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from the Reaction Center Complex Induced by Saturating
White Irradiation Differs from the Transition from State

1 to State 2 Induced by Weak Red Irradiation

1,2 1**
CHEN Yue ™, XU Da-Quan
(1 Inditute of Plant Physiology and Eoology, Shanghai Ingtitutes for Bidogical Sdenes, Chinee Academy of Sdenass,
Shanghai 200032, China; 2 Graduate University of Chinese Academy of Siences, Bdjing 100049, China)

Abstract: The dfects of different irradiance pre-treatments on leaf photasynthesis and low temperature ( 77K) chlorgphyil
fluorescence (LTCF) parameters F68, F735, and F685 K735 were obsarved in Arabidopsis, wheat, and oybean |eav-
es . The curve of photosynthetic responsing to irradiance transition from saturating to limiting one in Arabidopds wild-type
| eaves was the V pattern, while the curve in Arabidopsis mutant lacking chloroplest protein kinase STN7 was the L pattem .
Saturating white irradiation (SWV1) could induce the sgnificantly decreased F685 K735 without a dgnificantly increased
F735, while weak red irradiation (WRI) could lead to the significantly declined F685 K735 with a significantly increased
F735 . The results showed that the attachment of dissociated LHC Il to PS | in Arabidopsis wild-type leaves, indicating that

WRI can cause the transition from state 1 to sate 2, while SNVI can only induce LHC Il dissociation from PSII reaction cen-
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ter complex . Moreover the results of LTCF analysis demonstrated that SWVI could induce the LHC 11 dissociation in soybean
but not wheet |eaves, while WRI could cause the state trangtion in wheat but not soybean leaves . Hence the LHC |1 disso-
ciation caused by SWI in Arabidopss wild-type and soybean leaves was not a typica phenomenon of the state transition .

Key words: Arabidgpss; Light-harveging complex of photogystem Il (LHC 1) ; Low temperature (77K) chlorophyll fluo-

rescence; Net photosynthetic rate; Reversible dissociation; State transition

The largest efficiency of photosynthess depends
on the cooperation of the photosystem Il (PS I1) and
photosysem | (PS 1), while the cooperation relies on
the balanced distribution of excitation energy between
the two photosysems . However, due to the difference
in radiation absorption property between the two photo-
systems and the change in quality of sunlight reaching
the photosynthetic apparatus at different time during
day, the recelved excitation energy is often unbalanced
between the two photosystems . State trangtions provide
a mechanism whereby more balanced excitation of the
two photosystems can be achieved (Fork and Satoh,
1986; Niyogi, 1999; Haldrup & al., 2001) .

The state trandtion initially discovered by Murata
(1969) and Bonaventura and Myers (1969) is involved
In a reversible asociation of some light-harvesting com-
plex 11 (LHC I1) with either PSII or PSl . During the
transition from gate 1 to 2, some LHC |Is are phospho-
rylated, migrate to undacked thylakoids, and attach to
PS| (Bassi & al., 1988; Valon et al., 1991; Allen,
1992; Samson and Bruce, 1995; Horton & al., 1996;
Ga et al., 1997; Tan et al., 1998; Lunde et al.,
2000; Snyders and Kohorn, 2001) . In reverse, these
phosphorylated LHC Ils are dephosphorylated, return to
stacked thylakoids, and re-attach to PS Il when trans-
lating from state 2 to 1 . In these events, the protein
kinase Sit7 or STN7 is required for LHC Il phasphory-
lation and date transition (Degge et al., 2003; Bd-
lafiore & al., 2005) .

Similar to state trangtions, the reversible dissoci-
ation of some LHC lls induced by saturating irradiance
(81) (Hong and Xu, 1999; Chen and Xu, 2006) is
aso involved in LHC Il phosphorylation and dissocia-
tion from PS | core complex (Allen et al., 1981; Ben-
nett, 1991; Harrison and Allen, 1991; Allen, 1992;
McCormac & al., 1994; Wollman, 2001) . Then, the
guestions rise: whether or not the reversible LHC I
dissociation caused by Sl is the same as state transi-

tion ?If not 20, what is the difference between them ?In
order to answer these questions, the effects of different
radiation (saturating white irradiation, SWI, and wesk
red irradiation, WRI) pre-treatment on leaf photosyn-
thess and low temperature (77K) chlorgphyll fluores-
cence parameters were observed in Arabidopss, soy-
bean and wheat .

Materials and Methods
Plant growth

The potted plants of soybean ( Glycine max, cv . Bam-
angie) , wheat ( Triticum aegivum, cv . Gaoyuan 602) , and Ar-
abidopss ( Arabidopsis thaliana, cv . Coumbia) including the
mutant stn7 dffered by Dr . Vera Bonard ( Botanisches Institut,
Development Biologie |, LudmgMaximilians- Univergt t, Ger-
many) and its wild type were grovn in the phytotrons with 25 /
20 (day ffght) and a photosynthetic photon flux dengty
(PPFD) of about 300pmol m™? st (12 h 12 h light-dark cy-
cle) for soybean and wheat or with 22 (day and night) and a
PPFD of about 100pmol m™> s™* (9 h 15 h light-dark cycle) for
Arabidopsis. The plants were irrigated everyday to avoid water
stress . Experiments were peformed using fully expanded and
hedthy leaves .

Leaf irradiation and photosynthesis measurement

The plant leaves were first illuminated by limiting irradiance
(LI: 300pmo m?s") until net photosynthetic rate ( Anet)
reached a steady date . Then, the limiting irradiance was re-
placed by saturating irradiance (Sl: 750pmo m ?s™*, LI-9)
far photosynthesis . After Anet rose gradudly to a new geady
state the irradiance was reduced back to limiting one (LI-SI-LI)
until  Anet reached again a steady state . In genera, Anet reaches
its steady state vaue after about 15 and 30 minutes of illumina-
tion a limiting and saturating irradiance, respectively . Anet was
measured in situ a 350p mol CO, mol ** by a portable photosyn-
thetic gas andysis system LI-COR 6400 with a LED light source
(LI-COR Inc . Lincoln, Nebraska, USA) .

Accarding to the procedure o irradiance changes mentioned
above, the other leaves were illuminated by a meta halogen lamp
(1 000 W) . A flonming layer of water was placed between the
lamp and the leaves to remove heat . After illumination (LI and
LI-SI) the leaves were immediately dropped into liquid nitrogen
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for low-temperature (77K) chlorophyll fluorescence andysis .

Fully dark-adgpted leaves were illuminated by WRI (650
nm, 20pumol photons m™? s°*) for 20min . The weak red radi-
ation was dbtained using an interference filter with a haf wave-
length width of 10 nm . After illumination these leaves were dark-
adgpted for 30 s and then put into liquid nitrogen for the 77K
chlorophyll fluorescence andysis .
Low temperature chlorophyll fluorescence analysis

Lontemperature chlorophyll fluorescence was andyzed at
77K with a 44 W-fluorescence spectrafluarimeter built in our lab-
oratary . F685, F735 and F685 K735 were measured and ca-
culated as previously described (Hong and Xu, 199) .
Statistical analysis

Satidicd analysis of dl data including mean, standard er-
ror, and t-tests wes made with Sigma Aot 8.0 (SPSS, Inc.
USA) .

Results
Photosynthetic response of Arabidopss leaves to the
change in irradiance

When irradiance was changed from saturaing (750
pmol m*s ") to limiting one (300pumol m*s '),
Ang in Arabidops s wild-type leaves declined immedi-
ately to a value lower than that at limiting irradiance
before saturating irradiation . Then, Anet rose slomMy to
a dable value near to that at limiting irradiance before
saturating irradiation ( Hg.1l: a) . Homnever, the re-
gponses of Anet in Arabidopss mutant sn7 lacking
chloroplast protein kinase STN7 to the irradiance tran-
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gtion were significantly different from those in Arabi-
dopss wild-type leaves . After irradiance was changed
from saturating to limiting one, Ane in the mutant
an7 leaves decreased inmediately to a stable value
similar to that before saturating irradiation, namely, no
slow rise folloved the sharp drop in Anet (Fig.1: b) .
These results indicate that the photosynthetic response
curves to irradiance transition from saturating to limiting
one in Arabidopsis wild-type and mutant Stn7 leaves
ae the V and L patterns, respectively .
Effects of saturating white irradiation pretreatment
on 77K chlorophyll fluorescence parameters in Ar-
abidopsis leaves

The 77K chlorophyll fluorescence parameters F685
and F685 735 declined ggnificantly, but F735 had
no significant change in Arabidopss wild-type leaves
pre-illuminated by saturating white irradiation, com-
pared with those in leaves pre-illuminated by limiting
white irradiation (Hg.2: a) . Nevertheless, in Arabi-
dopss mutant &n7 leave no sgnificant change was aob-
saved in F685 and F685 F735 (Fig.2: b) .
Effects of weak red irradiation pretreatment on
77K chlorophyll fluorescence parameters in Arabi-
dopsis leaves

The 77K chlorgphyll fluorescence parameters F685
and F685 K735 decressed significantly and F735 in-
creased markedly in Araldops s wild-type leaves pre-il -
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Fig.1 Resonse of net photosynthetic rate ( Anet) in Arabidopss leaves to change in irradiance
(a) Wild type; (b) Mutant stn7 . LI: limiting irradiance (300pmolm-2s-1); SI: saturating irradiance (750u molm-2s-1) .

Each vdue in this figure is the mean d three leaves with standard error expressed as a vertical bar



70 31
{a) ih)

12 140
= 100 =10t
3 = I T I
& Sl (1 S— = = I WO 1
— BOF R
=z = 80 F
= 6 F =
g R L
S A0 b 5
£ i 40
= 20F _‘_f m

i 1 1 I 1 ] I i 1 J
Foss F73s Fos3 F735 Foss F735 Fos3-F733

Fig .2 Chages in 77K chlorophyll fluorescence parameters F685, F735, and F685 K735 of Arahidopss

leaves caused by pre-illuminaion with saturating irradiance

(a) Wild type; (b) Mutant &n7 . In this figure the parameter values are expressed as the percentages of limiting irradiance (LI, 300 molm™“s

2 —1)

-pre-illuminated leaves, and each vdue is the mean of 3- 4 repeas with standard error expressed as a vertical bar . LI : limiting irradiance

(300u molm™?s” 1) ; 9: saurating irradiance (750 molm” 2

s'l) . Agerisks * and ** indicate regectivdy significant ( p<0.05)

and very significant ( p<0.01) differences between Sl-pre-illuminated and LI-pre-illuminated leaves

luminated by weak red irradiation, compared with those
of dark control leaves (Fig.3: a) . Howvever, no signif-
icant change in these parameters was observed in the
mutant gtn7 leaves pre-illuminated by wesk red irradi-
ation (Fig.3: b) .
Changes in 77K chlorophyll fluorescence parame-
ters in soybean leaves induced by weak red irradi-
ation or saturating white irradiation pretreatment
Compared with dark control or pre-illumination
with limiting white irradiation, pre-illumination with
weak red irradiation or saturating white irradiation led
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to significant decreases in F685 and F685 K735 with-
out dgnificantly increased F735 in soybean leaves
(Fig.4: a, b), indicating that neither saturating white
irradiation nor weak red irradiation can cause the tran-
gtion from state 1 to state 2 .
Changes in 77K chlorophyll fluorescence parame-
ters in wheat leaves induced by pre-illumination
with weak red irradiation or saturating white irra-
diation

In wheat |eaves the pre-illumination with weak red
irradiation led to ggnificantly decreased F685 and
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Fig . 3 Chages in 77K chlorphyll fluorescence parameters F685, F735, and F685 K735 of Arahidopss

leaves caused by pre-illumination with week red irradiation

(a) Wild type; (b) Mutant stn7 . In this figure the parameter values are expressed as the percentages of dark control leaves,

and each vaue is the mean of 3-4 repeas with standard error expressed as a vertical bar . Agerik * indicates that

differences between weak red irradiation-pre-illuminaed and dark control leaves are significant (p < 0.05)
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Fig .4 Changes in 77K chlorgphyll fluorescence parameters F685, F735, and F685 F735 of

soybean leaves caused by pre-illumination with weak red irradiation

(a, 20pmolm” 2

d dark control leaves (a) or limiting irradiance (LI, 300y molm~

repeats with standard error expressed as a vertical bar . Asterisk *

2

s’ l) or saturating white irradiation (b, S, 750pmolm- %g° l) . I'n this figure the parameter values are expressed as the percentages

s 1) -pre-illuminated leaves (b), and each value is the mean o 3-4

indicates that the differences between weak red irradiation-pre-

illuminated and dark control leaves or between S -pre-illuminaed and LI-pre-illuminaed leaves are significant ( p<0.05)
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Fig.5 Changesin 77K chlorophyll fluorescence parameters F685, F735, and F685 F735 of wheat leaves caused by pre-illumingion

with week red irradiation (a, 20pmolm™2s-1) or saturating white irradiation (b, S, 750pmolm-2s-1) .

In this figure the parameter values are expressed as the percentages of dark contrd (a) or limiting white irradiation (LI, 300pmolm-2s-1)

-pre-illuminated (b) leaves, and each value is the mean of 3-4 repeats with standard error expressed as a vertical bar .

Aderiks * and **

indicate respectively dgnificant (p <0.05) and very significant ( p< 0.01)

differences between weak red irradiation-pre-illuminaed and dark contrd leaves or between

S-pre-illuminated and LI-pre-illuminated leaves

F685 K735 accompanied by remarkably increased
F735 (Hg.5: a) . Hovever, the pre-illumination with
saturating white irradiation could na induce such chang-
es in these parameters (Fig.5: b), indicating that weak
red irradiation rather than saturating white irradiation
can induce the transition from date 1 to date 2 .

Discussion
Usng a genetic gpproach it has demongrated that

the chloroplast thylakoid-associated serine-threonine
protein kinase, St7, is required for the phosphoryla
tion of LHC Il and for state transition in Chlamydo-
monas (Degge & al., 2003) . Similarly, it has been
shown that Arabidopss mutant stn7 lacking chloroplast
protein kinase STN7 cannot perform LHC Il phosphory-
lation and state trandtion (Bellafiore & al., 2005) .
Based on the V pattern of leaf photosynthetic response
curve in Arabidopss wild type (Chen and Xu, 2006),
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it is supposed that the curve of its mutant $n7 should
be the L pattern . The experimental results reported
here (Fig.1) confirm this supposition, providing new
evidence for Sl-induced reversble dissociation of some
LHC IIs from the PSII reaction center complex . The L
pattern of the photosynthetic response curve in Arabi-
dopss mutant N7 is obviously due to STN7 loss block-
ing the phosphorylation of LHC Il and whereby dissoci-
ation of LHC Il from the PS |l core complex . The satu-
rating irradiation-caused some LHC Ils dissociation
from the PSIlI in Arabidopss wild type suggeds that
STN7 isnot inactivated at saturating irradiation . Thisis
not consistent with that the protein kinase Stt7 required
for LHC Il phosphorylation is inactivated at high irradi-
ation reported by Rintam ki @ al. (2000) . Whether
this contradiction originates from different tolerance to
high irradiation of STN7 and St7 from different species
(higher plant and green alga) isworth studying .

The reversble dissociation of LHC |l induced by
illumination with saturating irradiation, we observed, is
not a phenomenon of state transitions . There are some
important differences between the two things .

First, they had different mechanic characterigtics
for LHCIIs disociation from PSII reaction center com-
plex . The state trangtion from state 1 to Sate 2 is char-
acterized not only by the dissociation of LHC Il from PS
Il but also by the migration and attachment of dissociat-
ed LHC Il toPS| (Bass & al., 1988; Vallon et al.,
1991, Allen, 1992; Samson and Bruce, 1995; Horton
et al., 1996; Gal 4 al., 1997; Tan et al., 1998;
Lunde et al., 2000; Snyders and Kohorn, 2001) .
Lunde et al. (2000) have excellently demonstrated
that not only does LHC |1 functionally connect to PSl in
state 2, but a0 this connection is essential for date
transition . At 77K the chlorophyll fluorescence ems
gons peaked at 685 nm ( F685) and 735 nm ( F735)
stem from PS Il and PS | antennae, respectively . Al-
though F685 comes from the core antenna of PS I
(Bass et al., 1990; Krause and Weis, 1991), the
peripheral antenna LHC Il also contributesto F635 be-
cause photons aborbed by LHC Il can be tranderred to
the core antenna when they are linked to each other . A
change in F685 or F735, therefore, can reflect the

change in the datus of association of LHC |1 and PS I
core complex or LHCII and PSl core complex, respec-
tively . In the study reported here the pre-illumination
with saturating irradiation led to decreased F685 and
F685 735 without increased F735 in  Arabidopss
wild type (Fig.2: a) . Therefore, the saturating irradi-
ation-induced dissociation of LHC I, a shown by the
decressed F685 and F685 K735, is not a phenome
non of gate trangtion (from statel to state 2) because
the dissociated LHCII did not attach PSI, as shown by
the unchanged F735 (Fig.2: a) .

Second, they are induced by different irradiation
factors . The results reported here showed that the pre-
illumination with week red irradiation could cause the
decreases in F685 and F685 K735 and increase in
F735, indicating the occurrence of date transition from
state 1 to state 2 in Arabidopss wild type (Fig.3) and
wheat (Fig.5: a) . Honvever, that the pre-illumination
with saturating white irradiation could not induce such
changes in these chlorophyll fluorescence parameters,
indicating no occurrence of the date transition in Ara-
bidopss wild type (Fg.2: a) and wheat (Fig.5: b) .
Obvioudy, the induction of LHC Il dissociation and the
state transition depends on different irradiation, satu-
rating white irradiation and weak red irradiation, re-
spectively . Also, the state transition is induced only by
low irradiation rather than high irradiation (Walter and
Horton, 1991; Lunde & al., 2002) .

Third, they perform different functions . The re-
versble LHC Il dissociation caused by saturating illu-
mination is a protective strategy from photodamege of
the PS Il reaction centers ( Zhang and Xu, 2003),
while state trangtions serve to balance excitation energy
distribution of the two photosysems ( Fork and Satoh,
1986; Niyogi, 1999; Haldrup et al., 2001; Kruse,
2001) . The contribution of state trandtion is quite lim-
ited in protecting the photosynthetic gpparatus from
photodamage, and the protective role is much smaller
than the xanthophylls cycle- and  pH across thylakoid
membrane-dependent  energy  disspation  processes
(Fook & al., 1986; Demmig-Adams and Adanrs,
1992; Shen 4 al., 1996; Hong and Xu, 1999; Hong
et al., 1999; Demming-Adams, 2003) .
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Fig .6 Schemaic modd describing the differences between reversble LHC Il dissociation induced by irradiance change
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PSl1: phaosysem Il reaction center complex; PS: photosysem | reaction center complex; LHC I1: PS Il light-harvesting complex; LHCI: PS |

light-harvesting complex; hv: radiation energy . The arrons between two complexes indicae the direction of radiation energy transport

Main differences in induction irradiation, charac-
teristics, and function between the reversible dissocia-
tion of LHC |l and state transition are summarized in
Hg.6 .

Surprisingly, the weak red irradiation could in-
duce significant decreases in F685 and F685 K735
but not caue a remarkadle increase in F735 of soy-
bean leaves (Fig.4: a), indicating that the LHC II
dissociation from PS |1 is not folloved by the attach-
ment of dissociated LHC Il to PS |, namely, no typical
state transition from date 1 to sate 2 occurs in soybean
leaves . Perhaps under the irradiation absorbed predom-
inantly by PS Il soybean |leaves are able to balance ex-
citation energy distribution between the two photosys-
tems only by LHC |1 dissociation from PS |l without at-
tachment of dissociated LHC 11 to PS | and whereby de-

creae in radiation absorption of PS Il . Whether the
supposition is correct or not ?What controls the attach-
ment of dissociated LHC |11 to PS | ?Further sudies are
required to answer these questions .
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