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A high non-photochemical quenching (NPQ) appeared below the phase transition temperature when Microcystis aeruginosa
PCC7806 cells were exposed to saturated light for a short time. This suggested that a component of NPQ, independent from
state transition or photo-inhibition, had been generated in the PSII complex; this was a fast component responding to high in-
tensity light. Glutaraldehyde (GA), commonly used to stabilize membrane protein conformations, resulted in more energy
transfer to PSII reaction centers, affecting the energy absorption and dissipation process rather than the transfer process of
phycobilisome (PBS). In comparison experiments with and without GA, the rapid light curves (RLCs) and fluorescence induc-
tion dynamics of the fast phase showed that excess excitation energy was dissipated by conformational change in the photo-
synthetic pigment proteins on the thylakoid membrane (PPPTM). Based on deconvolution of NPQ relaxation kinetics, we con-
cluded that the fast quenching component (NPQy) was closely related to PPPTM conformational change, as it accounted for as
much as 39.42% of the total NPQ. We hypothesize therefore, that NPQ; induced by PPPTM conformation is an important ad-
aptation mechanism for Microcystis blooms under high-intensity light during summer and autumn.
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In various cyanobacteria, harvested light energy absorbed
by phycobilisomes (PBS) is transferred from Lcy to the
chlorophylls of photosystem II (PSII) and photosystem I
(PSD) [1,2]. Some excitons are formed in the reaction center
(RC) and are then deactivated through three pathways:
photochemical reaction, fluorescence, and thermal dissipa-
tion or non-photochemical quenching (NPQ) [3,4]. NPQ is
an indispensable pathway of deactivation and plays an im-
portant role in protecting PSII from photo-inhibition or
photo-damage when exposed to stress conditions [5,6].
Rapid relaxation of NPQ in darkness suggests that algae
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have a strong vitality and adaptability to high intensity light.
NPQ can be deconvoluted into three components based on
the different relaxation times in dark periods after exposure
to high intensity light [7-9]. These three components of
NPQ were found to be (i) a fast quenching component
(NPQy), which refers to the ApH-dependent process or
high-energy state (gE); (ii) a medium quenching component
(NPQ,,), related to the quenching of state transition process
(¢T); and (iii), a low quenching component (glI), resulting
from photo-inhibition of photosynthesis.

In cyanobacteria there is no gE dependence on a
trans-thylakoid proton gradient [10], although this is the
predominant component of NPQ in higher plants [11]. Since
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qE is a fast component of NPQ that appears in a few se-
conds in higher plants when exposed to high-intensity light
[7,8], the rapid response of PSII to saturated light might be
affected due to gE deficiency in cyanobacteria. However,
our survey in Lake Taihu, China, showed that most Micro-
cystis biomass, including some large colonies, was floating
on the water surface [12]. In addition, under conditions of
wind-wave disturbance, some Microcystis were randomly
brought to the surface and exposed to high light during
summer and autumn. Previous researchers [13] have re-
ported that light intensity was highest at 13:00 on sunny
days, and was approximately 2000 umol photons s m™.
As Microcystis can grow well under these high light condi-
tions, we had reason to believe that Microcystis must have
developed an efficient quenching mechanism to dissipate
excess absorbed energy. We hypothesized that a close rela-
tionship might exist between adaptation to high intensity
light and the special structure of the PSII complex. In addi-
tion, El-Bissati et al. [14] reported that an undiscovered
mechanism of NPQ induced by strong light in Synechocystis
PCC 6803 was different from state transition or pho-
to-inhibition. We aimed, therefore, to reveal some key
mechanisms of NPQy in cyanobacteria, which lead to rapid
dissipation of excess energy in the PSII reaction center
(RO).

Some studies have focused on thermal dissipation of ab-
sorbed energy in cyanobacteria. Arteni et al. [15] reported
that hemiellipsoidal PBS have relatively flexible confor-
mation, and that PBS arrangement on the thylakoid mem-
branes of the red algae Porphyridium cruentum changed
when it was transferred from low to high light conditions;
however, the photosynthetic mechanism of this light-inducing
change was not specified. Also, a decoupling of PE from
PBS in red algae was induced by a green laser, which led to
less excitation energy reaching the photosynthetic reaction
center, and prevented the photosystem from photo-damage
[16]. It has been reported that IsiA, acting as an additional
and efficient light-harvesting complex (LHC) for PSI, could
increase the absorptional cross-section of PSI [17,18], and
that IsiA aggregates induced by high light were in a strongly
quenched state, suggesting that they were efficient dissipa-
tion pathways of absorbed energy [19,20]. In addition to
IsiA, HLIPs, high light-induced proteins related to LHCs
[21], were synthesized in cyanobacterial cells under high
light conditions and seemed to protect the photosynthetic
reaction center by heat dissipation of excess excitation en-
ergy [22]. Recently, many researchers have reported that
orange carotenoid protein (OCP) plays a key role in the
photoprotective mechanism in various cyanobacteria
[23-25]. It has been demonstrated that absorbed light can
induce structural changes in OCP in the carotenoid, and
convert the protein from its resting orange form into a red,
relatively unstable, active form [23]. Gwizdala et al. [24]
used an in vitro reconstitution system to show that cyano-
bacteria thermally dissipated excess absorbed energy
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through interactions between OCP, fluorescence recovery
protein (FRP), and PBS.

Since PBS, OCP, FRP, IsiA, and HLIPs are all photo-
synthetic pigment proteins in the thylakoid membrane
(PPPTM), and can act as efficient quenchers of absorbed
energy under high light conditions, we hypothesized that
some energy dissipation mechanism might be related to the
conformational changes in PPPTM induced by high light. In
previous studies, stable and flexible PPPTM conformation
could be obtained with or without 1% (v/v) glutaraldehyde
(GA) [16]. Therefore, using GA, we attempted to reveal the
relationship between PPPTM conformational change and
NPQ, and to quantify this quenching mechanism. Our find-
ings offer an explanation as to why cyanobacterial blooms
avoid photo-inhibition and grow rapidly under the high in-
tensity light conditions present during the summer.

1 Materials and methods

1.1 Cyanobacterial strain and culture conditions

Microcystis aeruginosa PCC 7806 was originally obtained
from the Pasteur Culture Collection of Cyanobacteria (PCC)
in France, and was kindly provided by the Freshwater Algae
Culture Collection of the Institute of Hydrobiology
(FACHB), of Chinese Academy of Sciences. Microcystis
was grown in BG;; medium [26] under a 12:12 LD (light:
dark) cycle with an intensity of 60 pmol photons s~ m™
provided by cool white fluorescent tubes at (25+1)°C. Cul-
tures were harvested during the exponential growth phase
and concentrations of cells were adjusted to yield approxi-
mately 5 pg of chlorophyll a mL™" in the measurement of all
the following photosynthetic parameters.

1.2  Phase-transition temperature of the thylakoid
membrane

The phase-transition temperature of the thylakoid mem-
brane in intact cells was measured following the method
reported by Murata ef al. [27], with a few modifications.
The maximum relative electron transport rate (rETR.x)
plotted against different temperatures (30, 28, 26, 24, 22, 20,
18, 16, 14, 12, 10, and 8°C) showed a discontinuity point
caused by change in the physical phase of the thylakoid
membrane. Also, the maximum photochemical efficiency of
PSII (F,/F,) was plotted against decreasing temperature,
where the temperature of the highest F,/F,, value was used
to suggest the phase-transition temperature of the thylakoid
membrane.

1.3 PPPTM conformational changes

Glutaraldehyde (GA) has been used as a stabilizer for phy-
cobilisome (one kind of PPPTM) conformations [15,28].
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Therefore, stable and flexible PPPTM conformations can be
acquired with or without GA. Before the measurement of
chlorophyll fluorescence parameters, fluorescence emission
spectra, and fast-phase fluorescence induction dynamics, the
Microcystis cells were dark-adapted for one hour and then
added to a small Eppendorf tube containing varying con-
centrations of GA (Sigma Chemical Co., St. Louis, MO,
USA). Tubes were kept for 2 min in the dark, during which
the infiltration of GA into cells was primarily dependent
upon the diffusion rate.

1.4 Chlorophyll fluorescence measurements in PSII

Chlorophyll fluorescence parameters were measured using a
pulse-amplitude modulated fluorescence monitoring system
(Phyto-PAM, Walz, Effeltrich, Germany). After the dark-
adaptation period and treatment with 0, 0.5%, 1% and 2%
(v/v) GA, F, (original fluorescence) and F;,, (maximum flu-
orescence) were measured using a low measuring light at
0.15 pmol photons m™ s™' and a saturation light pulse of
about 3000 umol photons m ™= s~ for 0.8 s, respectively. F,
(instantaneous steady state fluorescence) and F,, were
measured under active light conditions of 256 pumol photons
m?> s The F./F,, value, the actual photochemical effi-
ciency of PSII (@rgy), the relative electron transport rate
(rETR), and non-photochemical quenching (NPQ) were
calculated as follows: F\/F,=(Fn—Fy)/Fy [29]; @psi=(Fm—
F)/Fy [30]; The rETR=(Fy—F)/Fnx0.42xPPFD [31]
(PPFD, photosynthetic photo flux density); gP =(Fn,—
F)/I(Fn—Fy); NPQ=1-(F,/F,) [32]. A RLC was used to
measure the rETR as a function of irradiance. F, and F,y
were measured under different light intensities at every step
of actinic light exposure. The RLC included 11 increments
of actinic irradiance: 1, 32, 64, 128, 256, 384, 512, 640, 832,
1088, and 1344 pmol photons m ™ s™', and a saturation light
pulse of about 3000 umol photons m™ s™' with a 10 s inter-
val between any two adjacent steps, was applied to deter-
mine F,y [5]. Some parameters of RLC such as F,, F,
F\/F,, @psy, initial slope of RLC (&), maximum relative
electron transport rate (rETR,,.), and half-saturated inten-
sity of illumination light (/) were automatically analyzed
and recorded using the Phytowin v1.47 software installed in
the Phyto-PAM.

1.5 Fluorescence emission spectra

Fluorescence emission spectra were determined using a
steady-state spectrofluorimeter (QuantaMaster 4CM, Pho-
ton Technology International (PTI), New Jersey, USA) un-
der conditions of 0 and 0.5% (v/v) GA. Samples were
dark-adapted at room temperature (25°C) for 30 min prior
to measurement. Using a computerized nonlinear optimiza-
tion approach, the fluorescence spectra were separated into
their respective components, which were imitated with
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Gaussian distributions [33]. Light intensity was controlled
by excitation slit width. Low light and high light were rela-
tive values, obtained under 0.25 and 0.5 nm slit widths, re-
spectively.

1.6 Chlorophyll fluorescence induction dynamics of
fast-phase

A plant efficiency analyzer (PEA) (Handy PEA, Hansatech,
England) was used to monitor chlorophyll fluorescence in-
duction dynamics for dark-adapted (1 h) cultures (each
treatment in triplicate) under conditions of 0 and 0.5% (v/v)
GA. Fast-phase dynamic curves (O-J-I-P transient) were
analyzed using a JIP test [34]. The JIP test translated the
original fluorescence data into biophysical parameters that
quantified the flow of energy through PSII. All of the pa-
rameters related to the onset of fluorescence induction (Ta-
ble 1).

1.7 Deconvolution of NPQ relaxation kinetics

The Microcystis cultures were exposed for 30 min at a
PPED of 1344 umol photons m > s~ provided by the actinic
light in the Phyto-PAM. The actinic light was then turned
off and the algae were kept in the dark to measure the relax-
ation kinetics of NPQ by applying saturating pulses at dif-
ferent times from the beginning of the dark period (2, 5, 10,
15, 20, 30, and 40 min). The dark recovery data for NPQ

Table 1 Summary of the JIP test parameters calculated using data ex-
tracted from the fast fluorescence transient. Parameter definitions are given
in the text

Formulae and terms Illustrations

Vi=(Fy=Fo)/(Fn—Fo)

Relative variable fluorescence
intensity at the J-step
Approximated initial slope of the
fluorescence transient

Maximum quantum yield for pri-
mary photochemistry (at #=0)
Quantum yield for electron
transport (at r=0)

Probability that a trapped exciton
moves an electron into the electron
transport chain beyond Q, (at t=0)
Specific energy fluxes (per Qa-reducing PSII reaction center (RC))
ABS/IRC=M,*(1/Vy)*(1/ Dp,)
TR,/RC=M,*(1/Vy)

ETJ/RC=M,*(1/Vy)* y,

Mo=4(F300 us—Fo)/ (Fn—F)
Doo=TR/ABS=[1—(Fo/F )]
Deo=ETJABS=[1—(F/Fu)1* v%

Wo=ET/TR~=(1-Vy)

Absorption flux per RC

Trapped energy flux per RC (at 1=0)
Electron transport flux per RC (at
t=0

Dis)sipated energy flux per RC (at
1=0)

Phenomenological energy fluxes (per excited cross section (CS))
ABS/CS,=F, Absorption flux per CS (at 1=0)
TR,/ CSs=Dp,*(ABSICS,) Trapped energy flux per CS (at
t=0

Eleitron transport flux per CS (at
1=0)

Dissipated energy flux per CS (at
1=0)

DI/RC=(ABS/RC)-(TR,/RC)

ET,/CSy=Dg*(ABS/CS,)

DI,/CS=(ABS/CS,)-(TR,/CS,)
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were deconvoluted into exponentially decaying components,
based on a modified procedure reported by Walters and
Horton [9]. Semi-logarithmic values of NPQ versus recov-
ery times were plotted and NPQ parameters associated with
each phase were calculated by linear regression of three
exponentially decaying components. The absolute value,
percent value, and half-time of the three NPQ components
(NPQ;, NPQ,,, and NPQ,) were calculated based on the
equations reported by D’ Ambrosio et al. [6].

2 Results

2.1 Phase-transition temperature of the thylakoid
membrane in Microcystis

The photosynthetic activity indicated by chlorophyll a fluo-
rescence parameters had a very close relationship with the
physical phase state of the thylakoid membrane. The linear
correlation of photosynthetic activity with 1/7 might be dif-
ferent between the solid state and the liquid crystalline state
of the thylakoid membrane. When rETR,,x was plotted with
linear regression versus different temperatures, there were
two obvious lines of rETR,,,x and a flex point appeared at
about 18°C (Figure 1A). Also, the highest F,/F,, value was
observed at 21°C in the fitted curve of F,/F,, versus temper-
ature (Figure 1B). Based on these two results, we concluded
that the phase transition temperature of the thylakoid mem-
brane (cultured under the experimental conditions described
above) was below 18°C. Therefore, the thylakoid membrane
undoubtedly was in a solid state at 15°C; consequently,
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Figure 1 Changes in chlorophyll fluorescence parameters with decreas-

ing temperature. The maximum rETR (rETR,,) plotted against the recip-

rocal of absolute temperature (A) and the fitted curve of F\/F,, versus tem-
perature (B).
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some of the following experiments were performed at
15°C.

2.2 Effect of PPPTM conformation on NPQ below the
phase-transition temperature

NPQ significantly increased from 0.177+0.006 to 0.263+
0.015 after the addition of GA at room temperature (25°C).
During transfer from 25 to 15°C, the NPQ in the PSII of
Microcystis rapidly dropped by 20.9%. In the presence of
GA, NPQ increased by 48.6% at 25°C, while it increased by
19.3% at 15°C (Figure 2).

2.3 Effect of PPPTM conformational change on energy
transport between PBS and PSII

The Microcystis cells were illuminated with 436 and 532
nm lasers at different intensities of light, and the relative
intensities of fluorescence emission were recorded from 600
to 800 nm in wavelength. The fluorescence emission peaks
at 662, 685, and 720 nm originated from PBS, PSII, and PSI,
respectively. When compared with GA-free samples excited
with a 436 nm laser, the relative intensities of fluorescence
emission at wavelengths of 662, 685, and 720 nm in the
presence of GA, did not significantly increase under low
light conditions, but rose markedly when under high light
(Figure 3A). The details of the increasing ratios are shown
in Table 2. There were however, virtually no changes in
fluorescence intensities at wavelengths of 662, 685, and 720
nm, after the addition of 0.5% (v/v) GA under both high and
low light conditions (Figure 3B).

2.4 Effect of PPPTM conformation on the activity of
the PSII reaction center

Effects of GA on PSII reaction centers were estimated using

0.3

0.263

21l

02k 0477 0.167

0.140

Non-photochemical quenching (a.u.)

A

5°C GA 15°C GA

Figure 2 NPQ values measured at room temperature (25°C) and the

temperature below the membrane transition temperature (15°C), in the
presence and absence of GA, respectively (n=3).
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Table 2 Relative fluorescence intensities for the three components of NPQ under high light illumination®

Excitation at 532 nm

Excitation at 436 nm

Component
-GA +GA Increase (%) -GA +GA Increase (%)
PBS (662 nm) (x10°a.u.) 5.034 5.940 18.0 2.642 2.769 0.48
PSII (685 nm) (x10° a.u.) 3.873 4.786 23.6 7.548 7.990 0.59
PSI (720 nm) (x10%a.u.) 1.136 1.307 15.1 2.126 2.148 0.10

a) —GA, in the absence of glutaraldehyde; +GA, in the presence of glutaraldehyde; a.u., arbitrary unit.

the chlorophyll fluorescence parameters measured by the
Phyto-PAM. With increasing concentrations of GA, F,
quickly increased (by 25.10% at 0.5% GA), while F,, and
photosynthetic activities only decreased (by 6.17% at 0.5%
GA) (Table 3). In the presence of 0.5% GA, F,/F, and @pg
decreased to 0.25 and 0.05, respectively. Photosynthetic
activity of PSII was almost completely lost in 1% GA con-
ditions. The absorption and utilization of excitation energy
in PSII were revealed by three parameters; namely, ¢,
TETR ., and I in RLC (Table 3). In comparison with the
control (GA-free), «, calculated during the initial low light
phase, decreased slightly by 13.5%, while rETR,.x, meas-
ured under saturated light, decreased significantly by 87.1%
in 0.5% (v/v) GA. In addition, I distinctly decreased from
423.2t0 69.2.

2.5 Effect of PPPTM conformation on chlorophyll a
fluorescence induction dynamics

Excitation of dark-adapted Microcystis aeruginosa
PCC7806 with a saturated light pulse induced a typical
Kautsky fluorescence induction (O-J-I-P transients) for cul-

Table 3 Effect of GA on chlorophyll fluorescence parameters in RLCs

tures, both in the presence and absence of GA, under tem-
peratures of 25 and 15°C (Figure 4A). All details of the
electron transport chain in PSII were shown in a more visi-
ble way after O-J-1-P transient curves were normalized rela-
tive to total variable fluorescence. Fluorescence values sig-
nificantly increased at steps J (2 ms) and I (30 ms), after
0.5% GA addition at both temperatures (Figure 4B). Results
of the JIP test also showed that more energy was fluxed to
PSII. This was indicated by the values of ABC/RC, DI,/RC,
ABSICS, and DI,/CS,, which had increased significantly by
16.3%, 31.3%, 12.3%, and 28.7%, respectively, at tempera-
tures of 25°C (Figure 5A and B).

2.6 Deconvolution of NPQ components in dark relaxa-
tion kinetics

The fast quenching component (NPQy) was 39.42%, which
took a predominate role in NPQ, and the half-time of NPQ;
was 1.01 min (Table 4). When PPPTM conformation was
stabilized by GA, NPQ significantly increased from 0.228
to 1.362 (Table 5). However, even more remarkably, GA
caused NPQ¢to drop to a very low level (5.26%) and re-

Concentration of GA (v/v) F, (Rel. units) F., (Rel. units) F/Fy, Dpspp a TETR ax I
0 1323 2366 0.44 0.33 0.170 72.1 423.2
0.5% 1655 2220 0.25 0.05 0.147 9.3 69.2
1% 1856 1964 0.05 0 0.021 0.5 14.5
2% 1792 1936 0.07 0 0.019 0.3 13.0
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sulted in a shorter half-time (0.93 min). Meanwhile, the ratio
of the slow quenching component (NPQ;) in NPQ rose from
39.88% to 85.98% after addition of 0.5% GA (Table 5).

3 Discussion

After chlorophyll a (Chl a) molecules absorbed solar energy,
they switched to an excited state. The excited chlorophyll
molecule has several ways to return to the ground state,
namely by excitation transfer to a neighboring pigment,
photochemical reaction, fluorescence emission, or non-
photochemical quenching (NPQ) [35]. NPQ can usually be
deconvoluted into three components, namely gE, ¢T, and gl
in higher plants [9]. However, it has been reported that the
AH-dependent ¢E is not included in NPQ in cyanobacteria
[10], and ¢gT, which is closely related to the fluidity of the
thylakoid membrane, will be inhibited in a solid membrane
state below the phase transition temperature [14]. Moreover,
a short, one-minute exposure of saturated light did not cause
a significant gl induced by D;-protein damage. Therefore,
theoretically, NPQ should be very low, below the phase
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Figure 5 The effects of GA on the parameters in O-J-I-P curves. A, Ef-
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sorption flux per CS; TR,/CS,, trapped energy flux per CS; ET,/CS,, elec-
tron transport flux per CS and DI,/CS,, dissipated energy flux per CS, n=3.
Error bars are standard deviations.

transition temperature when exposed to saturated light for a
short time. However, a high NPQ appeared under this con-
trolling condition (Figure 2), suggesting that a component
of NPQ, independent from state transition or photo-inhibi-
tion, existed in the PSII complex, and was a fast component
under high light conditions.

GA has commonly been used to stabilize the PPPTM
conformation such as PBS conformation [15,28], and GA
also can stabilize all kinds of PPPTM including OCP. NPQ
significantly increased at room temperature (25°C) in the
presence of GA (Figure 2). This might be attributable to the
transfer of more energy from PBS to PSII reaction centers
under conditions of more stable PPPTM conformation and
high light. However, the addition of GA could not signifi-
cantly increase NPQ when measured below the phase tran-
sition temperature (15°C), suggesting that the PPPTM con-
formation-related NPQ was based on the fluidity of the
thylakoid membrane.

Excitation energy transferring between PBS and the PSII
reaction center (RC) was measured by fluorescence emis-
sion spectra (Figure 3). Since there was a back transfer of
excitation energy from chlorophyll molecules to PBS when
excited at 436 nm [36], a depressed fluorescence at 685 nm
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Table 4 Three NPQ components and their regression equations in the absence of GA

NPQ components Regression equation of each component

Absolute values Relative values (%) Half times (min)

NPQ¢ y=—0.112x+0.5717 (R*=1)
NPQ, y=—0.0098x+0.3463 (R?=0.95)
NPQ, y=—0.0033x+0.2280 (R’=0.99)

0.219+0.008 39.42+0.14 1.01+0.03
0.118+0.006 20.69+0.44 6.04+0.13
0.228+0.005 39.88+0.58 34.55+2.59

Table 5 Three NPQ components and their regression equations in the presence of GA

NPQ components Regression equation of each component

Absolute values Relative values (%) Half times (min)

NPQ¢ y=—0.0446x+1.5845 (R*=1)
NPQw y=—0.0096x+1.5011 (R*=0.97)
NPQ; y=—0.0023x+1.3623 (R?=0.92)

0.080+0.004 4.99+0.39 0.91+0.04
0.142+0.005 8.82+0.08 7.17+0.08
1.387+0.035 86.19+0.30 279.30+23.84

under an excitation of 436 nm was considered strong evi-
dence for the decoupling of PBS from the reaction centers
[33]. When excited at 532 nm, more excitation energy was
absorbed by PBS and then fluxed to the PSII reaction center
in the presence of GA. However, the fluorescence emission
spectra excited at 436 nm showed that the transfer paths of
excitation energies among PBS, PSII, and PSI were not sig-
nificantly changed by the addition of GA. These results
suggested that only the energy absorption and dissipation
process of PBS, rather than the transfer paths, were affected
by GA. GA is usually used as a fixative and crosslinker for
proteins, and the effective concentration is usually 2%.
However, some researchers have used 1% (v/v) GA as a
stabilizer of protein structures [16]. Thus we thought that
GA might play different roles in different doses. Some re-
searchers reported that F,, could reflect the status of the
electronic pass through the PSII [37,38]. GA therefore had
almost no significant effects on fluorescence quenching and
the photosynthetic reaction center, as evidenced by only a
small decrease in Fp, (6.17%) in low concentrations of 0.5%
GA. However, F, rapidly increased by 25.10%. Campbell et
al. [39] proposed that phycobiliproteins contained in cya-
nobacterial cells could contribute to the F,, so we thought
that this increase in F, might be attributable to some struc-
tural changes induced by 0.5% GA. Therefore, based on all
these characteristics of fluorescence parameters after GA
addition, we conclude that low concentrations (0.5%) of GA
would not lead to multiple effects on biological processes.
This can be confirmed by the relatively high photosynthetic
activity (F,/F,=0.25, Table 3).

RLC provides detailed information on the electron
transport system as well as the overall photosynthetic per-
formance of higher plants or cyanobacteria [5,40]. The abil-
ity of plants to use light is usually indicated by the photo-
synthetic parameter « at the low light phase in RLC, and the
photo-inhibitory extent is denoted by rETR,,,x at the high
light phase in RLC [5]. We have shown that with increasing
concentrations of GA, the ability of M. aeruginosa PPC
7806 to use light gradually decreased, while the pho-
to-inhibitory extent gradually increased (Table 3). When in
the presence of 0.5% GA, rETR;,,x significantly decreased

while a slightly decreased. This suggested that under high
light conditions, excessive excitation energy can be dissi-
pated by PPPTM conformational change. Through this en-
ergy-quenching mechanism, Microcystis can alleviate the
inhibitory effects of high light. Since more excitation ener-
gy transferring to PSII reaction centers can cause Qa Qg
and Q,Qp to accumulate at PSII acceptor sites [41], the
increase in both energy absorption and NPQ in the presence
of GA was further confirmed by increased “J” and “I” steps
in the fluorescence induction dynamics (Figure 4). The ad-
dition of GA resulted in an increase in ABS/RC and DIo/RC
ratios, indicating that partial NPQ resulted from PPPTM
conformational change.

In higher plants, gE, a fast fluorescence quenching com-
ponent, usually plays a major role in NPQ under high light
[6]. We found that the fast fluorescence quenching compo-
nent of NPQ was also very important for Microcystis when
exposed to high light. The analysis of NPQ components
under GA addition showed that the fast quenching compo-
nent (NPQy) significantly decreased while the slow quench-
ing component (NPQ,) significantly increased, in compari-
son with those in the absence of GA (Tables 4 and 5). This
suggested that the fast quenching component (NPQy) was
closely related to PPPTM conformational change, account-
ing for as much as 39.42% of the total NPQ. We assume
therefore that NPQ; induced by PPPTM conformation is an
important adaptation mechanism for Microcystis blooms
under high intensity light during summer and autumn.

4 Conclusion

We have shown that a component of NPQ, independent
from state transition or photo-inhibition, is generated in the
PSII complex of the cynanobacterium Microcyctis; this is a
fast component responding to high intensity light. Stabiliza-
tion of PPPTM conformation appears to result in the trans-
fer of more energy from PBS to PSII reaction enters. Fur-
thermore, PPPTM conformational change can cause dissi-
pation of partial excessive excitation. Based on the decon-
volution of NPQ relaxation kinetics, we conclude that the
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fast quenching component (NPQy) is closely related to
PPPTM conformational change through which Microcystis
can efficiently alleviate the inhibitory effects of high light.

This work was supported by the National Basic Research Program of China
(Grant No. 2008CB418002) and the National Major Programs of Water
Body Pollution Control and Remediation (Grant Nos. 2009ZX07104-005
and 2009ZX07106-001 ).

10

11

12

13

14

16

18

Mullineaux C W. Excitation energy transfer from phycobilisomes to
photosystem I in a cyanobacterium. BBA-Bioenergetics, 1992, 1100:
285-292

Rakhimberdieva M G, Boichenko V A, Karapetyan N V, et al. Inter-
action of phycobilisomes with photosystem II dimers and photosys-
tem I monomers and trimers in the cyanobacterium Spirulina platen-
sis. Biochemistry, 2001, 40: 15780-15788

Rohacek K, Bartdk M. Technique of the modulated chlorophyll fluo-
rescence: basic concepts, useful parameters, and some applications.
Photosynthetica, 1999, 37: 339-363

Malkin R, Niyogi K. Photosynthesis. In: Buchanan B B, Gruissem W,
Jone R L, eds. Biochemistry and Molecular Biology of Plants.
Rockville: American Society of Plant Physiologists, 2000. 568—628
Ralph P J, Gademann R. Rapid light curves: a powerful tool to assess
photosynthetic activity. Aqua Bot, 2005, 82: 222-237

D’ Ambrosio N, Guadagno C R, Virzo De Santo A. Is gE always the
major component of non-photochemical quenching? In: Allen J E,
Gantt E, Golbeck J H, et al., eds. Photosynthesis. Energy from the
Sun: 14th International Congress on Photosynthesis. Springer, 2008.
1001-1004

Krause G H, Weis E. Chlorophyll fluorescence and photosynthesis:
the basis. Ann Rev Plant Physiol Plant Mol Biol, 1991, 42: 313-349
Miiller P, Li X P, Niyogi K K. Non-photochemical quenching: a re-
sponse to excess light energy. Plant Physiol, 2001, 125: 1558-1566
Walters R G, Horton P. Resolution of components of non-
photochemical chlorophyll fluorescence quencheng in barley leaves.
Photosyn Res, 1991, 27: 121-123

Wilson A, Ajlani G, Verbavatz J M, et al. A soluble carotenoid pro-
tein involved in phycobilisome-related energy dissipation in cyano-
bacteria. Plant Cell, 2006, 18: 992—-1007

Campbell D, Oquist G. Predicting light acclimation in cyanobacteria
from nonphotochemical quenching of photosystem II fluorescence,
which reflects state transitions in these organisms. Plant Physiol,
1996, 111: 1293-1298

Wang Z C, Li G W, Li G B, et al. The decline process and major
pathways of Microcystis bloom in Lake Taihu, China. Chin J Oceanol
Limnol, 2012, 30: 37-46

Wang Z C, Zuo M, Wang Y C, et al. Dynamics of chlorophyll fluo-
rescence and eco-morphological properties of Microcystis bloom in
Meiliang Bay of Lake Taihu, China. Fresen Environ Bull, 2011, 20:
2295-2305

El-Bissati K, Delphin E, Murata N, et al. Photosystem II fluorescence
quenching in the cyanobacterium Synechocystis PCC 6803: involve-
ment of two different mechanisms. Biochim Biophys Acta, 2000,
1457: 229-242

Arteni A A, Liu L N, Aartsma T J, et al. Structure and organization
of phycobilisomes on membranes of the red alga Porphyridium cru-
entum. Photosyn Res, 2008, 95: 169-174

Liu L N, Elmalk A T, Aartsma T J, e al. Light-induced energetic
decoupling as a mechanism for phycobilisome-related energy dissi-
pation in red algae: a single molecule study. PLoS ONE, 2008, 3:
e3134

Andrizhiyevskaya E G, Schwabe T M, Germano M, et al. Spectro-
scopic properties of PSI-IsiA supercomplexes of the cyanobacterium
Synechococcus PCC 7942. Biochim Biophys Acta, 2002, 1556: 265—
272

Melkozernov A N, Bibby T S, Lin S, et al. Time-resolved absorption

Sci China Life Sci

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

August (2012) Vol.55 No.8

733

and emission show that the CP43’ antenna ring of iron-stressed Syn-
echocystis sp PCC 6803 is efficiently coupled to the photosystem I
reaction center core. Biochemistry, 2003, 42: 3893-3903

Thalainen J, D’Haene S, Yeremenko N, et al. Aggregates of the chlo-
rophyll-binding protein IsiA (CP43’) dissipate energy in cyanobacte-
ria. Biochemistry, 2005, 44: 10846-10853

Wilson A, Boulay A, Wilde A, et al. Light-induced energy dissipa-
tion in iron-starved Cyanobacteria: Roles of OCP and IsiA proteins.
Plant Cell, 2007, 19: 656-672

Adamska I. The Elip family of stress proteins in the thylakoids mem-
branes of pro- and eukaryota. In: Aro E M, Andersson B, eds. Ad-
vances in Photosynthesis and Respiration-Regulation of Photosyn-
thesis, Vol. 11. Dordrecht: Kluwer Academic Publishers, 2001.
487-505

Havaux M, Guedeney G, He Q, ef al. Elimination of high-light-
inducible polypeptides related to eukaryotic chlorophyll a/b-binding
proteins results in aberrant photoacclimation in Synechocystis
PCC6803. Biochim Biophys Acta, 2003, 1557: 21-33

Boulay C, Abasova L, Six C, et al. Occurrence and function of the
orange carotenoid protein in photoprotective mechanisms in various
cyanobacteria. Biochim Biophys Acta, 2008, 1777: 1344-1354
Gwizdala M, Wilson A, Kirilovsky D. In vitro reconstitution of the
cyanobacterial photoprotective mechanism mediated by the orange
carotenoid protein in synechocystis PCC 6803. Plant Cell, 2011, 23:
2631-2643

Tian L, van Stokkum I H M, Koehorst R B M, et al. Site, rate, and
mechanism of photoprotective quenching in cyanobacteria. J Am
Chem Soc, 2011, 133: 18304-18311

Rippka R, Desrulles J, Waterbury J B, et al. Generic assignment,
strain histories and properties of pure cultures of cyanobacteria. J Gen
Appl Microbiol, 1979, 11: 1-61

Murata N, Troughton J H, Fork D. Relationships between the transi-
tion of the physical phase of membrane lipids and photosynthetic pa-
rameters in Anacystis nidulans and lettuce and spinach chloroplasts.
Plant Physiol, 1975, 56: 508-517

Biggins J, Campbell C L, Bruce D. Mechanism of the light state tran-
sition in photosynthesis. 2. Analysis of phosphorylated polypeptides
in the red alga, Porphyridium cruentum. Biochim Biophys Acta, 1984,
767: 138-144

Ting C S, Owens T G. Limitations of the pulse-modulated technique
for measuring the fluorescence characteristics of algae. Plant Physiol,
1992, 100: 367-373

Genty B, Briantais ] M, Baker N R. The relationship between the
quantum yield of photosynthetic electron transport and quenching of
chlorophyll fluorescence. Biochim Biophys Acta, 1989, 990: 87-92
Schreiber U, Bilger W, Hormann H, et al. Chlorophyll fluorescence
as a diagnostic tool: basics and some aspects of practical relevance.
In: Raghavendra A S, ed. Photosynthesis: A Comprehensive Treatise.
Cambridge: Cambridge University Press, 1998. 320-336

Van Kooten O, Snel J F H. The use of chlorophyll fluorescence no-
menclature in plant stress physiology. Photosyn Res, 1990, 25: 147—
150

Li Y, Zhang J P, Xie J, et al. Temperature-induced decoupling of
phycobilisomes from reaction centers. Biochim Biophys Acta, 2001,
1504: 229-234

Strasser R J, Srivastava A, Govindjee. Polyphasic chlorophyll a fluo-
rescence transients in plants and cyanobacteria. Photochem Photobiol,
1995, 61: 32-42

Mathis P, Paillotin G. Primary processes of photosynthesis. In: Hatch
M D, Boardman N K, eds. The Biochemistry of Plants. New York
and London: Academic Press, 1981. 8: 97-161

Biggins J, Bruce D. Regulation of excitation energy transfer in or-
ganisms containing phycobilins. Photosyn Res, 1989, 1089: 1-34
Lichtenthaler H K. In vivo chlorophyll fluorescence as a tool for
stress detection in plants. In: Lichtenthaler H K, ed. Applications of
Chlorophyll Fluorescence: in Photosynthesis Research, Stress Physi-
ology, Hydrobiology and Remote Sensing. Dordrecht: Kluwer Aca-
demic Publishers, 1988. 129-142

Schreiber U, Bilger W, Klughammer C, er al. Application of the



734

39

Open Access

Wang Z C, et al.

PAM fluorometer in stress detection. In: Lichtenthaler H K, ed. Ap-
plications of Chlorophyll Fluorescence: in Photosynthesis Research,
Stress Physiology, Hydrobiology and Remote Sensing. Dordrecht:
Kluwer Academic Publishers, 1988. 151-155

Campbell D, Zhou G, Gustafsson P, ef al. Electron transport regulates
exchange of two forms of photosystem II D1 protein in the cyano-
bacterium Synechococcus. EMBO J, 1995, 14: 5457-5466

Sci China Life Sci

40

41

August (2012) Vol.55 No.8

Wang Z C, Li D H, Li G W, et al. Mechanism of photosynthetic re-
sponse in Microcystis aeruginosa PCC7806 to low inorganic phos-
phorus. Harmful Algae 2010, 9: 613-619

Strasser R J, Govindjee. On the O-J-I-P fluorescence transients in
leaves and D1 mutants of Chlamydomonas reinhardtii. In: Murata N,
ed. Research in Photosynthesis. Dordrecht: Kluwer Academic Press,
1992.29-32

This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction
in any medium, provided the original author(s) and source are credited.



	1 Materials and methods
	1.1 Cyanobacterial strain and culture conditions
	1.2 Phase-transition temperature of the thylakoid membrane
	1.3 PPPTM conformational changes
	1.4 Chlorophyll fluorescence measurements in PSII
	1.5 Fluorescence emission spectra
	1.6 Chlorophyll fluorescence induction dynamics of fast-phase
	1.7 Deconvolution of NPQ relaxation kinetics

	2 Results
	2.1 Phase-transition temperature of the thylakoid membrane in
	2.2 Effect of PPPTM conformation on NPQ below the phase-transition temperature
	2.3 Effect of PPPTM conformational change on energy transport between PBS and PSII
	2.4 Effect of PPPTM conformation on the activity of the PSII reaction center
	2.5 Effect of PPPTM conformation on chlorophyll a fluorescence induction dynamics
	2.6 Deconvolution of NPQ components in dark relaxation kinetics

	3 Discussion
	4 Conclusion

