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in Chinese Cabbage Leaves

Park, Youn-Il, Kye Hong Suh® and Young-Nam Hong
(Department of Biology, Seoul National University, Seoul and
*Department of Biology, Taegu University, Taegu)

b

HOM—# i
(M Ae3st Ardstz A5

ABSTRACT

Limitation of photosynthesis in detached Chinese cabbage (Brassica campestris L.) leaves was
induced by feeding of mannose (25 mM) for 12 h in the light, and changes in the basic thylakoid
functions under this condition were investigated. The acid soluble phosphate content and CO,
uptake rate was decreased by 66% and 67%, respectively. However, the starch content was increa-
sed by 24% compared to those of controls. From the fast induction curves of chlorophyll fluoresce-
nce, dark level fluorescence (Fo) slightly increased while intermediate plateau fluorescence level
(F1) to peak level fluorescence (Fp) transient was significantly decreased with a slight decrease
in the Fo-to-F, transient. This data means that reduction of secondary electron acceptor of PSII
(Qp) might be more severely inhibited than that of primary electron acceptor of PSII (Q)) by
decrease in phosphate level. The strong decline of (F,).//Fn, ratio suggests that efficiency of excita-
tion energy capture by PSII was decreased markedly. The quenching of Fo (qO), an indicator
of state transition, was also occurred over the slow induction kinetics of chlorophyll fluorescence.
From quenching analysis, fluorescence was dominantly quenched by nonphotochemical quenchings
(qE+qT). These results showed that the capture and transfer efficiency of excitation energy to
PSII reaction center in thylakoid was decreased with the decline of leaf phosphate level, and
that the state transition was occurred during the induction of photosynthesis under these condi-
tions,

INTRODUCTION

Recent researches showed that the maximum rate of
photosynthesis can be restricted by the rate of end-pro-
duct synthesis through selective inhibition of sucrose sy-
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nthesis (Harris ef al., 1983; Quick ef al., 1989). These
previous studies confirm the view that the flux of phos-
phate can limit photosynthesis (Herold ef al., 1976; Rao
and Terry, 1989; Sharkey, 1985; Sharkey ef al., 1986).
However, it remains unclear how the flux of phosphate
ultimately feeds back to the function of thylakoid memb-
rane. Only a few contradictory results were reported to
the tuning response of thylakoid membranes to phos-
phate concentrations in the intact chloroplast (Gierish and
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Robinson, 1987; Heineke ef al., 1989).

The basic function of thylakoid (i.e., the provision of
NADPH+H*, ATP and the modification of stromal envi-
ronment) may be fed back by redox equilibria or via
the proton gradient across the thylakoid membrane. It
15 well known that both redox feedback to PSII (and
hence affects photochemical quenching) and acidification
of the inner-thylakoid membrane (revealed in the change
of non-photochemical quenching) affect the characteristic
changes in chlorophyll fluorescence emitted from PSII
(Briantais et al., 1986; Krause and Weis, 1984, 1991).
Thus, fluorescence analysis provides an excellent tool
to study feedback during assimilation 7z vive by metabolic
factors (Horton, 1987; Weis and Lechtenberg, 1989) or
environmental factors (Baker et al., 1989; Schreiber and
Bilger, 1987). It is obvious that various quenching mecha-
nisms determine the chlorophyll fluorescence yield in
vivo, allowing assessment of the relative overall photosy-
nthetic rate under induction of photosynthesis. Major
quenching components are photochemical guenching
(qQ), due to photochemical energy conversion at PSII
reaction centers, and the non-photochemical quenchings
(gNP) which consist mainly of energy-dependent quen-
ching (gE) due to an increased rate of radiationless deex-
citation upon energization of the thylakoid membrane
(Krause and Weis, 1984). qQ is hence an indicator of
the changes in photochemical efficiency due to redox fee-
dback from the electron transfer chain and gNP is an
indicative of regulation of the dissipatation of excitation
energy in the thylakoid. Actually, it was reported that
the redox state change by anaerobiosis (Satoh and Fork,
1982) or CO; depletion (Bilger and Schreiber, 1986) mar-
kedly induce the alteration of the chlorophyll fluoresce-
nce kinetics. Changes in phosphorylation potential by se-
questering (Harris ef al., 1983, 1986) or lowering P; (Aba-
dia et al., 1987) affected these kinetics, also.

In the present study, we investigated the effect of lo-
wered-P; on the basic function of thylakoid membrane
in the Chinese cabbage leaves, using room temperature
chlorophyll fluorescence which is now an accepted non-
intrusive probe of photosynthetic processes iz vivo and
in vitro (Krause and Weis, 1991).

MATERIALS AND METHODS

Plant material. Chinese cabbage (Brassica campest-
7is L. cv. Seoul) seeds surface-sterilized with 1% sodium
hypochlorite for 10 min were sown in a polypropylene
container (11.5X115X10 cm) with a glass cover contai-
ning vermiculate (about 10 g) fertilized with 80 m/ of
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half-strength Hoagland solution (containing 0.5 mM KH,
PQO,). 20 seedlings per container were grown in a growth
cabinet at a constant light/dark temperature of 25C with
80 uEm~%"! photon fluence rates from day light tube
(General Electric, US.A) at canopy levels and a light/
dark cycle of 15/9 h. The seedlings were fertilized daily
with 20 m/ of the nutrient solution. After 15 day growth,
primary leaves with 2 cm petiole from the leaf basal were
removed and used for all experiments. Detached leaves
were floated in 25 mM D-mannose and subsequently illu-
minated for 12 h in growth cabinet.

Estimation of acid soluble leaf phosphorous concentra-

tion. Acid soluble phosphorous (P) content in leaf
was estimated by developing the blue phosphomolybdate
color and reading its intensity by colorimeter (Terry and
Ulrich, 1973).

Estimation of CO; uptake rates. Rates of CO; up-
take from a single detached leaf were measured using
an open-gas exchange system with a modified Parkinson
leaf chamber (Type B, ADC Co, UK.)). Illumination was
provided by actinic light (KL1500 lamp, equipped with
Schott RG 630, 150W halogen lamp, Osram xenophot
HLX) through fiberoptic systems used in measurement
of chlorophyll fluorescence. Light intensity measured by
quantum sensor (Delta-T devices Ltd, QS 8537, UK.) was
1200 pmolm~%s~!, Atmospheric air from outdoors (340-
360 vpm) was water-saturated and then passed through
the chamber at a rate of 200 m/-min~! with Air Supply
Unit (ADC Co., UK.). Leal temperature sensed by means
of a T-type thermistor was nearly constant at 28+ 1%C
during experiments. The difference in partial pressure
of CO. in the ingoing and outgoing air streams was mea-
sured with Infra Red Gas Analyzer (LCA2, ADC Co., U.
K. The outputs of all sensors were continuosly logged
in data logger (Delta T devices, UK.. A calculation of
CO; uptake rate per unit area of leaf was made according
to Suh and Kim (1981).

Estimation of starch and sucrose contents. Starch
and sucrose were extracted according to Wilson and Lu-
cas (1978) with following modifications. 5 leaves were
placed into a test tube. Then 5 m! of 80% ethanol added,
and the tube was placed in a 100C bath for 1 min to
kill tissue. The ethanol was removed with a Pasteur pi-
pette and collected in a second tube. An additional 3
ml of 80% ethanol was added to the detached leaves.
The tube was then placed in a 65 1C water bath to
extract the ethanol-soluble sugars. This procedure was
repeated until all the chlorophyll was removed from de-
tached leaves (usually 2 repetitions sufficed). 2 m/ of DW
was added to test tube, and the tube was placed in a
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boiling water for 1 h to gelatinize the starch. After the
tubes were cooled with tap water, the DW was decanted.
2 ml of 15 mM sodium acetate buffer (pH 4.5) containing
0.5% (w/v) amyloglucosidase (Sigma) was added and the
tubes incubated at 55T for 18 h. The detached leaf was
stained with iodine-potassium iodide and examined under
a light microscope to check for complete digestion of
starch, The released glucose was analyzed with glucose
oxidase kit system (Sigma 5104). 2 m/ aliquot of ethanol
extract was placed in a test tube and the Chl was remo-
ved with 2 m/ chloroform. 1.5 ml-aliquot of the upper
clear phase was used for sucrose analysis. Sucrose con-
centration was determined using the resorcinol test using
sucrose standard after other ketose sugars were destro-
yed with 1.0 N NaOH in boiling water for 10 min (Huber,
1983).

Estimation of photosynthetic pigments. Chlorophyll
and total carotenoid of leaf were extracted with dimethy-
Isulfoxide (DMSO) (Hiscox and Israelstham, 1979). After
incubation of 5 leaves with 5 m/ of DMSO for 30 min
at 65C, Chl a, Chl b, Chl a/b and total carotenoid conte-
nts were measured according to Lichtenthaller (1987).

Estimation of chlorophyll fluorescence at room tempe-
rature. Measurements of modulated chlorophyll fluo-
rescence emission from the upper surface of the deta-
ched leaves were made using a pulse amplitude modula-
tion fluorimeter (PAM 101, 102, and 103, H. Walz, Effelt-
rich, FR.G.). Dark-adapted leaf at least 1 h at 25T was
placed in a leaf holder with a small volume of gas contai-
ner and exposed to a stream of water-saturated air (200
ml-min~!) through the lower surface of detached leaf
during induction of chlorophyll fluorescence. For the re-
cordings of fast fluorescence changes upon a dark-light
transitions were conducted with IBM compatable compu-
ter mounted with interface board. The interface board
contains a 12 bit D/A and seven A/D converters (PCL
711, Advantech Co., Taiwan). For the slow fluorescence
induction kinetics, dark-adapted leaves (at least 1 h at

Table 1. Changes of acid slouble phosphate content in
the 15-day old primary leaves of Chinese cabbage (Co-
Oh) and incubated detached leaves for 12 h in growth
light conditions with either DW (Co-12h) or 25 mM man-
nose (Ma-12h). The changes are given in percent of the
control (Co- Qh). Data are means+ SD (n=9)
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25T) were initially exposed to the weak modulated mea-
suring beam (appox. 0.05 pEm 47", followed by expo-
sure to a continuous actinic light (84 uEm~%"1). A 800
ms pulse of high intensity white light (3400 uEm™%s7)
was used to produce a transient closure of the PSII pho-
tochemical reaction centers. The traces were registered
on recorders. Fluorescence quenching coefficients were
determined essentially as described (Schreiber, 1986) ex-
cept that quenchings of F, was taken into account (Bilger
and Schreiber, 1986).

RESULTS AND DISCUSSION

Effects on phosphate content, CO, uptake rate, sucrose
and starch contents. Mannose has been usually used
as a phosphate sequestering agent as expected (Harris
et al., 1983, 1986; Herrold ef al.,, 1976; Walker, 1981; Wil-
son and Lucas, 1987), and as confirmed (Sharkey and
Vanderveer, 1989). Whether mannose feeding can induce
the limitation of photosynthesis in Chinese cabbage lea-
ves through the changes in phosphate level were first
investigated. Table 1 shows that mannose treatment mar-
kedly decreased the acid soluble phosphate content by
66%. This might be caused by the decrease in phosphate
level through the sequesteration of phosphate as man-
nose-6-phosphate (Harris et al., 1986; Wilson and Lucas,
1987). Carbon fixation rate in these leaves was also dec-
reased by 67% (Table 2). This decrease in photosynthesis
was not apparently caused by the changes in photosyn-
thetic pigment levels since there was no effect on Chl
a, Chi b, total chlorophyll, and total carotenoids (Table
3). However, starch content was increased by 23% of
controls with no changes in sucrose content (Table 4).
The starch content was generally enhanced in response
to P, depletion (Foyer et al., 1982; Foyer and spencer,
1986), and has been interpreted as the disturbance of
[ATP]/[ADP] ratio (Robinson and Walker, 1981) and/or
the shortage of RuBP through the diversion of newly

Table 2. Changes of CO, uptake rates (umolCQ.m2s71)
in the 15-day old primary leaves of Chinese cabbage (Co-
Oh) and incubated detached leaves for 12 h in growth
light conditions with either DW (Co-12h) or 25 mM man-
nose (Ma-12h). The changes are given in percent of the
control (Co- Oh). Data are means SD (n=3—4)

Co- Oh Co-12h Ma-12h Co- Oh Co-12h Ma-12h
Pi 047+ 0.05 044 0.09 0.16+ 0.03 Photosynthesis 557029 502+003 1.30+0.11
(ug/leaf) (100) (93.6) (34.1) (umolCO;m~2s~7) (100) (90.0) (23.00
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Table 3. Changes of Chl a, Chl b, Chl a+b, total carotenoid contents (ug/leaf) and ratio of Chl a/bh (mean* SD)
in the 15-day old primary leaves of Chinese cabbage (Co- Oh) and incubated of detached leaves for 12 h in growth
light conditions with either DW (Co-12h) or 25 mM mannose (Ma-12h). All measurements are average of at least

3 times of triplicate in each case

Chl a Chl b Chl a+b Chl a/b Tol. Car.
Co- Oh 1724+ 1.74 4.15+0.33 21.39+ 2.05 415£0.20 2.80%£ 029
Co-12h 19.74+ 141 4.56% 0.61 2430+ 2.02 432+0.27 3.16+ 0.20
Ma-12h 1834+ 142 4.27+ 0.66 22.61x£ 211 429%0.36 3.01£0.14
Table 4. Changes of starch and sucrose contents in the
15-day old primary leaves of Chinese cabbage (Co- Oh) 4+ P
and incubated detached leaves for 12 h in growth light . (A)
conditions with either DW (Co-12h) or 25 mM mannose E 3r
(Ma-12h). The changes are given in percent of the control :
(Co- Oh). Data are means+ SD (n=9) g ol I\
[}
7] [4:)]
Co- 0Oh Co-12h Ma-12h é’ 0\ ”/’__‘_————'——"
2 1t
Starch 3296+ 136 41.78- 354 49371445 L |
(glucose equiv.  (100) (126.8) (149.8) | 200 meet
mg/leaf) or
Sucrose 015+ 001 0112002  011%0.02 ' : ——
(mg/leaf) (100) (75.5) (75.5) Fig. 1. Changes in chlorophyll fluorescence induction ki-

fixed CO, for starch synthesis (Rao ef al., 1989). These
results clearly support the view that the rate of photosy-
nthesis can be limited by the supply or utilization of pho-
sphate (Sharkey, 1985; Sharkey et al., 1986).

Effect on the O-I-P induction kinetics. Tuning res-
ponse of PSII to the lowered P, wsing room temperature
chlorophyll fluorescence was investigated. Figure 1 depi-
cts the kinetics of the two step fluorescence rise (O-I-
P) at room temperature. Mannose feeding increased sli-
ghtly the Fy level, which could be interpreted as the
decreases in the initial energy distribution to PSII and/or
efficiency of excitation trapping at PSII reaction centers
(Briantais ef al., 1986; Krause and Weis, 1991). In cont-
rast, there were a slight decrease in Fo-to-intermediate
plateau (Fy) transient and a pronounced decrease in F-
to peak level fluorescence (F,) increase. Since Fy to F,
transient is a manifestation of the plastoquinone pool re-
duction, mannose feeding prevents the photoreduction
of plastoquinone. In addition, the initial rise from Fg to
Fy which reflects the photoreduction of Q, is also affected
by this treatment. It may be concluded that mannose-fed
leaves showed decreases in the photoreduction of elect-
ron carriers. One possible way for interpretation above
data may be the acidification of the thylakoid lumen. In-

netics in detached Chinese cabbage leaves treated with
DW (A) or 26 mM mannose for 12 h (B) in the li-
ght.

s tar | 18

Fluorescence yleld
w

v

Fig. 2. Changes in the saturation pulse induction kine-
tics of detached Chinese cabbage leaves treated with DW
(A) or 25 mM mannose for 12 h (B) in the lhght.

deed, it was reported that acidification of thylakoid lumen
inhibited electron donation from the O-evolving complex
to the PSII reaction center (Crofts and Horton, 1991).

Effects on the P-S-M-T induction kinetics, and photo-
chemical and nonphotochemical quenchings. Mannose
feeding also affected significantly the slow induction ki-



December 1991

netics of chlorophyll fluorescence (Fig. 2). In comparision
to that of control (Fig.2A), the curve for mannose-fed
leaves (Fig.2B) exhibited: 1) a slight increase of dark
level fluorescence (Fo) as shown in Fig. 1, 2) decreases
of maximum (F,) and peak level [(F,),] fluorescence,
3) a slower quenching from F, to steady state, 4) disap-
pearances of M; shoulder and M peak, 5) a decrease
of F. to below original Fo, and 6) an appearance of dark
level fluorescence quenching (Fo') after actinic light off.

It has been known that the decline in the ratio of (F,)
»/Fn represents the decrease in photochemical efficiency
at PSIT reaction center (Krause and Weis, 1991). There
are three possible explanations for the decline of (F.),
/Fo Firstly, there may be non-radioative dissipation of
excitation energy in the antenna or reaction centers (De-
mmig et al., 1987). Secondly, there may be wasteful pho-
tochemistry resulting in Q. being oxidized by processes
that do not lead to O, evolution (Crofts and Horton, 1991;
Schreiber et al., 1989). Finally, it may be phosphorylation
of PSII-associated polypeptides including the light-harve-
sting chlorophyll a/b complexes of PSII which could be
resulted in the reduction of electron transport (Hodges
et al., 1987; Habashi and Baker, 1990). Although there
is no direct correlations between above views, the occur-
rence of phosphorylation in mannose-fed leaves was indi-
rectly noticed by the Fo quenching. This would be discu-
ssed in the later.

It has been presented that M, shoulder, correspondent
to the burst of O, evolution, may he due to photoreduc-
tion of the NADP* and PGA pools before illumination,
and M. peak, corresponding to the oscillation of O, evo-
lution rate, due to an oscillation in ATP/ADP ratio (Robi-
nson and Walker, 1981; Stitt and Schreiber, 1988). The-
refore, the lacks of M transients in low phosphate leaves
imply that the rates of ATP synthesis and/or consump-
tion is too slow to induce the fluctuations of ATP/ADP.
It is likely that this condition would lead to a temporary
excess of assimilatory power such as ATP and NADPH,
and in trun result in affecting thylakoid basic function.
Changes in thylakoid function by metabolic factors can
be easily detected by quenching analysis with saturation
pulse method at room temperature (Schreiber ef al., 1986,
1989).

In Fig. 2 quenching components were analysed by app-
lications of saturation light pulse during induction of pho-
tosynthesis by actinic light. In the control leaf (Fig. 24),
the induction kinetics of qQ initially show rapid reduction
of the electron carriers (decrease of qQ to 0.3) followed
by a fast reoxidation (increase of ¢Q to 0.9). Membrane
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energization (initial increase of qE to 0.5) relaxes again
(decrease of qE to 0.25) through the utilization of ATP
by the onset of the Calvin cycle (Schreiber ef al., 1986;
Schreiber and Bilger, 1987). Under experimental condi-
tions used here (Fig.2A), the other minor components
of gNP, such as state transition-related quenching (qT)
and photoinhibition related quenching (gl), likely to be
very limited. We can assume that qT and ql were not
measured in Fig. 2 because they are significant parts of
gNP at very low light conditions or at very high light
intensities with a rather slow processes on average on
the orders of hours (Demmig ef al., 1987; Havaux, 1990;
Horton and Hague, 1988; Horton, 1987; Quick and Stitt,
1989), respectively. However, 12 h mannose-treated lea-
ves (Fig.2B) show slower reoxidation of plastoguinone
(from 0.38 to 0.81) and relaxation of gE (from 0.58 to
0.35) than controls. Both decrease in Fy below the Fq
level and dark level fluorecence gquenching, qO (=0.22)
were also occurred. These have been regarded as state
transitions (Satoh and Fork, 1982; Schreiber and Bilger,
1987). It was reported that these would be induced by
reduced Qs and regulated by pH gradient occurred over
a time-scale of several minutes (Bassi et al., 1988; Ben-
net, 1991; Noctor ef af., 1991). Data above presented sug-
gest that low gQ (i.e., reduction of plastoquinone) and
high gE (i.e., probably build-up pH gradient in the thyla-
koid lumen) during early induction of photosynthesis un-
der phosphate deficiency lead to the phosphorylation of
PSl-associated polypeptides.
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