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Thylakoids isolated from SA N 9785 (4-chloro-5-dimethylamino-2-phenyl-3(2H)-pyridazinone)-treated pea plants showed an inhibition of “state transition” and the light-harvesting
complex II (LHC II) phosphorylation-mediated changes in the energy distribution between
photosystem II (PS II) and photosystem I (PS I) as measured by a decrease in PS II and an
increase in PS I fluorescence yield. Interestingly, in these thylakoids the extent o f phosphorylation-induced migration o f light-harvesting complex (LHC II-P) to non-appressed m em 
brane regions was only marginally inhibited. We propose that the suppression in the ability
for “state transition” by S A N D O Z 9785 (SA N 9785) treatment occurs due to a lack o f effec
tive coupling of the migrated LHC II-P and PS I. Since we observed a decrease in the antenna
size of PS I of the treated plants, the lack of effective coupling is attributed to this decrease
in the antenna size of PS I.

Introduction

Photosynthetic system of higher plants and
green algae possess some structural characteristics
by which they can respond to the changes in light
quality (spectral com position) (Bonaventura and
Myers, 1969; M urata, 1969; M ohanty et al., 1973).
Light predom inantly absorbed either by PS I or
PS II may create an imbalance in excitation energy
distribution between the photosystems which
leads to a physiological adjustm ent towards one of
the two possible states, “state I” or “state II” in
order to correct for the imbalance (Chow et al.,
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1981; Fork and Satoh, 1986; Malkin et al., 1986).
The state I to state II change (“state transition”)
in higher plants is most probably m ediated by
phosphorylation-induced migration of a fraction
of LHC II complexes from the PS II-enriched appressed region to the non-appressed region of the
thylakoids (Bennett et al., 1980; Steinback et al.,
1982, Anderson, 1986; Telfer et al., 1983). This
causes an increase in the average antenna size of
PS I (B ennett et al., 1980; H orton and Black,
1981).
Excitation energy distribution between PS II
and PS I is a function of the structure as well as
the composition of the thylakoid membranes. One
of the ways to study this relationship is to m odu
late the structure and composition of the thyla
koids by various treatments. It has been shown
earlier (St. John, 1976) that the ratio of saturated
to unsaturated fatty acids increased in the thy
lakoids when wheat plants were grown in the
presence of SA N D O Z 9785 (4-chloro-5-dimethylam ino-2-phenyl-3(2H)-pyridazinone), a PS II in
hibitor of electron transport (Hilton et al., 1969;
Tischer and Strotmann, 1977). Later, it was also
shown that the structure of the photosynthetic ap
paratus gets altered in term s of Chi a/b ratio and
presumably of PS II/PS I ratio in the thylakoids
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of SAN 9785-treated plants (Bose et al., 1984;
M annan and Bose, 1985; Leech et al., 1985). Fur
therm ore, it has also been shown that cation-induced reversible changes in excitation energy dis
tribution are inhibited in SAN 9785-grown plants
(M annan and Bose, 1987; Bose et al., 1992). Thus
thylakoids of SAN 9785-treated plants showed an
altered structure-function relationship as com 
pared to normally grown plants. Since state change
is one of the most im portant dynamic character
istics of the photosynthetic apparatus of plants,
and is likely to be governed by the structure-function relationship of thylakoids, it was felt that stud
ies aimed at investigating the state transition in the
SAN 9785-treated plants would reveal information
regarding this process in altered mem brane sys
tems. We have, therefore, investigated the status
of LHC II phosphorylation-dependent changes in
terms of migration of phosphorylated LHC II to
non-appressed regions, and consequent excitation
energy redistribution between PS II and PS I in
the thylakoids isolated from treated pea plants.
Materials and M ethods

Seeds of Pisum sativum cv. Bonneville were ob
tained from National Seeds Corporation, IA R I
Campus, New Delhi. Seeds were scarified in con
centrated H 2 S 0 4 for 5 min and subsequently
washed under running tap w ater for 15-20 h.
These seeds were then germinated in dark in acidwashed river sand inside a plant growth cham ber
(Environm ental shaker model 3957, Labline,
U.S.A.) at 20 °C. Three- to four-day-old seedlings
were transferred to hydroponic system which con
tained 0.5 S Hoagland solution as the liquid nutri
tion medium and were allowed to grow for further
7 days under 12 h light (80 |iE -m _2 -s_1)/12 h
dark cycle.
SAN 9785 treatm ent was perform ed by transfer
ring the 11-day-old seedlings to 0.5 S Hoagland
medium containing 125 („im SAN 9785. Plants were
allowed to grow in presence of SAN 9785 for 84 h.
after which leaves were harvested for experiments.
Type A chloroplasts were isolated using the pro
cedure of Nakatani and Barber (1977), with some
modification. The fresh leaves were homogenized
in ice-chilled isolation medium containing 0.4 m
sorbitol. 15 mM tricine (pH 7.8) and 10 mM NaCl
(buffer A) using a Polytron hom ogenizer PT 3000

(Kinematica AG). Pulses of 2 0 -3 0 s duration were
used. The homogenate was filtered through four
layers of miracloth and centrifuged at 2 1 0 0 xg for
2 min. The rest of the pellet was washed in buffer
having 10 mM Tricine (pH 7.8), 10 mM NaCl and
5 mM MgCl2 (buffer B) and finally resuspended in
the reaction buffer containing 0 . 1 m sorbitol,
10 mM Tricine (pH 7.8), 10 mM NaCl and 5 mM
MgCl2 (buffer C) to a concentration of 2 mg
Chi m l-1. Intact chloroplasts used for “state tran
sition” measurements, were isolated according to
Fish and Jagendorf (1982). Isolation buffer (buf
fer A) was replaced by a buffer (buffer D) con
taining 350 mM sorbitol, 35 mM HEPES-K O H
(pH 8.3), 2 mM EDTA, 1 mM MgCl2 and 1 mM
DTT. Chloroplasts were resuspended in a minimal
volume (0.3-0.5 ml) of the buffer D and over
layered onto a 10 ml linear 25 to 92% gradient of
Percoll containing the same ingredients as the
buffer D, 0.6 mM glutathione, and gradients of 0.7
to 2.7% (w/v) of polyethylene glycol 4000 and 0.25
to 0.92% of both BSA and Ficoll. The gradient
tubes were centrifuged for 7 min at 9000 rpm in
the HB-4 rotor, and the lower green band of intact
chloroplasts were collected and diluted with 30 ml
of resuspension buffer containing 375 mM sorbitol,
35 mM HEPES-KOH (pH 8.3), 2 mM EDTA , 1 mM
MgCl2 and 1 mM DTT. The intact chloroplasts
were pelleted for 3 min at 5000 rpm in the HB4 rotor at 4 °C. The pellet of intact plastids was
resuspended in the isolation buffer at a Chi con
centration of 3 m g ’m l_1, and stored in ice. The
Chi concentration was m easured according to
Arnon (1949).
For state transition studies, the intact chloro
plasts were suspended in buffer A at a Chi concen
tration of 100|ig m l_1. Chloroplasts suspension
was first adapted to state by illuminating with farred light (150 |iE -m r 2 -s_1), which was obtained
by passing the white light through a red inter
ference filter (711 nm; half maximum-full width,
21 nm, Baird Atomic Inc., U.S.A.) for 5 min at
25 °C. The same suspension was then irradiated
for transition to state II with a weak intensity
(75 (iE-m~ 2 -s_1) blue actinic light (PS II light)
under the similar conditions. Blue light was ob
tained using a blue interference filter (437 nm; half
maximum-full width, 10.7 nm, Baird Atomic Inc.,
U.S.A.). An aliquot was taken from different set
of samples at various time intervals and diluted to
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a 1 jig Chi m l - 1 with buffer C having 30% glyc
erol. The resultant suspension was then frozen
immediately to 77 K and maintained at this tem 
perature till the necessary dark incubation and
spectral m easurements are over.
For phosphorylation of LHC II, and fractiona
tion of appressed and non-appressed m em brane
regions of phosphorylated and non-phosphorylated thylakoids, the method as described by
Larsson et al. (1987) was used.
Thylakoid samples were prepared for polyacryl
amide gel electrophoresis according to Fish and
Jagendorf (1982). Sample equivalent to 10 ^ig of
Chi was loaded onto the gels. Electrophoresis
was perform ed for 12 h at constant voltage (100 V)
on 1m m thick, 10-15% (w/v) polyacrylamide
linear gradient resolving gel containing a 5.5 to
11.0% linear sucrose gradient. The gels were run
using a vertical electrophoretic apparatus, model
AE-6200, A tto Corporation, Japan. The gels were
stained and destained as described by Fish and
Jagendorf (1982). Immediately after the run, the
gels were scanned densitometrically at a wave
length 700 nm using GS 300 densitom eter from
H oefer Scientific Instruments, U.S.A.
Thylakoid membranes were resolved into its
pigm ent-protein complexes (CP I, CP II and FP)
on a non-denaturing polyacrylamide gel using the
m ethod similar to Thornber and Highkin (1974).
Immediately after the run, gels were scanned
densitometrically at a wavelength 632 nm using
U ltrascan TM XL densitom eter (Pharmacia,
Sweden). The am ount of individual pigment-protein complexes was measured by measuring the
area under the peak in densitometric scan. Room
tem perature Chi a fluorescence emission yield of
thylakoid mem brane suspension was m easured
using a spectrofluorim eter (Luminescence spectro
photom eter, Model L.S. 5, Perkin-Elm er, U.S.A.).

Thylakoid m em branes equivalent to Chi concen
tration of 2 |ig - m L 1 were suspended in buffer C
and dark-incubated for 5 min before m easure
ments. Low tem perature Chi a fluorescence emis
sion spectra of isolated thylakoids were recorded
on the same instrum ent using a low tem perature
luminescence accessory (PE part No. 5212-6000)
at a tem perature 77 K. Thylakoid membranes
equivalent to 1 [ig Chi m l - 1 were taken in glass
capillary tubes. The capillary tubes were posi
tioned on the free end of a high purity copper rod,
which was kept immersed in liquid nitrogen. The
sample was dark-incubated for 5 min before
measurements. Excitation slit used was 5 nm
whereas emission slit was 2.5 nm. Buffer C con
taining 30% glycerol was used as suspending
medium for the spectral measurements. Spectra
have not been corrected for the spectral sensitivity
of the instrument.
PS I-catalyzed electron transport capacity of
thylakoids were assayed using D C PIPH 2 as elec
tron donor and MV as acceptor. The activity was
m onitored polarographically in terms of 0 2 con
sumption at 25 °C using an oxygen electrode as
sembly (Hansatech Ltd., model DW 2). The reac
tion mixture contained 100 m M sorbitol, 10 m M
Tricine (pH 7.8), 5 mM MgCl2, 10 mM NaCl, 5 mM
sodium ascorbate, 5 mM sodium azide, 0.1 mM
DCPIP, 0.05 m M MV, 0.02 m M DCM U and thy
lakoids equivalent to 20 ^ig C h i-m l"1. The inten
sity of light used for saturating the PS I activity
was 1000 ^ E -m _2 -s_1.
Results

A prolonged treatm ent of plants with sublethal
concentration of SAN 9785 in the present study
resulted in alterations in the pigment composition
of plants. The plants treated with SAN 9785

Table I. Alterations in the pigment-protein com plexes and PS I-catalyzed electron transport
rates in the thylakoids of SA N 9785-treated plants. Thylakoids were isolated and resolved into
various pigment-protein complexes on a non-denaturing acrylamide gel. Rate o f PS I electron
transport was measured in the saturating intensities of light. Results are representative o f six
independent experiments.

Control
Treated

79

m g C h lg - 1
fresh weight

Chi a/b

CPI
[%]

CP II
[%]

PS I activity
(D C PIP -> MV)
|.imol 0 2 m g " 1• Chi • h _1

2.7 ± 0.38
2.1 ± 0.43

2.8 ± 0.12
2.5 ± 0.11

21.0 ± 2.0
15.0 ± 2.6

42.0 ± 1.8
52.0 ± 2.7

532 ± 29
518 ± 15
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showed 2 0 % decrease in the chlorophyll content
as compared to control plants (Table I). Treated
plants also showed a 1 1 % decrease in the ratio of
Chi a to Chi b (Table I). To further analyze how
such changes reflect in the composition of thylakoids of treated plants in terms of pigm ent-protein
complexes, we determ ined the am ount of indi
vidual pigment-protein complexes by resolving
them on a non-denaturing polyacrylamide gel.
SAN 9785 treatm ent effected a decrease in CP I
content leading to a 60% increase in C P U :
CP I, relative to the thylakoids of control plants
(Table I). A decrease in Chi a/b and an increase in
CP II/CP I ratio indicates a structural change in
thylakoids of plants and an increase in the antenna
size of PS II. These results are in agreem ent with
the results of previous studies conducted with
SAN 9785-treated plants (Bose et al., 1984;
M annan and Bose, 1985; Leech et a l, 1985;
M annan and Bose, 1987; Bose et al, 1992).

Fig. 1. Light-induced transition of state I to state II in
the intact chloroplasts of control and SA N 9785-treated
plants as evaluated by ratio F735/F685. Freshly har
vested chloroplasts were suspended in buffer A at 100 |xg
C hi-m l-1. The chloroplasts suspension was first irra
diated with weak intensity (150 |.iE-m 2 -s_1) red light
for 5 min at 25 °C to attain state I (time point 0.0) and
then in weak intensity (75 [.lE -m ^ -s“ 1) actinic blue light
to attain state II. At specific intervals of time, an aliquot
from incubation mixture was taken and diluted to Chi
concentration equivalent to 1 (.ig-ml 1 in the incubation
buffer containing 30% glycerol and frozen immediately
to 77 K. Fluorescence emission spectra at 77 K was then
determined for the samples frozen at various intervals
of time. Fluorescence band ratio. FBR (F 735/F 685) was
measured from spectra as described in text as a pa
rameter to assess the status o f state II transition. Con
trol (O -----O) exci. 440 nm, ( • ---- • ) exci. 480 nm:
SA N 9785-treated (A----A) exci. 400 nm, (▲-----▲)
exci. 480 nm.

The time course of “state I” to “state II” tran
sition measured in terms of an increase in PS I
fluorescence yield (F735) relative to PS II yield
(F685) in the isolated intact chloroplasts of con
trol and treated plants is shown in Fig. 1. The ratio
of PS I emission yield at 77 K to that of PS II, rep
resented as “fluorescence band ratio” (FBR) of
F735/F685, has been used as an indicator of exci
tation energy distribution between PS I and PS II
(M urata, 1969; Fork and Satoh, 1986). Chloro
plasts from treated plants showed a higher ratio of
F735/F685 than the control plants in their state I
(see FBR at time point zero). This indicated that
under identical conditions of excitation, a greater
part of excitation energy was distributed in favour
of PS I in the thylakoids of treated plants than in
control plants. Chloroplasts were slowly converted
to state II by illuminating them with blue actinic
light of weak intensity. The transition to state II in
the chloroplasts of treated plants proceeded
slower than in the chloroplasts of control plants
(Fig. 1). M oreover, chloroplasts of treated plants
did not attain a value of F735/F685 as high as that
attained by the chloroplasts of control plants when
the process of transition to state II was almost
complete (at —25 min after actinic illumination).
This indicated that the transition to state II is
inhibited in SAN 9785-treated plants.
The response of thylakoids to LHC II phos
phorylation was m onitored by measuring the yield
of Chi a fluorescence in isolated thylakoids of con
trol and treated plants. The emission intensity at
685 nm (F685) at 25 °C m onitored from the phosphorylated thylakoids of control plants relative to
that of the non-phosphorylated thylakoids de
creased by 23% with 440 nm and 27% with 480 nm
excitation (Table II). The decrease in correspond
ing values of treated plants was only 3 and 11%,
respectively (Table II). Thus, the phosphorylationdependent decrease of Chi a fluorescence at room
tem perature was markedly inhibited in the thy
lakoid m em branes of treated plants.
Earlier, it has been shown that the phosphorylation-m ediated lowering of PS II fluorescence is
accompanied by an increase in PS I fluorescence
indicating an increased energy distribution in
favour of PS I (Fork and Satoh, 1986; Horton and
Black, 1981). This redistribution of excitation en
ergy has been correlated to the phosphorylation
of LHC II in the thylakoids (Fork and Satoh. 1986;
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Table II. Phosphorylation-m ediated change in the rela
tive emission of Chi a fluorescence in the thylakoids
isolated from control plants or plants treated with
SA N 9785. Fluorescence m easurements were done at
25 °C. Excitation wavelength of 440 nm (X exci. 440) or
480 nm (X exci. 480) was used to detect fluorescence
emission at 685 nm (F685). The values shown in the
table are representative of six independent experiments.
Thylakoid
preparation

F685 X exci. 440
(rel. units)
Control
Treated

F685 X exci. 480
(rel. units)
Control Treated

Non-phosphorylated
Phosphorylated

75
58

66
48

% decrease upon
phosphorylation

80
78

kDa

94 ►

67^
43 ►
30 ► —

74
66

JJgjJ

2 0 .1 *
23

3

27

mmmm

*****

11
14-41
CNP

CP

TNP

APPRESSED

Telfer et al., 1983). Using various external fluores
cent standards to take care of the problems of re
absorption, it has been established that this in
crease in F735/F685 ratio arises due to a decrease
in F685 and a concomitant increase in F735
(Krause and Behrend, 1983; Saito et al., 1983).
Therefore, the ratio F735/F685 was used as a
param eter to estim ate the phosphorylation-dependent increase in PS I fluorescence yield. As
shown in Table III the extent of increase in the
ratio F735/F685 in the phosphorylated thylakoids
of control plants relative to non-phosphorylated
thylakoids was of 200%. The corresponding in
crease in the ratio F735/F685 was restricted to
only 60% in case of treated plants.
The decrease in the fluorescence yield of PS II
in phosphorylated m em branes is believed to be
linked to the lateral diffusion of the LHC II from

TP

CNP

CP

TNP

TP

NON-APPRESSED

Fig. 2. Phosphorylation-dependent lateral migration of
LHC II from appressed lamellae to non-appressed ones.
After phosphorylation, thylakoids were fractionated by
addition of digitonin and appressed and non-appressed
membranes were isolated by differential centrifugation.
Polypeptides o f appressed and non-appressed m em 
brane fractions were resolved on a 10-15% gradient
SDS-PAGE. Open ({}) and closed arrow (4 ) indicate
LHC II and PS I RC, respectively. Lane 1: control nonphosphorylated (CNP); lane 2: control phosphorylated
(CP); lane 3: treated non-phosphorylated (TNP); lane 4:
treated phosphorylated (TP); lanes 5, 6 , 7, 8 show similar
preparations from non-appressed membranes.

appressed m em branes to non-appressed zones
(Bennett et al., 1980; Steinback et al., 1982; A nder
son, 1986). To probe into the m agnitude of the
phosphorylation-dependent migration of LHC II,
we m onitored the increase of LHC II in the non-

Table III. Phosphorylation-dependent changes in the ratio of Chi a fluo
rescence emission characteristics and lateral rearrangements of thylakoid
membranes. Fluorescence emission was monitored at 77 K with 480 nm
excitation of thylakoids. LHC I I : PS I RC ratio in non-appressed subfrac
tions was taken as an indicator o f the lateral rearrangement of thylakoids.
The amount of LHC II and PS I RC was determined as described in
Fig. 3.
Thylakoid
preparation

F 7 3 5 :F685
Treated
Control

LHC II: PS I RC
Control Treated

(N on-phosphorylated)
(Phosphorylated)

0.30 ± 0.08
0.90 ± 0 .1 2

0.47 ± 0.06
0.075 ± 0.07

0.59
1.56

0.57
1.40

% increase upon
phosphorylation

200

60

164

146

82

M. K. Joshi et al. ■ Inhibition of State Transition and L H C II P h o sp h o ry latio n -M ed iated C hanges

appressed region by quantifying LHC II polypep
tides, directly. Fig. 2 and 3 show that am ount of
one of the apoproteins of LHC II increased signifi
cantly in the non-appressed region of thylakoids
following phosphorylation. Since PS I is known to
exist preferentially in the non-appressed regions
(Andersson and Haehnel, 1982; A nderson and
Malkin, 1982; Vallon et al., 1985) and its amount
is not affected by phosphorylation, we measured
phosphorylation-induced increase in the amount
of LHC II polypeptide in the non-appressed m em 
brane region relative to PS I reaction centre pro
tein (PS I RC) i.e. in terms of LHC II/PS I RC
ratio. The data in Table III dem onstrates that the
ratio LHC II/PS I RC in the non-appressed mem 
brane region increased by 164% in phosphorylated thylakoids relative to non-phosphorylated
thylakoids in case of control plants. The corre
sponding increase in the thylakoids of treated
plants was only marginally inhibited (Table III).
Even after appreciable extent of migration of
phosphorylated LHC II to the non-appressed
region (Fig. 2, 3; Table III), which brings it to
the vicinity of PS I the increase in the yield of
Chi a fluorescence emission at 735 nm (F735) was
suppressed in the thylakoids of treated plants

CONTROL
(NONPHOSPHORYLATED)

(Table III). The phosphorylated LHC II in the thy
lakoids of treated plants, thus, does not seem to
associate itself functionally to PS I as it does in the
case of thylakoids of control plants. It is difficult
to explain the reason for this because as such the
factors determining the interaction of phosphory
lated LHC II with PS I are not well understood
(Allen, 1992). An inhibition of phosphorylationdependent enhancem ent of PS I fluorescence yield
has been correlated earlier (Bredenkam p and
Baker, 1990) to the decrease in the antenna
(LHC I) associated with PS I. Hence, our results
prom pted an investigation of change in the size of
PS I antenna in SAN 9785-treated plants. Thyla
koids from the treated plants contained lower
amount of CP I in com parison to control plants
(Table I). CP I as resolved on a native gel system
used in this study consists of PS I reaction centre
(P 7 oo) and its antenna (LH C I) (Thornber and
Highkin, 1974). A decrease in total am ount of
CP I in the thylakoids of treated plants may arise
either due to a decrease in P 7 0 0 or LHC I, or both.
A possible decrease in P 7 0 0 on Chi basis in the
thylakoids of treated plants in comparison to that
present in thylakoids of control plants is expected
to result in a decrease in the rate of PS I-mediated

CONTROL
(PHOSPHORYLATED)

£

M J
TREATED
(NON P H O S P H O R Y L A T E D )

TREATED
(PHOSPHORYLATED)

£

Fig. 3. The non-appressed membrane
fractions of phosphorylated and nonphosphorylated thylakoid preparations
showing the phosphorylation-depend
ent migration o f LHC II. The portion of
gel from Fig. 2 showing non-appressed
membrane regions was densitometrically scanned using a densitom eter
(H oefer Scientific Corporation. U.S.A.)
at 700 nm. LHC II apoprotein ({})
which showed a significant increase in
the non-appressed lamellae of phos
phorylated samples, was quantitated by
its peak area in the densitometric scan.
For comparative purpose its amount
was expressed in relation to PS I reac
tion centre polypeptide (PS I RC) (# )
which was also quantitated, similarly.
The ratio LHC II/PS I RC was taken as
a parameter to monitor the phosphorylation-induced migration of LHC II to
non-appressed thylakoids (Table III).
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electron transport at saturating intensities of light.
However, on equal Chi basis, the rate of PS Im ediated electron transport under saturating
intensities of light was observed to be the same in
thylakoid membranes of control and treated plants
(Table I). This suggests that decrease in CP I in
treated plants specifically comes from LHC I and
not in PS I reaction centres (Pyoo)- LHC I is sug
gested to have a role in the functional coupling of
phosphorylated LHC II to PS I RC (Bredenkam p
and Baker, 1990). A decrease in the LHC I
content in the thylakoids of treated plants may,
therefore, affect the phosphorylation-dependent
coupling of LHC II to PS I and, thereby, the asso
ciated excitation energy distribution in these
membranes.
Discussion

Phosphorylation of LHC II has been proposed
to be the mechanism underlying the “state I” to
“state II” transition in higher plants and algae
(Bennett et al., 1980; Steinback et al., 1982; A nder
son, 1986). We investigated the ability of thyla
koids of SAN 9785-treated plants to undergo lightinduced state transition and LHC II phosphory
lation. The state I to state II transition was in
hibited in the thylakoids of treated plants (Fig. 1).
The thylakoids of treated plants showed a suppres
sion in the extent of excitation energy distribution
between PS II and PS I (Table II and Table III) as
well as a slower kinetics. The state I to state II
transition is known to be brought about mainly by
a decrease in PS II absorption cross section and
subsequent increase in PS I excitation and is com
parable to protein phosphorylation in presence of
MgCl2 carried out in isolated thylakoids (Allen
et al., 1981; Telfer et al, 1983). Such a correlation
of LHC II phosphorylation and state transition
was, thus, also found to be true in the thylakoids
of SAN 9785-treated plants.
The decrease in PS II fluorescence yield and a
corresponding increase in PS I fluorescence in
phosphorylated thylakoid membranes is associ
ated with the lateral diffusion of LHC II from appressed to non-appressed membranes and this is
expected to be dependent on the structural order
of membrane lipid matrix (Barber, 1983). Graf
et al. (1984) found a suppression in the ability of
Petunia hybrida to undergo state transition after
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SAN 9785 treatm ent. The authors assumed that
this suppression of state I to state II was brought
about as a result of SAN 9875-induced changes in
the composition of fatty acids, leading from an un
saturated (higher linoleic content) to a more satu
rated (higher linolenic acid content) state of the
thylakoid m em brane matrix. Graf et al. (1984)
concluded that SAN 9785 inhibited the dynamic
changes within and between the photosynthetic
units during state I to state II transition by alter
ing the matrix structure of the membrane. How
ever, the studies done by Murphy et al. (1985)
showed a variation in the susceptibility of different
plant species to SAN 9785-induced fatty acid
changes. O ut of six angiospermic species that they
examined, P. sativum exhibited least change in the
fatty acid composition in response to SAN 9785
treatm ent. However, those species which showed
resistance to such type of fatty acid changes in
response to SAN 9785, did exhibit other typical
changes which this herbicide induces in their
photosynthetic behavior. On the basis of these ob
servations these authors suggest that SAN 9785induced changes in fatty acid composition and
photosynthetic functions to be independent of
each other. So, a correlation of photosynthetic
changes and alteration of thylakoid membrane
matrix to explain altered energy distribution in
treated plants as suggested by Graf et al. (1984)
does not hold at least for P. sativum. O ur obser
vations of phosphorylation-induced migration of
LHC II to non-appressed membranes being
almost similar in control and treated thylakoids
(Fig. 2, 3 and Table III) support the view that in
P. sativum these changes can not be explained on
the basis of an suppressed movement of phos
phorylated LHC II in a rigid membrane matrix as
explained by G raf et al. (1984). Our results indi
cate that a decrease in the LHC I content of the
thylakoids of treated plants affects the phos
phorylation-dependent coupling of LHC II to PS I
and thereby the associated excitation energy dis
tribution in these membranes. In a study done by
B redenkam p and Baker (1990), a similar inhi
bition of phosphorylation-dependent enhance
ment of PS I fluorescence in developing base
thylakoids as compared to mature tip thylakoids
of wheat seedlings was also seen to be accom
panied by a decrease in the LHC I. Thylakoids of
treated plants showed an inhibition of phosphory-
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lation-dependent decrease in PS II fluorescence
(Table II). This seems inconsistent with the obser
vations that thylakoids of treated plants did show
phosphorylation-dependent migration of LHC II
to non-appressed membrane region (Table III and
Fig. 2, 3). The phosphorylation-dependent m igra
tion of phosphorylated LHC II requires uncou
pling of a pool of LHC II from a fraction of PS II
units and should, therefore, result in a decrease in
the absorptive cross section of PS II (B ennett
et al., 1980; H orton and Black, 1981). Such a de
crease in the absorptive cross section of PS II
following phosphorylation in the thylakoids of
treated plants, may be expected to manifest as a
decrease in the yield of fluorescence emission at
room tem perature. The reason for this discrepancy
can, however, be sought on the basis of an altered
structure-function relationship of thylakoids in
SAN 9785-treated plants resulting in an increase
in CP II content in the thylakoids of treated plants
(Table I). CP II resolved under the conditions of
experiments used in this study is mainly comprised
of LHC II. It seems, even after uncoupling of a
fraction of LHC II in response to phosphorylation
in the thylakoids of treated plants a significant
pool of LHC II possibly remain bound to PS II,

and consequently, the absorptive cross section of
PS II in thylakoids of treated plants does not be
come limiting in the capture of excitation energy.
In summary, the results of this study show that
short-term changes (state transition and LHC II
phosphorylation-m ediated changes in excitation
energy distribution between photosystems) were
inhibited significantly in SAN 9785-treated plants.
Such inhibition in the capability of thylakoids of
treated plants to undergo short-term adaptations
does not seem to occur because of an inhibited
m igration of pigm ent-protein complexes in a sup
posedly rigid m em brane matrix in treated plants;
instead they can be explained to occur as a result
of an altered structure-function-relationship of
thylakoids in treated plants.
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