photosynthate
transport in flag leaves of hybrid rice at milky stage. Acta
Bot Sin, 1994, 37(7): 544-551. (in Chinese with English



WANG Guo-li, et a. Effects of Chilling Stress on Photosynthetic Rate and Chlorophyll Fluorescencein Seedlings of Rice 191

10

11

12

13

abstract)

Kaniuga Z, Zabek J, Sochanoeicz B. Photosynthetic
apparatus in chilling-sensitive plants. Contribution of
loosely bound managese to the mechanism of reversible
in activation of Hill reaction activity following cold and

dark storage and illumination of leaves. Planta, 1979, 144:

490-502.
Li M R, LiuH X, Wang Y R. Effects of low temperature
and light on photosynthetic electron transmission activity
in cucumber seedlings cotyledon. Acta Phytophysiol Sin,
1993, 19(1): 23-30. (in Chinese with English abstract)

He J X, Zeng Y, Yi J, Liang H G Effects of low
temperature on photochemical function and levels of
thylakoid proteins of Chloroplasts in rice seedlings.
Chinese J Rice Sci, 1999, 13(2): 99-103. (in Chinese with
English abstract)

Kee S C, Martin B, Ort D R. The effects of chilling in the
dark and in the light on photosynthesis of tomato:
electron transfer reaction. Photosyn Res, 1986, 8: 41.

Xu C C, Jeon J A, Lee C H. Relative contribution of
photochemical  and

non-photochemical  routes to

excitation energy dissipation in rice and barley
illuminated at a chilling temperature. Physiol Plant, 1999,
107: 447-453.

LiuCL,ChenHP, LIUEE,Peng X X,LUuSY,GuoZ F.
Multiple tolerance of rice to abiotic stresses and its
relationship with ABA accumulation. Acta Agron Sin,

2003, 29: 725-729. (in Chinese with English abstract)

14

15

16

17

18

19

20

21

Schreiber U, Schliwa U, Bilger W. Continuous recording
of photochemica and nonphotochemical chlorophyll
fluorescence quenching with a new type of modulation
fluorometer. Photosyn Res, 1986, 10: 51-62.

Adams III W W, Demming-Adams B, Logan B A,
Barker D H, Osmond C B. Rapid changes in xanthophyll
cycle- dependent energy dissipation and photosystemII

efficiency in two vines, Sephania japonica and Smilax
australis. Growinng in the understory of an open
Eucalyptus forest. Plant Cell Environ, 1999, 22:125-136.

Huang M Y, Guo Z F. Responses of antioxidative system
to chilling stress in two rice cultivars differing in
sensitivity. Biol Plant, 2005, 49(1): 81-84.

Krause G H, Weis E. Chlorophyll fluorescence and
photosynthesis: The basic. Ann Rev Plant Physiol Plant
Mol Biol, 1991, 42: 313-349.

XuD Q, ShenY G Thelimit factors of photosynthesis. In:
Yu SW. Plant physiology and molecular biology. Beijing:
Science Press, 1998. 262-277.

Li P Li X B Chen Y Z. Effect of chilling stress induced
photoinhibition stress on chlorophyll fluorescence in flag
leaves at heading stage in indica rice varieties with
different cold tolerance. Chinese J Rice Sci, 2000, 14(2):
88-92. (in Chinese with English abstract)

Jung S, Steffen K L, Lee H J Comparative
photoinhibition of a high and low dltitude ecotype of
tomato to chilling stress under high and low light
conditions. Plant Sci, 1998, 134: 69—77.

Mauro S, Dainsese P, Lannoye R, Bassi R. Cold-resistant
and cold-sensitive maize lines differ in the
phosphorylation of the photosystem Il subunit, CP29.
Plant Physiol, 1997, 115(1): 171-180.



