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A qualitative analysis of the regulation of cyclic electron flow
around photosystem I from the post-illumination chlorophyll
fluorescence transient in Arabidopsis: a new platform

for the in vivo investigation of the chloroplast redox state
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Abstract A transient in chlorophyll fluorescence after
cessation of actinic light illumination, which has been
ascribed to electron donation from stromal reductants to
plastoquinone (PQ) by the NAD(P)H-dehydrogenase
(NDH) complex, was investigated in Arabidopsis thaliana.
The transient was absent in air in a mutant lacking the
NDH complex (ndhM). However, in ndhM, the transient
was detected in CO,-free air containing 2% O,. To
investigate the reason, ndhM was crossed with a pgr5
mutant impaired in ferredoxin (Fd)-dependent electron
donation from NADPH to PQ, which is known to be
redundant for NDH-dependent PQ reduction in the cyclic
electron flow around photosystem I (PSI). In ndhM pgr5,
the transient was absent even in CO,-free air with 2% O,
demonstrating that the post-illumination transient can also
be induced by the Fd- (or PGR5)-dependent PQ reduction.
On the other hand, the transient increase in chlorophyll
fluorescence was found to be enhanced in normal air in a
mutant impaired in plastid fructose-1,6-bisphosphate
aldolase (FBA) activity. The mutant, termed fba3-1, offers
unique opportunities to examine the relative contribution of
the two paths, i.e., the NDH- and Fd- (or PGRS5)-dependent
paths, on the PSI cyclic electron flow. Crossing fba3-1 with
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either ndhM or pgr5 and assessing the transient suggested
that the main route for the PSI cyclic electron flow shifts
from the NDH-dependent path to the Fd-dependent path in
response to sink limitation of linear electron flow.
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Introduction

Light energy conversion of photosynthesis primarily occurs
through linear electron transport, in which electrons are
transported from photosystem II (PSII) to photosystem I
(PSI) via the intersystem carriers and cytochrome b4f
complex (Cyt bgf). Besides this flow, cyclic electron
transport operates around PSI. PSI cyclic electron flow is
thought to act (1) to supply, via generation of the proton
motive force, additional ATP to the stromal metabolism
and (2) to induce, via acidification of the intra-thylakoid
space, non-photochemical quenching or down-regulation
of PSII (reviewed by Bendall and Manasse 1995; Rumeau
et al. 2007; Shikanai 2007).

Two paths for PSI cyclic electron flow have been pro-
posed (Fig. 1a) (Bendall and Manasse 1995; Rumeau et al.
2007; Shikanai 2007). One is dependent on the membrane-
bound NAD(P)H-dehydrogenase (NDH) complex, being
homologous to the proton-pumping NADH-ubiquinone
oxidoreductase complex (Complex I or Type I NADH
dehydrogenase) in the mitochondrial respiratory chain
(Ohyama et al. 1986; Shinozaki et al. 1986). The other path
is ferredoxin (Fd)-dependent, in which putative Fd-PQ
reductase (FQR) and PGRL1/PGRS5 complex are involved
(Munekage et al. 2002; DalCorso et al. 2008). The NDH-
and Fd-dependent cyclic electron flows are redundant
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Fig. 1 Transient in post-illumination chlorophyll fluorescence. a
Schematic model of the two paths of cyclic electron flow around
photosystem I. Cyt bef cytochrome bgf complex, Fd ferredoxin, FNR
Fd-NAD(P)H oxidoreductase, PQ plastoquinone, PSI photosystem I.
b Induction kinetics and post-illumination transient in chlorophyll

(Munekage et al. 2004) and share the pathway with linear
electron flow from plastoquinone (PQ) to PSI via the Cyt
bsf (Bendall and Manasse 1995). The occurrence of PSI
cyclic electron flow, especially under non-stressed condi-
tions, has been under debate. However, a double mutant
impaired in both the NDH- and Fd-dependent paths showed
severely retarded growth even under low light (Munekage
et al. 2004).

Supporting evidence for the involvement of the NDH
complex in the PSI cyclic electron flow has been that
normal plants display a transient increase and decrease in
chlorophyll fluorescence after light is switched off (Fig. 1b,
boxed area) and that the transient is absent in tobacco
transformants with inactivated plastid-encoded ndh genes
(Burrows et al. 1998; Kofer et al. 1998; Sazanov et al.
1998; Shikanai et al. 1998). The link between the fluores-
cence signal and the NDH complex has been conclusively
proven by discoveries of Arabidopsis mutants lacking
subunits of the NDH complex using the transient signal as
a key to screen them from the mutated (M,) population
(Shikanai 2007) or from the T-DNA insertion mutants of
candidate genes for the NDH subunits being identified by
in silico approach (Takabayashi et al. 2009). The transient
has been interpreted as being due to PQ reduction via the
NDH complex by stromal reductants (mainly NADPH)
which had been accumulated during previous illumination.

The details of the mechanisms of how the PGRL1/PGR5
complex plays its role in the Fd-dependent cyclic electron
flow have not been elucidated. However, the Arabidopsis
mutants pgr> and pgrllab, the latter a double mutant
lacking two homologous genes for PGRLI1 protein, were
impaired in electron donation from NADPH to PQ via Fd
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fluorescence. Typical induction kinetics of chlorophyll fluorescence
in a dark-adapted leaf of Arabidopsis wild type under illumination
with actinic light (AL, 50 pmol photons m~2 s~!) are shown. The
measurements were made using measuring light (ML) of approx.

0.2 umol photons m~2 s~ under normal air conditions

in vitro, just as required in the Fd-dependent flow
(Munekage et al. 2004; DalCorso et al. 2008). Avenson
et al. (2005) reported, using an electrochromic shift decay
measurement, an approx. 13% decrease of steady-state
proton flux into the lumen (vy") at a given rate of linear
electron flow in pgr5 as compared to the wild type. This is
likely to be a realistic contribution of the PSI cyclic elec-
tron flow, since the same degree of proton influx (approx.
14%) is likely to be lost due to linear electron flow alone
for CO, assimilation in the Benson—Calvin cycle (reviewed
by Allen 2003). On the other hand, the pgr5 mutant was
shown to be capable of performing the Fd-dependent cycle
(Nandha et al. 2007), but this was shown through redox
changes of P700 (the chlorophyll dimmer in PSI) under
infra-red light and thus in the absence of strict competition
between linear and cyclic electron flow. Therefore, the
absence of linear electron flow may be responsible for pgr5
inducing the Fd-dependent cycle. Importance of competi-
tion on the regulation of the PSI cyclic electron flow has
been proposed (Breyton et al. 2006).

Whereas the physiological significance of the cyclic
electron transport around PSI is well established, the divi-
sion of roles between the two paths or compensatory
mechanisms between them are still far from being under-
stood. As has been pointed out, the main reason for this is
that direct measurements of activity of the cyclic electron
flow are problematic (reviewed by Johnson 2005; Baker
et al. 2007). This is particularly true for NDH-dependent
flow. Whereas an impairment of the Fd- (or PGRS)-
dependent flow resulted in distinct disturbance of the
steady-state redox conditions of the reaction center of PSI
(Munekage et al. 2002; DalCorso et al. 2008), a defect in the
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NDH-dependent flow did not have any influence on short-
term regulation of photosynthesis (Burrows et al. 1998;
Horvath et al. 2000; Joét et al. 2001; Rumeau et al. 2005;
Kamruzzaman Munshi et al. 2005; Muraoka et al. 2006). It
has been even proposed that the concentration of the NDH
complex is so low (0.2% of total thylakoid protein in pea)
that involvement of the NDH complex in an efficient PSI
cyclic flow is unlikely under physiological conditions
(Sazanov et al. 1998; Joliot and Joliot 2005). A new
approach is needed to detect, if possible, the individual
activities of PSI cyclic electron flow.

During our search for the Arabidopsis mutants, derived
from ethyl methanesulfonate (EMS) mutagenesis,
impaired in the PSI cyclic electron flow, we encountered a
mutant with an altered post-illumination transient of
chlorophyll fluorescence, a mutation in which was later
identified in the gene encoding plastid-targeted putative
fructose-1,6-bisphosphate aldolase (FBA). In the mutant,
fba3-1, the transient increase in post-illumination chloro-
phyll fluorescence was markedly accelerated. Here, we
attempted qualitative analysis of the regulation of PSI
cyclic electron flow using fba3-1 and other relevant
mutants, based on the post-illumination fluorescence
transient. We showed that the phenomenon is caused not
only by NDH-dependent PQ reduction but also by
Fd-dependent PQ reduction. However, no other pathways
are involved, allowing the analysis of in vivo regulation of
the two types of electron recycling around PSI. The results
obtained suggest that the NDH- and Fd-dependent cyclic
electron flow operate mainly under mild and severe
limitation of linear electron flow, respectively. We will
discuss the fluorescence transient in the light of the
regulation of PSI cyclic electron flow.

Materials and methods
Plant materials

Arabidopsis thaliana wild type (Columbia gl/ back-
ground), pgr5 (proton gradient regulation) (Munekage
et al. 2002), npg4-1 (nonphotochemical quenching) (Li
et al. 2000) and fba3-1 were used. The mutants were
generated by EMS mutagenesis and are in the Columbia
gll background. A T-DNA insertion null mutant of ndhM
(SALK_087707, At4g37920) (Alonso et al. 2003; Rumeau
et al. 2005) and T-DNA insertional mutated allele of fba3-1
(designated fba3-2, SALK_073444) were also used. These
insertion mutants were in the Columbia (Col-0) back-
ground. The plants were grown in soil under growth
chamber conditions (60 pmol photons m~2 s~!. 50% RH,
16 h-light/8 h-dark cycle, 23°C). Representative leaves
from 3 to 4 week-old-plants were selected for analysis.

Identification of the insertion mutants

A homozygous T-DNA insertion was verified by PCR
analysis using the T-DNA-specific primer (Lbal)
5'-GGTTCACGTAGTGGGCCATCG-3' and gene-specific
primers: for fba3-2, 5'-CACTTGTTGGATCCAACAA
TG-3' (forward) and 5-TGCTCGGTTTTAGGAGGA
TAC-3' (reverse); for ndhM, 5'-ATGGTTCTGTAACCG
GACAAC-3' (forward) and 5'-GATTTGAGCAACCAT
AGAAGG-3’ (reverse). The position of the T-DNA inser-
tion was determined by sequencing the PCR products, on
the basis of information available from of the Salk Institute
database (http://signal.salk.edu/cgi-bin/tdnaexpress).

RT-PCR analysis of the FBA3 transcript

Total RNA was extracted from wild-type seedlings and
mutants using the RNeasy Plant Mini Kit (Qiagen,
Valencia, CA) according to the manufacturer’s instruc-
tions. RT was performed using a RT-PCR kit, RNA
PCR kit version 3.0 (Takara Bio, Otsu, Japan), and an
oligo(dT);, primer. RT-PCRs were performed using the
FBA3-specific primers 5'-CACTTGTTGGATCCAACAA
TG-3" (forward) and 5-TGCTCGGTTTTAGGAGGA
TAC-3' (reverse). ACTINS transcripts were analyzed using
the primers 5'-GAGAGATTCAGGTGCCCAG-3' (forward)
and 5-AGAGCGAGAGCGGGTTTTCA-3' (reverse). The
PCR-amplified samples were electrophoresed using 1.2%
(wt/vol) agarose gel and detected with 0.1 mg 1" ethidium
bromide.

Immunoblot analysis

Immunoblotting was carried out using polyclonal antisera
to NDH-L, PGRS, and Cyt f as described previously
(Munekage et al. 2002; Shimizu et al. 2008). Leaves were
homogenized in a medium containing 330 mM sorbitol,
20 mM tricine/NaOH (pH 7.6), 5 mM EGTA, 5 mM
EDTA, 10 mM NaCOs, 0.1% (w/v) BSA, and 330 mg 1~
ascorbate. After centrifugation for 5 min at 2,000x g, the
pellet was resuspended in 300 mM sorbitol, 20 mM
HEPES/KOH (pH 7.6), 5 mM MgCl,, and 2.5 mM EDTA.
Intact chloroplasts were purified by passing through 40%.
Intact chloroplasts (10 pg chlorophyll ml~™") were osmoti-
cally ruptured in a medium containing 50 mM HEPES/
NaOH (pH 7.6), 7mM MgCl,, 1 mM MnCl,, 2 mM
EDTA, 30 mM KCl, and 0.25 mM KH,PQO,. After centri-
fugation for 10 min at 3,000x g, proteins from the thyla-
koid membrane fraction (0.25 pg Chl) were fractioned
through 12.5 or 15% (in a Tris—tricine buffer system for
PGRS5) SDS-PAGE and transferred to a polyvinylidene
fluoride membrane.
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Chlorophyll fluorescence analysis

Modulated chlorophyll fluorescence was measured using a
PAM 101 fluorometer (H. Walz, Germany). For deter-
mining minimal (F,) fluorescence, leaves were kept in
darkness for at least 1 h prior to use. F,, was induced by
red-modulated measuring light with a photon flux density
(PFD) of approx. 0.2 pmol photons m~2s™', unless
otherwise noted. The quantum yield of PSII (®PSII) was
determined as (F,, — F))/Fy’, where F,,/ and F, are the
maximum fluorescence and steady-state fluorescence in the
light, respectively (Genty et al. 1989). The relative rate of
electron flow (ETR) was estimated by the product of ®PSII
and PFD. Infra-red light (>720 nm) was obtained by
passing light from the halogen light source through a long
pass filter.

In vitro assay of relative rate of electron flow

The relative rate of linear electron flow ETR was estimated
under varying light intensities using isolated thylakoids
with methyl viologen (20 uM) as an artificial electron
acceptor.

Aldolase activity assay

The activity of cleavage reaction of fructose-1,6-bisphos-
phate (Fru-1,6-P2) into dihydroxyacetone-phosphate
(DHAP) and glyceraldehyde-3-phosphate (GAP) was
assayed (Ogawa 2005). The activity of reduction of DHAP
by NADH catalyzed by glycerol-3-phosphate dehydroge-
nase (GPDH) was determined spectrophotometrically by
monitoring the decrease in absorbance at 340 nm that was
caused by the NADH oxidation. The assay mixture con-
tained 25 mM Tris—HCI buffer (pH 7.0 or 8.0), 2.5 mM
reduced glutathione, 0.35 mM NADH, 3.45 units per ml of
GPDH, 0.5 mM Fru-1,6-P2, and the enzyme solution, i.e.,
the stromal fraction obtained from intact chloroplasts iso-
lated as above with slight modification. The reaction was
run at 25°C for 2 min, and the activity was calculated from
the initial linear rate. One unit of aldolase activity was
defined as the quantity that catalyzed the cleavage of
1 umol of Fru-1,6-P2 (equivalent to 1 pmol of NADH
oxidized) per min.

Map-based cloning

The fba3-1 mutation was mapped with molecular markers
based on a cleaved amplified polymorphic sequence
(Konieczny and Ausubel 1993). The forward and reverse
primers (and restriction enzyme) used were 5-GAT
GTTCTTCATCCGTAATGG-3' and 5-TGATTTGTTA
TAGGGCCAAGC-3' (EcoRV) for T9A14, and 5'-ACA
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TAGCACACAGAGATATCG-3' and 5-CTTTCACTGCC
TCTTTGATTC-3' for T5J17 with no site for the restriction
enzyme but yielding PCR products with different sizes
between ecotype Columbia (269 bp) and Landsberg
(250 bp). Genomic DNA was isolated from F, plants
derived from a cross between fba3-1 and the wild type
(Landsberg erecta). The genomic sequences of the candi-
date genes were amplified by PCR using ExTaqg DNA
polymerase (Takara, Kyoto, Japan). The resulting PCR
products were directly sequenced using a dye terminator
cycle sequencing kit and an ABI Prism 3100 Sequencer
(Applied Biosystems, Foster, CA).

For complementation of the fba3-1 mutation, the 3.1-kb
wild-type genomic sequence was amplified from a BAC
clone FI9H22 using primers 5-TGGGAAGATTGTCG
ACGAAATGATTG-3' (forward) and 5'-AAGAGTATC
GAATTCCTATTCGGAG-3' (reverse), cloned separately
in pBIN19, and introduced into fba3-1 via Agrobacterium
tumefaciens c58.

Results

Transient in chlorophyll fluorescence after cessation
of actinic light illumination

Figure 1b shows typical result of the measurements of the
post-illumination chlorophyll fluorescence to monitor
electron donation from stromal reductants to the intersys-
tem electron carrier PQ. In the wild type, a rapid increase
in chlorophyll fluorescence is induced upon illumination
with actinic light, followed by a gradual decrease to the
steady-state level. The fluorescence drops just after turning
off the actinic light, and then increases transiently for about
20-30 s (boxed area in Fig. 1b, enlarged in Fig. 2a, i). In
contrast, the transient was absent in the T-DNA insertion
null mutant of ndhM (Fig. 2b) (Rumeau et al. 2005).
Western blotting analysis reconfirmed almost complete
disruption of the NDH complex (Fig. 4): although the
analyses have been done using antibody against another
subunit of the complex (NDH-L), the complex is unstable
without its subunit (Rumeau et al. 2005). The results verify
that the transient is attributable to PQ reduction by the
NDH complex (Burrows et al. 1998; Kofer et al. 1998;
Sazanov et al. 1998; Shikanai et al. 1998; Rumeau et al.
2005). As expected, the transient was detected in pgr5
lacking Fd-dependent electron flow (Figs. 2c, 4). The
amount of NDH complex in pgr5 was also comparable to
that in the wild type (Fig. 4).

It is known that a relatively strong measuring light for
exciting chlorophyll fluorescence is required to elicit the
post-illumination fluorescence transient. In our experi-
ments, the intensity of the measuring light for exciting
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Fig. 2 Analyses of post-illumination chlorophyll fluorescence tran-
sient. a—i Typical transient in the wild type (WT) (a), ndhM (b), pgr5
(¢), fba3-1 (d), fba3-2 (e, black), fba3-1 transformed by wild-type
genomic FBA3 (fba3-1 + FBA3) (e, gray), fba3-1 npq4-1 (f), fba3-1
ndhM (g), and fba3-1 pgr5 (h). The transients were compared at a
higher time resolution in (i) (WT, black; fba3-1, red; fba3-1 ndhM,
blue; fba3-1 pgr5, green). The experimental procedures are as in
Fig. 1. j Dependence of magnitude of the transient on the measuring
light intensity. The magnitude of the transient obtained at the
indicated intensities of measuring light are shown for leaves of WT
(circles), fba3-1 (triangles), ndhM (diamonds), and pgr5 (squares).
The magnitude was estimated as (Fpeax — Fo')/F,', where Fpeu and
F, are the fluorescence peak level during the transient and the

chlorophyll fluorescence was stronger than that desired for
strict measurements of chlorophyll fluorescence. Normally,
the weaker the intensity, the more suitable it is for the
measurement of chlorophyll fluorescence: weak measuring

minimum level after actinic illumination (approx. 50 pmol photons
m~2s7h, respectively. The data points represent the means £ SD of
at least three experiments. k Effects of prolonged illumination on the
transient. The transient was detected after 45 min illumination of
actinic light (approx. 50 pmol photons m~> s™1). 1 Effects of infra-
red (IR) light on the transient. IR light with a PFD of approx.
60 pumol photons m~> s~' was applied at around the peak fluores-
cence level during the transient. The dotted line shows the minimum
F, level. AL: approx. 50 pmol photons m~2 s~'. Except in the case of
(j), the measurements were made using measuring light of approx.
0.2 pmol photons m™2 s~ and the fluorescence levels were normal-
ized to the F, level. All of the measurements were performed under
normal air conditions

light (e.g., 0.1 umol photons m~2 s~ ') is preferred to elicit
the correct minimum chlorophyll fluorescence (F,) that
represents full oxidation of the secondary quinone electron
acceptor Q, in PSII. On the other hand, the F is affected
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by the redox equilibrium among Q4, Qg (secondary qui-
none acceptor in PSII) and the PQ pool: redox equilibrium
results in a 10% reduction of Q4 under 50% reduction of
the PQ pool (Groom et al. 1993; Corneille et al. 1998).
Hence, a strong measuring light was intended to detect Q,
reduction due to PQ reduction, at the expense of the pos-
sible influence of the measuring light itself on the redox
equilibrium.

Due to the above reason, there is a possibility that the
different transient shown in this study merely reflects a
different dependency on the measuring light intensity of
the transient among the plants used. To examine this pos-
sibility, we tested the dependency. As shown in Fig. 2j,
there was a dependency of the magnitude of the transient
on the measuring light intensity in the wild type, and the
magnitude became larger with increasing intensity of
the measuring light. However, it was found that (1) in the
wild type and pgr5, the transient was detectable at all
the intensities including the lowest intensity tested
(0.03 umol photons m~2 sfl); and (2) in ndhM, the tran-
sient was not detected at any of the intensities including
the strongest intensity examined (0.72 pmol photons
m s '). These results suggest that the differences in
transient are not due to different dependencies of the
transient on the measuring light intensity.

In addition, to elicit the transient, we routinely illumi-
nated a leaf with actinic light for 5 min. This illumination
time is normally too short to reach steady-state photosyn-
thesis for Arabidopsis. Therefore, the transient may be
merely a consequence or influence of photosynthetic
induction, during which chlorophyll fluorescence emission
shows a well-characterized (O-I-D-P-S[-M-T]) pattern. In
order to show that the transient can be apart from such
photosynthetic induction, we tested the transient after
prolonged illumination for 45 min. Within this range,
steady-state photosynthesis was sufficiently attained in
Arabidopsis (data not shown). As shown in Fig. 2k, the
transient was not affected by the prolonged illumination in
the wild type and pgr5. In ndhM, the transient was also
absent. These results suggest that the transient is not nec-
essarily related to photosynthetic induction events.

Fd-dependent transient in post-illumination chlorophyll
fluorescence

In ndhM, PQ reduction by the Fd- (or PGRS)-dependent
electron flow should be possible. However, importantly, no
such contribution was indicated by the post-illumination
transient in ndhM (Fig. 2b). To investigate the possible
involvement of the Fd-dependent flow into the post-illu-
mination PQ reduction, the same experiment was done in
2% O, in the absence of CO, (Fig. 3). In the wild type, the
sink limitation of electron flow resulted in a marked
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Fig. 3 Post-illumination chlorophyll fluorescence transient. The
measurements were carried out in CO,-free air containing 2% O, in
the wild type (WT, a), ndhM (b), pgr5 (c), and ndhM pgr5 (d).
Experimental procedures are as in Fig. 1

increase in the transient (Fig. 3a). This was also the
case for ndhM (Fig. 3b). This result indicates that the
Fd-dependent flow is capable of transporting electrons
from the stromal reductants to the intersystem carrier PQ. It
is worth noting that the amount of PGRS5 protein was not
affected by the mutational defect in ndhM (Fig. 4). In pgr5,
the transient was detected (Fig. 3c), but not enhanced,
unlike that in the wild type and ndhM (Fig. 3a, b). This
implies lower sensitivity of the NDH-dependent flow to
strong sink limitation in comparison with the Fd-dependent
flow.

In a double mutant ndhM pgr5 generated by crossing
each single knockout and screening the resulting F, gen-
eration for homozygous double mutants, the post-illumi-
nation fluorescence transient was not detected, even in
CO,-free air with 2% O, (Fig. 3d). This result indicates
that the transient is specific to PQ reduction by the NDH-
and Fd- (or PGRS5)-dependent electron flow. In the
following, we assume that this notion is applicable to other
mutants in the fba3 background in normal air, because the
redox state of the electron transport chain in the light was
always lower in those mutants under this condition than in

WT ndhM par5 fba3-1

| —
| o

Fig. 4 Immunoblot analysis of the NDH complex and PGRS protein.
Proteins were extracted from the thylakoid membrane fraction of the
chloroplasts isolated from leaves of the wild type (WT), ndhM, pgr5,
and fba3-1. Each lane was loaded with protein samples corresponding
to 0.25 pg chlorophyll and antibodies to a NDH subunit (NDH-L),
PGRS and a subunit (Cyt f) of the cytochrome bgf complex were used.
Cyt f was analyzed as a loading control
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the double mutant ndhM pgr5 in CO,-free air with 2% O,
(data not shown).

Acceleration of post-illumination reduction of PQ pool
in fba3 mutant

In this study, by screening Arabidopsis EMS-M, seedlings,
we isolated a mutant with a new phenotype in the post-
illumination chlorophyll fluorescence transient, which is
characterized by acceleration of post-illumination fluores-
cence increase (Fig. 2d).

By crossing the mutant (Columbia g// background)
with the polymorphic wild type (Landsberg erecta), we
identified the gene responsible for this phenotype by map-
based cloning (Fig. 5a). The mutation was found by
genotyping 480 F, plants of the mapping population to the
south region of chromosome 4 between the molecular
markers T9A14 and T5J17. Genes potentially encoding
the predicted chloroplast targeting signals (Predotar
(http://urgi.versailles.inra.fr/predotar/predotar.html) and Tar-
getP (http://www.cbs.dtu.dk/services/TargetP/)) were then
sequenced. As a result, a point mutation from G to A
was found in the seventh exon of the gene for puta-
tive fructose-bisphosphate aldolase (At4g38970, desig-
nated FBA3), leading to an amino acid replacement from

Gly382 to Glu (Fig. 5a). This mutant allele, fba3-1, was
suggested to be recessive by the segregation ratio at the F,
generation of the phenotype in the post-illumination
chlorophyll fluorescence (about 25%, data not shown). To
verify that the mutation is responsible for the accelerated
increase of post-illumination chlorophyll fluorescence
(Fig. 2d), genetic complementation tests were carried out:
the wild-type genomic sequence containing At4g38970
was introduced into the fba3-1 mutant. This transforma-
tion suppressed the mutant phenotype with respect to the
fluorescence transient (Fig. 2e), supporting the assumption
that the phenotype was due to the mutation in At4g38970
(FBA3).

fba3-2, a T-DNA insertional mutated allele of fba3-1,
was obtained from publicly available T-DNA insertion
collections (Fig. 5a, b). This plant, in which full gene
disruption was confirmed by RT-PCR (Fig. 5c), displayed
the same acceleration of post-illumination fluorescence
increase as fba3-1 (Fig. 2e). From these results, while
further confirming the identity of the gene, we regarded
fba3-1 as a null mutant, although we did not determine
protein abundance using FBA3-specific antibody.

The dependency of the transient on the measuring light
intensity as described above was examined in fba3-1
(Fig. 2j). In fba3-1, the transient was detected at all the
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Fig. 5 Characterization of fba3 mutants. a Schematic diagram
showing the position of fba3-1 mutation and the site of T-DNA
insertion in fba3-2 (SALK_073444). In the fba3-1 mutant, a single
nucleotide substitution was found in the seventh exon of At4g38970
(see text). In the fba3-2 mutant, the insertion was located in the third
intron at position +948 bp relative to the start codon. The orientation
of the left border (LB) is indicated, and the opposite end of the
insertion was not characterized. Boxes and lines represent exons and

introns, respectively. b Genomic PCR analysis demonstrating homo-
zygous T-DNA insertion in fba3-2 mutant. Using a T-DNA primer
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and a gene-specific primer (panel 2), a 390-bp PCR product was
amplified from mutant DNA but not from wild-type DNA. On the
other hand, using gene-specific primers spanning the insertion site
(panel 1), a 200-bp PCR product was amplified from wild-type DNA
but not from mutant DNA. WT wild type. ¢ RT-PCR analysis
demonstrating the lack of FBA3 transcript in fba3-2. An amplified
fragment (348 bp) corresponding to FBA3 was observed in the wild
type (WT) but was not detectable in the fba3-2 mutant, demonstrating
that FBA3 expression was disrupted in the mutant. ACTINS transcripts
(650 bp) were analyzed as a loading control
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measuring light intensities including the lowest intensity
tested as in the wild type and pgr5. The magnitude in fba3-1
was larger than those in the wild type and pgr5 at all the
measuring light intensities tested. These results suggest
that the phenotype in the transient in fba3-1 is not due to
differences in the dependency of the transient on the
measuring light intensity. In addition, we confirmed that
the transient was not affected by prolonged illumination in
fba3-1 (Fig. 2k). This result suggests that differences in
photosynthetic induction, if present, are not responsible for
the different transients in fba3-1.

Further, to confirm that the transient in fba3-1 is also
due to PQ reduction, the effect of infra-red (IR) light was
tested. As previously shown (Burrows et al. 1998; Shikanai
et al. 1998) and also seen in the wild type in Fig. 21, IR
light applied on top of the measuring light at around the
peak of the transient caused a large decline in fluorescence
to the minimum F, level in fba3-1. As IR light preferen-
tially excites PSI, this result can be interpreted to indicate
that the IR light promoted drains of electrons from the PQ
pool to PSI, which supports the above notion.

The transient is monitored under conditions where non-
photochemical quenching (NPQ) of chlorophyll fluores-
cence relaxes rapidly. In many cases, photosynthesis
mutants have different degrees of NPQ. In such cases, the
sensitivity of fluorescence to PQ reduction may vary and
affect the transient. There is thus a possibility that the
transient in fba3-1 was caused by an altered NPQ. To
examine this possibility, we used an npg4-1 mutant that
lacks the PsbS chlorophyll-binding protein and is
impaired in energy dependent quenching (qE), a major
component of NPQ (Li et al. 2000). The fba3-1 npg4-1
double mutant was generated by crossing each single
knockout. In fba3-1 npg4-1, acceleration of the post-
illumination rise was detected (Fig. 2f), indicating that the
transient in fba3-1 was not due to such an unexpected
alternation in NPQ, but due to increased PQ reduction by
the stromal reductants.

The amounts of NDH complex and PGRS5 protein in
fba3-1 were comparable to those in the wild type (Fig. 4).
These results indicate that the NDH and PGRS content are
not related to the acceleration of the post-illumination
fluorescence rise (Fig. 1d).

Inhibition of the activity of aldolase and linear electron
transport

The aldolase activity measured in chloroplast suspensions
was much higher at pH 8.0 than at pH 7.0 (Fig. 6a). This is
due to the alkaline pH optimum of the enzyme (Murphy
and Walker 1981). At pH 8.0, the activity was approx. 20%
lower in the fba3-1 mutant than in the wild type (Fig. 6a).
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Fig. 6 Analysis of fba3-1. a Activity of plastidic aldolase. The
activity was measured in the wild type (WT) and fba3-1 at pH 7.0
(white bar) and 8.0 (dark bar) in consideration of the pH optimum of
the enzyme. b Relative rate of electron transport (ETR) in leaves of
the wild type (WT, circles), fba3-1 (triangles), fba3-2 (diamonds),
and fba3-1 transformed by wild-type genomic FBA3 (fba3-
1 + FBA3, squares) as a function of light intensity. Inset: ETR in
the thylakoids isolated from the wild type leaves (WT, circles) and
Jfba3-1 leaves (triangles). Data points represent the means = SD of at
least five experiments

The plastidic FBA is encoded by three homologous genes:
At2g01140 (FBAI), At2g21330 (FBA2), and At4g38970
(FBA3, this study) (BLAST (http://blast.ncbi.nlm.nih.
gov/Blast.cgi)). Sequence similarities (and identities) of
FBAI and FBA2 to FBA3 are 85% (and 74%) and 94%
(and 88%), respectively. Therefore, the remaining aldolase
activity in the fba3-1 (approx. 80%, Fig. 6a) is considered
to be ascribed to that of two homologous proteins.

Plastid aldolase catalyzes the two reactions in the
regenerative phase of ribulose-1,5-bisphosphate (RuBP) in
the Calvin cycle: condensation of GAP and DHAP to
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Fru-1,6-P2, and erythrose-4-phosphate and DHAP to
sedoheptulose-1,7-bisphosphate. The relative rate of elec-
tron flow (ETR) measured in intact leaves was approxi-
mately 40% lower in fba3-1 than in the wild type (Fig. 6b).
This was also the case in fba3-2. The ETR was restored in
the transformant lines fba3-1 + FBA3. Therefore, the
partial inhibition of total aldolase activity in fba3-1 is
considered to lower the overall rate of electron transport in
the thylakoid.

The estimation of ETR depends on the assumption of
equal leaf absorption properties (normally about 80%) and
equal light energy distribution between PSII and PSI
(typically 50%). However, the mutational defect in fba3-1
may cause unanticipated pleiotropic effects on photosyn-
thetic functions, making the comparisons of ETR as above
ambiguous. To address this problem, ETR measured in the
thylakoids was compared between the wild type and fba3-1.
In the presence of methyl viologen as an electron acceptor,
no substantial difference in ETR in the thylakoids was
found between the two plants (Fig. 6b, inset). This result
suggests that the lower ETR in fba3-1 leaves than in wild-
type leaves (Fig. 6b) is not due to unexpected pleiotropic
effects but to the inhibition of aldolase activity (Fig. 6a). In
this experiment using the thylakoids, ETR became pro-
gressively smaller at higher light intensities over
400 pmol photons m > s~' in the two plants (data not
shown). This is probably because a proportion of PSII lost
quantum efficiency. It would also be worth noting that leaf
chlorophyll content and chl a/b ratio were similar between
the wild type (616.8 £ 454 pg chl a + b per g fresh
weight, chl a/b =3.17, n=3) and fba3-1 (585.8 +
1.8 pg g f.w., chl a/b =3.20, n = 3), suggesting no
significant pleiotropic effects on the photosynthetic appa-
ratus of the mutational defect in fba3-1.

Changing contribution of NDH- and Fd-dependent flow
to the post-illumination transient in fba3-1

The fba3-1 ndhM double mutant was generated by cross-
ing. fba3-1 ndhM showed, although it was very slight, a
post-illumination fluorescence transient (Fig. 2g, asterisk).
In the double mutant fba3-1 pgr5 generated, the transient
was obvious (Fig. 2h). Figure 2i shows the post-illumina-
tion fluorescence transient on a more enlarged timescale.
As compared to the transient in the wild type, the fluo-
rescence signal increased and declined faster in fba3-1.
Within the same time range (approx. 20 s), the transients in
the double mutants, fba3-1 ndhM and fba3-1 pgr5, were
almost completed. Although we did not analyze the triple
mutant ndhM pgr5 fba3-1, these results provide confirma-
tion that the transient in fba3-1 originated from both the
NDH- and Fd-dependent electron flows.

Discussion

Link between the post-illumination transient and cyclic
electron flow around PSI in the steady state

The transient of post-illumination fluorescence was specific
to the NDH- and Fd-dependent electron flows (Fig. 3d). In
addition, the appearance, magnitude, and time range of the
transient appeared to respond to mutational deletions that
alter the activity of the PSI cyclic electron flow (Figs. 2, 3).
These results strongly prompted us to further analyze
regulation of the activity of the PSI cyclic electron flow
from the post-illumination fluorescence transient.

The greatest problem here is the slow kinetics of the
post-illumination fluorescence transient. A much more
rapid turnover of the PSI cyclic electron flow has been
reported based on the rate of redox changes of P700 (Laisk
and Oja 1994; Bukhov et al. 2002; Chow and Hope 2004;
Joliot and Joliot 2006) or decay of the electrochromic shift
(ECS) (Avenson et al. 2005). ECS decay or P700 re-
reduction is normally monitored at the time the light is
switched off and provides the rate constant of the linear
and cyclic electron flows operating during steady-state
photosynthesis. Although the value significantly changes
according to the experimental conditions, it reached several
dozen or a hundred and several tens in s~ '. In such a time
frame, chlorophyll fluorescence simply declines as shown
in Fig. 1b. The post-illumination transient we focused on,
the rate constant of which appears to be approximately
1 s71, is detected in the ensuing dark period. Therefore, we
were obliged to consider that the slow kinetics are not
directly related to the steady-state rate of linear and PSI
cyclic electron flows.

On the other hand, relatively slow phases of P700 re-
reduction kinetics with a rate constant below approxi-
mately 1-2 s~', which are roughly consistent in time scale
with our slow kinetics for the post-illumination transient,
have also been analyzed previously. Bukhov et al. (2002)
suggested the presence of two types of pathway for PQ
reduction by stromal reductants. Chow and Hope (2004)
suggested PGR5- (or Fd)-dependent and NDH-dependent
electron donation from stromal reductants NADPH and
ascorbate. Therefore, we tentatively assume that, during a
restricted short period (e.g., ~30 s) immediately after
illumination, PGRS and NDH complex are continuously
capable of mediating electron donation from stromal
reductants to PQ at rates reflecting the activities of PSI
cyclic electron flow in the previous light period.

Another problem may be the source of stromal reduc-
tants. As an origin of the reducing power for post-illumi-
nation PQ reduction, Mano et al. (1995) previously
suggested the involvement of Calvin cycle intermediates
such as DHAP. They observed acceleration of the transient
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by adding DHAP to a chloroplast suspension during the
transient and proposed reverse reactions (in the Calvin
cycle in the dark immediately after switching off the
actinic light) from DHAP to 3-phosphoglycerate (3-PGA),
via GAP and 1,3-bisphosphoglycerate (1,3-PGA), cata-
lyzed by triosephosphate isomerase, GAP dehydrogenase,
and phosphoglycerate kinase. In our study, a mutant
impaired in the Calvin cycle enzyme FBA, a substrate of
which is DHAP, showed accelerated increase in the tran-
sient, supporting the conclusion drawn by Mano et al.
(1995). It is possible to assume that the post-illumination
fluorescence transient is finally attributable to accumula-
tion of DHAP in the stroma in the light. The accumulated
DHAP is considered to be metabolized via the reverse
reactions in the Calvin cycle, releasing NADPH in the
stroma in the dark after illumination.

Regulation of the NDH- and Fd-dependent PSI cyclic
electron flow

After illumination of actinic light at 50 pmol pho-
tons m~2 s~! in normal air conditions, the transient by the
NDH-dependent flow was detected, as shown in pgr5
(Fig. 2¢), but that by the Fd- (or PGRS5)-dependent flow
was not, as shown in ndhM (Fig. 2b). These results suggest
that the NDH-dependent flow functions under low light
where no limitation of linear electron flow is expected. On
the other hand, the transient by the Fd- (or PGRS)-depen-
dent flow was largely induced in 2% O, as shown in ndhM
(Fig. 3b). In such conditions, the NDH-dependent transient
seemed not to be prevailing anymore, as shown in pgr5
(Fig. 3c). It is, therefore, suggested that the Fd- (or PGRS)-
dependent flow requires a strong sink limitation to be
present and primarily operates under the severe limitation
of linear electron flow.

This idea is supported by a comparison of the transient
in the two double mutants fba3-1 ndhM (Fig. 2g) and fba3-1
pgrS (Fig. 2h). As no pathways other than the NDH- and
Fd-dependent electron flow were suggested to be involved
in the transient (Fig. 3), the transient in fba3-1 ndhM
(Fig. 2g) is attributable to the Fd- (or PGRS5)-dependent
flow and that in fba3-1 pgr5 to the NDH-dependent flow. In
the presence of the slight limitation of linear electron
flow in the genetic background of the fba3-I mutant, the
transient due to the NDH-dependent flow prevailed, as in
fba3-1 pgr5 (Fig. 2h). Under the conditions, the Fd- or
PGR5-dependent flow could be first induced, as in fba3-1
ndhM (Fig. 2g). This flow is considered to be enhanced
with increasing sink limitation of the linear electron flow as
in 2% O, (Fig. 3b). These results suggest that the NDH-
dependent flow is more preferentially accelerated than the
Fd- (or PGRS5)-dependent flow under the mild limitation of
linear electron flow in fba3-1.
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The reason for the Fd- (or PGRS5)-dependent flow being
induced under more severe acceptor limitations is not
known. However, if the Fd-dependent electron flow oper-
ates exclusively in the series NAD(P)H — Fd-NAD(P)H
oxidoreductase —» Fd — PQ (but not directly PSI —
Fd — PQ), over-reduction of the NAD(P)H system would
be a prerequisite for the operation. The trivial signal in
fba3-1 ndhM (Fig. 2g) likely indicates that the acceptor
limitation was not severe enough to cause an increase in
Fd-dependent flow.

As to the compensatory response between the two types
of PSI cyclic electron flow, it has been shown in Arabid-
opsis that the NDH-dependent flow plays a minor role and
the Fd-dependent flow a major role, on the basis of several
phenotypes (e.g., growth and non-photochemical chloro-
phyll fluorescence quenching) of the pgr5 mutant as well as
of various NDH mutants (Munekage et al. 2004). In con-
trast, analyses of delayed luminescence rise suggest that the
NDH-dependent path predominates in Arabidopsis, while
in tobacco the Fd-dependent path predominates (Havaux
et al. 2005). It is, therefore, possible to propose that the
relative contribution of the two paths on the overall rate of
PSI cyclic electron flow is not fixed, but changes in
response to the extent of the acceptor limitation of linear
electron flow.

It is worth noting that, using ruptured chloroplasts from
pgr5, the Fd-dependent flow was shown to be regulated by
the redox situation in the stroma (Okegawa et al. 2008),
and that, in the tobacco ndhB disruptant, stromal reductants
were more highly reduced than in the wild type in supra-
saturating light (Endo et al. 1999). These studies suggest
that both the NDH- and Fd- (or PGRS5)-dependent flow
have the opportunity to be activated when linear electron
flow is limited by a lack of electron acceptors. This is
consistent with (and has been well established from)
studies quantifying the rate of PSI cyclic electron flow
(Golding and Johnson 2003; Miyake et al. 2005; Avenson
et al. 2005; Laisk et al. 2006). It should be noted that the
overall rate of PSI cyclic electron flow is regulated via
redox poising of carriers of the electron transport chain
(Breyton et al. 2006).

It was previously reported that the transient in post-
illumination fluorescence was enlarged by photo-oxidative
treatment (Martin et al. 2004) and high-temperature treat-
ment (Sazanov et al. 1998; Wang et al. 2006). Of these
studies, high-temperature treatment resulted in enhance-
ment of the post-illumination fluorescence rise in the ndh
deletion tobacco mutants (Sazanov et al. 1998; Wang et al.
2006). It is, therefore, suggested that the Fd-dependent
flow is stimulated under these conditions. It should be
noted that no involvement of the NDH complex in changed
fluorescence yield at high temperatures was demonstrated
(Yamane et al. 2000).
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fba3 mutant as a tool to investigate in vivo regulation
of photosynthesis

Potato was previously transformed with antisense gene
constructs to reduce the amount of aldolase (Haake et al.
1998, 1999). Using the antisense potato, it was shown that
aldolase is not generally accumulated in excess in chloro-
plasts for CO, assimilation, in contrast to other enzymes
that are highly regulated and are in considerable excess like
Rubisco (Stitt and Schulze 1994), fructose-1,6-bisphos-
phatase (KoBmann et al. 1994), and phosphoribulokinase
(Paul et al. 2000). As a result, decreased expression of
aldolase induced strong suppression of photosynthesis in
both low and high light. The extent of the inhibition was
comparable to that in tobacco expressing antisense con-
struct to a key enzyme of the Calvin cycle Rubisco (Stitt
and Schulze 1994). A plant with inactivated aldolase
activity is likely to be suitable for analyzing photosynthetic
control.

An underlying mechanism responsible for the photo-
synthesis inhibition by the antisense decreases of aldolase
was in the shortfall of RuBP, which was accompanied by a
decrease in 3-PGA and thus low consumption of ATP and
NADPH in the Calvin cycle (Haake et al. 1998, 1999).
Therefore, similar situations might promote the accumu-
lation of reductants in the stroma and enhance PSI cyclic
electron flow in fba3-1.

Based on this idea, ETR in the wild type was inhibited
40% (i.e., to the same level as in fba3-1 mutant) by glyc-
eraldehyde (1 mM), a distinct inhibitor of Calvin cycle
activity (Stokes and Walker 1972). However, the acceler-
ation of post-illumination fluorescence rise as in fba3-1
(Fig. 2d) could not be reproduced (data not shown).
Therefore, not only inhibition of the Calvin cycle but also
accumulation of DHAP (Mano et al. 1995) may be needed
to reproduce the post-illumination fluorescence transient.

Why is fba3 special in relation to the post-illumination
fluorescence transient? We have attempted to analyze
the relationship between the post-illumination fluorescence
transient and DHAP levels in chloroplasts. However,
the transient was never reproduced in intact chloroplasts,
no matter how carefully we tried to isolate intact chloro-
plasts from Arabidopsis. The transient is indeed dealt with
as a rather subtle signal, since its detection is sensitive to
the conditions under which the measurements are carried
out. The transient readily disappears on altering factors that
influence photosynthesis, for example, actinic light inten-
sity, CO, and O, concentrations, temperature, and muta-
tions. However, we recently found that the transient in
fba3-1 can be detected under a wide range of actinic light
intensities (even under saturating light of 2,000 pmol
photons m™2 s™') and that the transient is affected by
changes in photosynthate partitioning, i.e., the distribution

of sugars deriving from CO, assimilation between the
export of triose phosphate from chloroplasts and the
accumulation of transitory starch in chloroplasts (Gotoh
et al. in preparation). On the other hand, using mutants
defective in starch synthesis (adgl-1) and triose-phosphate
export (ape2 or tpt-1), Hiusler et al. (2009) reported a link
between downstream events in photosynthesis and gene
expression for inducing adaptive responses to severe stress
conditions. As discussed by the authors, such a long-term
and widespread regulation has been difficult to investigate
because of the lack of an appropriate mutant. It is expected
that fba3-1 will provide a new platform for the in vivo
analysis of photosynthesis and bridge the gap between
investigations of the short- and long-term regulation
of photosynthesis. The mechanisms of the transient and
its relevance to photosynthetic control require further
experimentation.

Conclusion

The data obtained in the fba3 mutant reinforce the view
that in normal plants, when the rate of electron flow in the
thylakoid exceeds that of electron consumption in the
Calvin cycle, excess electrons return to the intersystem
carriers by PSI cyclic electron flow. In fba3-1 ndhM, the
transient in post-illumination fluorescence was largely, but
not completely, suppressed, indicating that the acceleration
of the PSI cyclic electron flow in fba3-1 was mainly due to
enhancement of the NDH-dependent flow. The low signal
in fba3-1 ndhM was likely due to induction of Fd- (or
PGRS5)-dependent flow. In fba3-1 pgr5, the transient was
only slightly suppressed, indicating the minor contribution
of Fd-dependent flow to the accelerated PSI cyclic electron
flow in fba3-1. Taken together with the results obtained
under severe acceptor limitations in CO,-free air with 2%
0O,, it was concluded that the relative contribution of the
two paths shifts from the NDH-dependent path to the
Fd-dependent path in response to an increase in acceptor
limitation of linear electron flow in Arabidopsis.
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