'.\' frontiers
in Plant Science

ORIGINAL RESEARCH
published: 15 February 2016
doi: 10.3389/fpls.2016.00108

OPEN ACCESS

Edited by:
Wei Huang,
Chinese Academy of Sciences, China

Reviewed by:

Nabil I. Elsheery,

Tanta University, Egypt

Weimin Ma,

Shanghai Normal University, China

*Correspondence:
Hualing Mi
mihl@sippe.ac.cn

Specialty section:

This article was submitted to
Plant Physiology,

a section of the journal
Frontiers in Plant Science

Received: 05 August 2015
Accepted: 20 January 2016
Published: 15 February 2016

Citation:

XuM, Lv J, FuP and Mi H (2016)
Oscillation Kinetics of
Post-illumination Increase in Chl
Fluorescence in Cyanobacterium
Synechocystis PCC 6803.

Front. Plant Sci. 7:108.

doi: 10.3389/fpls.2016.00108

CrossMark

Oscillation Kinetics of
Post-illumination Increase in Chl
Fluorescence in Cyanobacterium
Synechocystis PCC 6803

Min Xu', Jing Lv?, Pengcheng Fu? and Hualing Mi'*

" National Key Laboratory of Plant Molecular Genetics, Institute of Plant Physiology and Ecology, Shanghai Institutes for
Biological Sciences, Chines Academy of Sciences, Shanghai, China, 2 Renewable Energy Research Center, China University
of Petroleum, Beijjing, China

After termination of longer-illumination (more than 30 s), the wild type of Synechocystis
PCC 6803 showed the oscillation kinetics of post-illumination increase in Chl
fluorescence: a fast phase followed by one or two slow phases. Unlike the wild type,
ndh-B defective mutant M55 did not show any post-illumination increase under the
same conditions, indicating that not only the fast phase, but also the slow phases
were related to the NDH-mediated cyclic electron flow around photosystem | (PS 1)
to plastoquinone (PQ). The fast phase was stimulated by dark incubation or in the
presence of Calvin cycle inhibitor, iodoacetamide (IA) or cyclic photophosphorylation
cofactor, phenazine methosulphate (PMS), implying the redox changes of PQ by
electrons generated at PS | reduced side, probably NAD(P)H or ferredoxin (Fd). In
contrast, the slow phases disappeared after dark starvation or in the presence of IA
or PMS, and reappeared by longer re-illumination, suggesting that they are related
to the redox changes of PQ by the electrons from the photoreductants produced in
carbon assimilation process. Both the fast phase and slow phases were stimulated at
high temperature and the slow phase was promoted by response to high concentration
of NaCl. The mutant M55 without both phases could not survive under the stressed
conditions.

Keywords: post-illumination increase in Chl fluorescence, Synechocystis sp. PCC 6803, NAD(P)H dehydrogenase,
cyclic electron flow around photosystem |, plastoquinone

INTRODUCTION

Similar to eukaryotic phototrophs, cyanobacteria carry out oxygen photosynthesis with two
distinguishable photosystems, photosystem I (PS I) and photosystem II (PSII; Scherer, 1990). Light
energy is converted into biochemical energy by driven transfer of electron from water to terminal
electron acceptor NADP™. Thus, the linear electron flow produces ATP by a proton gradient across
the thylakoid membrane, coupling the formation of NADPH. In addition to the linear electron
flow, there is a cyclic electron flow around PS I, which converts light to electrochemical potential
for synthesis of ATP. Cyclic electron flow around PS I is considered physiological important
not only for its providing extra ATP for carbon assimilation (Schurman et al., 1972; Mills et al.,
1978; Slovacek et al., 1978), but also for its adjusting the production ratio of ATP to NADPH for
developmental stages (Hatch, 1987), environmental stress (Mi et al., 2001; Wang et al., 2006), and
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physiological requirements (Xu et al, 2014). Since lacking
organelles such as chloroplasts and mitochondria, respiratory
electron transport chain of cyanobacteria couples with
photosynthetic intersystem chain by sharing some components
(Jones and Myers, 1963). The respiratory electron transport
which can produce ATP in darkness and remove oxygen plays an
important role in nitrogen fixation (Scherer et al., 1988).

In cyanobacteria, respiration and cyclic electron flow are
mediated by cyanobacterial type-1 NAD(P)H dehydrogenase
(NDH-1) complexes which functions in a variety of bioenergetic
reactions (Mi et al., 1992) and CO, uptake (Ogawa, 1991). NDH-
1 consists of 17 subunits at least, among those, NdhA-NdhK
are homologous to those of Escherichia coli complex I (Friedrich
and Scheide, 2000), NdhL-NdhQ specially exist in cyanobacteria,
identified by functional proteomics approach (Prommeenate
etal., 2004; Battchikova et al., 2005) or by purification (Nowaczyk
etal, 2011). NDH-1 from cyanobacteria is speculated to possess
an oxygenic photosynthesis-specific (OPS) domain (Birungi
etal,, 2010) comprised of NdhL-NdhO identified in Synechocystis
6803 (Prommeenate et al., 2004; Battchikova et al., 2005). Several
NDH subunits function in stabilization of NDH-1. NdhQ is
also essential for stabilization of the large complex of NDH-
1 (Zhao et al.,, 2015). NdhP is involved in the respiratory and
cyclic electron flow (Schwarz et al., 2013) and is essential to
stabilize the NDH-1L complex (Zhang et al., 2014). NdhS as a
novel subunit of NDH-1 participates in the cyclic electron flow
in Arabidopsis (Yamamoto et al., 2011) and also in cyanobacteria
(Battchikova et al., 2012) that it serves as the docking site for
Fd, accepting electrons from Fd in chloroplasts (Yamamoto and
Shikanai, 2013).

Post-illumination increase in Chl fluorescence has been found
in C4 plant (Asada et al., 1993), C3 plant (Mano et al., 1995), and
cyanobacteria (Mi et al., 1995). The phenomenon was explained
as the reduction of plastoquinone (PQ) by the electrons from
photoreductants accumulated in the stroma or cytosol during
illumination, and may reflect cyclic electron transport around
PS 1 mediated by NDH-1 (Mi et al, 1995) and by plastid
NADH dehydrogenase-like complex (NDH; Sazanov et al., 1998;
Shikanai et al., 1998). It could be used as a convenient way to
study the activity of cyclic electron flow around PS I in vivo.

In this work, we found that after termination of illumination,
the wild type of Synechocystis sp. PCC 6803 (hereafter
Synechocystis PCC 6803) showed the oscillation kinetics of post-
illumination increase in Chl fluorescence. The oscillation kinetics
was further investigated under different conditions combined
with the ndhB defective mutant (M55) and inhibitors. The results
showed that the oscillation is suggested to be related to the
changes in the redox state of PQ by electrons from various
photoreductants and responses to environmental stresses.

MATERIALS AND METHODS

Culture of Cyanobacteria

Synechocystis PCC 6803 and its ndhB defective mutant,
M55 (Ogawa, 1991), were cultured in the BG-11 medium
buffered with Tris-HCl (5 mM, pH 8.0; Allen, 1968) at 27°C

under fluorescent lamps at 60 pmol m~2 s~! bubbling

with 2% CO; in air. According to the experiments,
the cells at logarithmic growth stage were used for
measurements.

Measurement of the Kinetics of Changes
in Chl Fluorescence

The redox change of PQ was monitored by Chl fluorescence,
using a PAM Chlorophyll Fluorometer (Walz, Effeltrich,
Germany) with an emitter-detector-cuvetter assembly (ED-101
US). Details for fluorometer setup were described previously
(Schreiber et al., 1994, 1995). The cell suspension was pipetted
in a cuvetter with a thermostat. Cells were exposed to
the actinic light (AL, 3 Wm™2) for 30 s. Then AL was
turned off and the transient increase kinetics in chlorophyll
fluorescence was detected. Each sample was adapted in the
dark for 2 min prior to measurement. As for treatment
with the cyclic photophosphorylation cofactor, 100 pM of
phenazine methosulphate (PMS) was added to the sample before
measurement; and with the Calvin cycle inhibitor, iodoacetamide
(IA) was pre-incubated with the sample at low concentration
(40 wM) and high concentration (1 mM). As for dark starvation,
cells of Synechocystis PCC 6803 were pre-treated in dark for 24—
32 h before measurement. Every experiment was repeated three
times at least.

Oxygen Exchange

The evolution of oxygen under the white light (150 W m~2)
was determined in a reaction mixture that contained the mid-
logarithmic cell of Synechocystis PCC 6803 in the cultural BG11
medium at 5 jLg Chl ml~! with 10 mM NaHCOj3 with a Clark-
type oxygen electron. The reaction mixture kept at indicated
temperatures as shown in Figure 3A with a thermostat.

RESULTS

Oscillation Kinetics of Post-illumination

Increase in Chl Fluorescence

The post-illumination increase in Chl fluorescence is used
to reflect the activity of cyclic electron flow around PS I
in cyanobacteria and high plants. The kinetics usually is
monophasic under certain conditions in the previous studies
(Deng et al., 2003). Here we found that after termination of the
longer-illumination(more than 30 s) of red light (3 W m~2),
the wild type of Synechocystis PCC 6803 showed a oscillation
of post-illumination increase in Chl fluorescence: a fast phase,
peakl (P1) followed by one or two slow phases peak2 (P2)
or peak3 (P3) (Figure 1). In contrast, ndhB defective mutant
M55 did not show any post-illumination increase under the
same conditions (Figure 1), indicating that not only fast phase,
but also slow phases related to the reduction of PQ by the
NDH-mediated cyclic electron flow. To know what kinds of
components contribute to the different phases, we checked effect
of a cyclic electron cofactor and a Calvin cycle inhibitor as
follows.
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FIGURE 1 | Kinetics of post-illumination increase in Chl fluorescence. The Top curve shows a typical trace of chlorophyll fluorescence in wild type (WT)
Synechocystis PCC 6803. The cell at mid-logarithmic stage (OD730 ~ 0.5) was pipetted in a cuvetter with a thermostat. After the cells were exposed to the AL

(3 Wm~2) for 30 s, the transient increase kinetics in chlorophyll fluorescence was detected. The wild type showed the oscillation kinetics of post-illumination increase
in Chl fluorescence: a fast phase, peak1 (P1) followed by one or two slow phase peak2 (P2) or peak3 (P3). M55, NdhB defective mutant; PMS, phenazine
methosulphate; IA, iodoacetamide. Each sample was adapted in the dark for 2 min prior to the measurement. The chemicals were, respectively, added to the
sample before adaptation in the dark. Every experiment was independently repeated three times at least.
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Effect of Inhibitors on the Kinetics of
Post-illumination Increase in Chl
Fluorescence

Phenazine methosulphate is a well-known artificial cyclic
photophosphorylation cofactor, which bypasses electrons from
PS I acceptor side to the P700 (Trebst, 1974). Addition of PMS
significantly stimulated the increase of fast phase, but suppressed
the slow phases of post-illumination increase in Chl fluorescence
in the wild type, but not in M55 (Figure 1), suggesting that
the fast phase is caused by the electron donation from simple
substrates, probably NADPH, and slow phase is caused by
electron donation from the substrates produced in the process of
carbon assimilation, and NDH-1 is involved in these processes.
To test the possibility, the effect of IA, an inhibitor of Calvin cycle
which blocks linear electron flow but stimulates cyclic electron
flow around PS I in spinach chloroplasts (Joliot and Alric, 2013),
on post-illumination increase in Chl fluorescence was checked.
Both the P1 and P2 were significantly stimulated but the P3
disappeared at the presence of low concentration of IA (40 WM;
Figure 1). Moreover, high concentration of IA (1 mM) stimulated
the fast phase but suppressed the slow phase (Figure 1). The
results indicate that fast phase reflects the redox change of PQ by
electrons from PS I reduced side, probably NADPH or Fd and the
slow phases by those from complicate components synthesized
through the Calvin cycle.

Effect of Dark Starvation and
Re-illumination on the Oscillation
Kinetics of Post-illumination Increase in

Chl Fluorescence
Given that the redox state of PQ is also affected by donation
of electrons from respiratory substrates, the effect of dark

incubation on the oscillation kinetics was carried out. It has
been known that dark starvation for 24-32 h could cause a
shortage of respiratory substrates, but the cells still retained their
photosynthetic capacity in the Synechocystis cells (Mi et al., 1994).
With dark incubation, P1 increased, while P2 and P3 decreased
(Figures 2A,B). P1 reached to the maximal value after 24 h,
P3 and P2 disappeared after 4.5 and 15 h dark incubation,
respectively (Figures 2B,C). When the 25-h dark-starved cells
were re-illuminated for 20 min, the level of P1 fell close to that
before the dark incubation while P2 and P3 rose to the level before
dark incubation (Figures 2D,E). These results suggest that the
electrons from PS 1 reduced side contributes to P1 and respiratory
substrates such as glucose and other intermediate such as triose
phosphate might affect the P2 and P3.

Effect of Temperature on Kinetics of
Post-illumination Increase in Chl

Fluorescence

To further understand the relation of redox changes of PQ with
photosynthetic activity, the response of the oscillation kinetics to
different temperatures was measured. As shown in Figure 3A,
the peak height of both the fast and slow phases and rate of
oxygen evolution increased with the rise of temperature and
reached to the maximal values until 25-35°C, respectively. The
three parameters decreased dramatically when the temperature
reached 45°C. These results indicate that both the fast phase
and slow phase of post-illumination increase in Chl fluorescence
display a similar temperature response with the photosynthetic
electron transport and other reactions consuming energy, which
are all enhanced with the rise of temperature within the
limits of physiological temperature. To know the physiological
significance of the kinetics, the growth of wild type and NdhB
defective mutant M55 without both kineticses has been compared
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FIGURE 2 | Effect of dark starvation and re-illumination on the oscillation kinetics of post-illumination increase in Chl fluorescence in WT
Synechocystis PCC 6803. After the cell at mid-logarithmic stage (OD730 ~ 0.5) was incubated in the dark for indicated times, the kinetics was measured.

(A) Dark-starvation for 9 h; (C) dark-starvation for 20 h; (B) the time course of changes in peaki (P1), peak2 (P2), and peak3 (P3) during dark adaption; (D) the
kinetics of the 20 h-dark-starved cells after re-ilumination for 20 min; (E) the time course of the changes in P1, P2, and P3 after re-illumination at different times. The
measurement conditions were the same as in Figure 1. Every experiment was independently repeated three times at least.

B
0.6
g05
=
%0'4 =P1/Fm
z 0.3 ~P2/Fm
e 02 ~P3/Fm
S0.1
=]
0
0 4.5 9 15 20 24
Dark incubation time (h)
E 0.6
Eos «P1/Fm
:aan 04 P2/Fm
‘©0.3 ~P3/Fm
=
% 0.2
)
A~ 0.1
0
0 1 5 10 15 20
Re-illumination time (min)

at 34°C. As shown in Figure 3B, the growth of M55 was much
slower as compared to the wild type and could not further grow
after 10 days. The result suggests that the enhancement of both
fast and slow phases related with the cyclic electron flow around
PS I mediated by NDH-1 is required for the heat tolerance for the
Synechocystis PCC 6803.

Effect of NaCl Stress on the Oscillation
Kinetics of Post-illumination Increase in

Chl Fluorescence

It has been demonstrated that NDH-1 dependent cyclic electron
flow is essential for short-term adaptation of Synechocystis to
salt shock (Tanaka et al., 1997). The response of the oscillation
kinetics to salt stress was investigated. As shown in Figure 3C,
the P2 was significantly increased, reached to the maximum at
1h and then gradually decreased. P1 was only slightly stimulated,
but P3 was decreased after incubation of the cells in 0.8 M
NaCl. By comparison with the wild type, M55 could not grow
in the culture medium contained 0.8 M NaCl (Figure 3D),
suggesting that the stimulated P2 related with NDH-pathway is
essential for salt stress response and tolerance in Synechocystis
PCC 6803.

DISCUSSION

Post-illumination increase in Chl fluorescence is widely used
for investigation of the activity of cyclic electron flow around

PS I mediated by NDH-1, which reflects the reduction of PQ
pool by the electrons from the photoreductants generated in PS
I during illumination in cyanobacteria (Mi et al., 1995; Deng
et al,, 2003) and high plants (Sazanov et al., 1998; Shikanai
et al.,, 1998). This work studied the oscillation kinetics of the
post-illumination increase in Chl fluorescence for first time.
The significant enhancement of the fast phase by adding the
cofactor (PMS) of cyclic electron flow (Figure 1) or by dark
incubation (Figure 2), indicating that the fast phase of the
kinetics reflects the donation of electrons to PQ pool from
the photoreductants generated in PS I, such as reduced fd,
NADPH, that is the short-cut cyclic electron flow around PS
I. Moreover, the increase of the fast phase of kinetics but
suppression of slow phase in presence of high concentration
of TA (Figure 1), an inhibitor of Calvin cycle, as well as the
re-appearance of the slow phases after re-illumination the starved
cells for 20 min (Figure 2) indicate that the slow phase may
reflect the donation of electrons from the photoreductants
generated in process of carbon assimilation, probably triose
phosphates, glucose. It has been proposed the existence of
a large pool of electron donors when illuminating the dark
starvation cells of Synechocystis PCC 6803 by AL continues
for more than 10 s, as analyzed by the complementary
areas of the re-oxidation curve of P700 by far-red light after
illumination with AL (Mi et al., 1994). Thus, the slow phase
kinetics of the post-illumination increase in Chl fluorescence
probably represents the reduction of the PQ pool by such
a large pool of electrons accumulated in stroma or cytosol
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FIGURE 3 | Effect of temperature (A) and high concentration of NaCl (C) on the oscillation kinetics of post-illumination increase in Chl fluorescence
in WT Synechocystis PCC 6803. Comparison of the effect of high temperature (34°C) (B) and 0.8 M NaCl (D) on the growth between WT and M55. The
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during illumination. Both the fast phase and slow phases were
not detectable in NdhB defective mutant, M55, even in the
presence of cyclic co-factor PMS (Figure 1), suggesting that
NDH-1 is involved in the mediation of electron donation
to the PQ pool from different substrates. The previous
study has shown that the activity of both the respiratory
flow and cyclic electron flow is light-dependent (Mi et al,
2001), therefore, the light inducible slow phases might be
reflected the redox states of PQ pool by the electron donation
from the respiratory flow as well as the cyclic electron
flow.

As one of photoprotective pathways, cyclic electron flow
around PS I mediated by NDH has been found to be
enhanced under stressed conditions, such as high temperature
(Wang et al., 2006), strong light (Mi et al,, 2001), salt shock
(Tanaka et al, 1997). In our results, the increase of both
the fast and slow phases as well as the enhanced activity
of photosynthetic oxygen evolution at higher physiological
temperature (Figure 3A) suggests that the cyclic electron flow
has close relationship with activity of CO, assimilation under
stressed condition. It has been indicated that cyclic electron
flow around PS I plays an important role in providing ATP
for carbon assimilation (Schurman et al., 1972; Slovacek and
Hind, 1981). Actually, the ATP supply could not always satisfy

the demand of the plant during the later grain filling stage
(Shen, 1994). Evidence to support this suggestion is that
the enhancement of cyclic electron flow around PS I by
treatment with low concentration of NaHSO3 enables plants
or cyanobacteria to generate sufficient proton gradient across
the thylakoid membrane and ATP (Wu et al, 2011; Rolfe
et al., 2012), thereby increased the biomass of cyanobacterium
Synechocystis PCC 6803 (Wang et al, 2003). The research
of mutants impaired in both NDH- and PGR5-pathways
have indicated that cyclic electron flow around PS T is
required for the efficient photosynthesis (Munekage et al,
2002). Thus, the growth of M55 was severely suppressed
at 34°C when the activity of cyclic electron flow around
PS I mediated by NDH-1 is impaired by knocking out the
NdhB gene (Figure 3B). Salinity stress is one of the most
serious factors limiting the productivity of plants. One of
strategies to adapt salinity condition is to exclude sodium
ion from cytosol by Na®/HT antiporter Na® ATPase in
plants (Blumwald and Poole, 1987; Apse et al, 1999) or
in cyanobacteria (Kaku et al, 1999). The exclusion of Na®
is an energy consuming process, while cyclic electron flow
around PS I provides extra ATP in this demand. Based on
the stimulation of the donation of electrons from the cytosol
to P700" via NDH-1, it has been suggested that the cyclic
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electron flow mediated by NDH-1 might play an important
role in the exclusion of Na' ions from salt-shocked cells
of Synechocystis PCC 6803 (Tanaka et al, 1997). The
significantly stimulated slow phase, P2, at high salt stress
(Figure 3C) indicates the large electron pool contributed
to the cyclic electron flow may function for providing ATP
for salinity tolerance. Impairment of both the fast and
slow phases in M55 increased the sensitivity to the high
salt stressed conditions (Figure 3D), supporting the above
mention.

CONCLUSION

The studying the oscillation kinetics of the post-
illumination increase in Chl fluorescence enables us
to distinguish the different phases as the indicators

for electron donations to the PQ pool from different
photoreductants via NDH-mediated cyclic electron flow
around PS I, and to use the Kkinetics to analyze the

physiological ~responses to environmental stresses in
cyanobacteria.
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