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A B S T R A C T

Flavodoxins are electron carrier flavoproteins present in bacteria and photosynthetic microorganisms which du-
plicate the functional properties of iron-sulphur containing ferredoxins and replace them under adverse envi-
ronmental situations that lead to ferredoxin decline. When expressed in plant chloroplasts, flavodoxin comple-
mented ferredoxin deficiency and improved tolerance to multiple sources of biotic, abiotic and xenobiotic stress.
Analysis of flavodoxin-expressing plants grown under normal conditions, in which the two carriers are present,
revealed phenotypic effects unrelated to ferredoxin replacement. Flavodoxin thus provided a tool to alter the
chloroplast redox poise in a customized way and to investigate its consequences on plant physiology and devel-
opment. We describe herein the effects exerted by the flavoprotein on the function of the photosynthetic ma-
chinery. Pigment analysis revealed significant increases in chlorophyll a, carotenoids and chlorophyll a/b ratio
in flavodoxin-expressing tobacco lines. Results suggest smaller antenna size in these plants, supported by lower
relative contents of light-harvesting complex proteins. Chlorophyll a fluorescence and P700 spectroscopy mea-
surements indicated that transgenic plants displayed higher quantum yields for both photosystems, a more oxi-
dized plastoquinone pool under steady-state conditions and faster plastoquinone dark oxidation after a pulse of
saturating light. Many of these effects resemble the phenotypes exhibited by leaves adapted to high irradiation,
a most common environmental hardship faced by plants growing in the field. The results suggest that flavo-
doxin-expressing plants would be better prepared to cope with this adverse situation, and concur with earlier
observations reporting that hundreds of stress-responsive genes were induced in the absence of stress in these
lines.

1. Introduction

Photosynthetic electron transport provides energy and reducing
power for CO⁠2 fixation and other assimilatory pathways in plants, al-
gae and cyanobacteria [1]. In addition, the redox status of various
components of the photosynthetic electron transport chain (PETC) and
the chloroplast stroma provide signals that allow the plant to ade-
quately respond to developmental and environmental stimuli. Stress
situations such as those caused by extreme temperatures, salinity and

iron starvation lead to generalized inhibition of photosynthesis and
down-regulation of genes encoding photosynthetic proteins including
ferredoxin (Fd) [2,3]. Acceptor side limitations as those occurring dur-
ing Fd decline and stress-dependent inactivation of the Calvin-Benson
cycle (CBC) result in adventitious energy and electron transfer from the
PETC to oxygen with increased propagation of superoxide, peroxides,
singlet oxygen and other oxidants, collectively known as reactive oxy-
gen species (ROS), which could act as signalling molecules involved in
the modulation of plant stress responses and developmental programs
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ferredoxin; Fld, flavodoxin; FW, fresh weight; LHC, light-harvesting complex; MV, methyl viologen; PAR, photosynthetically active radiation; PETC, photosynthetic electron transport
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[4,5]. To prevent over-reduction of the PETC in the changing environ-
ments normally found in nature, phototrophs have evolved alternative
electron transport (AET) pathways that dissipate the excess of reducing
power. They include cyclic electron transport, chlororespiration via al-
ternative oxidases, and full oxygen reduction mediated by flavodiiron
proteins and the Mehler-Asada cycle [6].

In cyanobacteria and some oceanic algae, the FMN-containing elec-
tron shuttle flavodoxin (Fld) is induced under various stresses as an
adaptive response to the decrease of Fd at the reducing side of photo-
system (PS) I [7,8]. Although they do not share any structural similarity
and harbour different prosthetic groups, FMN in Fld and a 2Fe-2S clus-
ter in Fd, the two electron carriers can be functionally exchanged in a
number of enzyme-mediated oxido-reductive processes, so that Fld can
replace Fd when the levels of the latter are down-regulated under most
stress situations ([7] and references therein). Presumably, the main role
of Fld under these conditions is to accept reducing equivalents from PSI,
thus relieving the excess of excitation energy on the PETC and mitigat-
ing photo-oxidative damage and ROS propagation. Fld-encoding genes
are absent from plant genomes, but introduction of a plastid-targeted
cyanobacterial Fld in a number of plant species resulted in increased
tolerance to multiple sources of stress, indicating that Fld could func-
tionally interact with chloroplast oxido-reductive routes [9–15]. The
plastid-located flavoprotein was able to complement Fd-deficient anti-
sense tobacco lines [16] and decreased ROS build-up in stressed plants
[12,15,17]. While Fld can be regarded as a dissipative system similar to
chlororespiration, flavodiiron proteins and the Mehler-Asada pathway,
a major difference does exist between them because Fld not only re-
lieves the surplus of reducing equivalents from the PETC but also deliv-
ers them to productive chloroplast redox-based processes instead of O⁠2
[7].

The contribution of chloroplast redox balance to plant stress re-
sponses is extensively documented ([6] and references therein). In-
stead, the relationship of plastid biochemistry to leaf development has
been recognized only recently [18,19]. When Fld-expressing plants are
grown under normal conditions, namely, in the absence of stress, Fd
and Fld accumulated to similar levels in the transgenic lines [9,20], re-
sulting in the introduction of a new player in the network of chloro-
plast electron distribution. Indeed, combination of the two electron car-
riers did have phenotypic consequences for the corresponding plants,
as reflected by higher pigment contents and photosynthetic activity per
leaf cross-section [9,15,20] and delayed leaf senescence [21]. More-
over, about 1000 leaf transcripts changed their expression patterns in
response to Fld presence in tobacco chloroplasts [22]. The mechanisms
underlying these phenotypic effects are largely unknown. As a first step
to address this question, we describe herein how chloroplast Fld affects
the function of the photosynthetic machinery in plants grown under
normal conditions. Measurements of chlorophyll (Chl) a fluorescence
and P700 spectroscopy on wild-type (WT) and two independent tobacco
lines expressing similar levels of plastid-targeted Fld revealed that the
presence of the flavoprotein led to lower functional antenna size, in-
creased PSI and PSII efficiency, higher oxidation state of the dark pool
of plastoquinone (PQ) and faster PQ dark re-oxidation after a pulse of
saturating light. Leaves of the transgenic lines were thicker than those
of WT siblings and displayed higher Chl a/Chl b ratios. The collected
results indicate that Fld-expressing leaves behave, in many aspects, as
those found in high light-adapted plants. The consequences of this phe-
notype for plant survival and welfare are discussed in the light of cur-
rent models of photosynthetic performance.

2. Materials and methods

2.1. Plant growth and pigment determination

Lines pfld5-8 and pfld4-2, expressing Fld in plastids of tobacco plants
(Nicotiana tabacum cv. Petit Havana) were used throughout this research
together with their WT parental. Details on the design and prepara-
tion of pfld plants are given elsewhere [9]. Hypochlorite-sterilized seeds
were germinated on half-strength Murashige-Skoog agar [23]. After
3weeks, seedlings were transferred to soil and grown at 200μmolpho-
tonsm⁠−2 s⁠−1 in a 16h/8h photoperiod and a controlled temperature of
25 °C (growth chamber conditions). The fourth fully expanded leaves of
8-weeks old plants were used for the experiments.

Chlorophylls and carotenoids were extracted from leaf sections us-
ing 96% (v/v) ethanol, and their concentrations were estimated by spec-
trophotometric measurements [24].

2.2. Structural analysis of leaf tissue by light microscopy

Cuttings of 2mm⁠2 from the central part of the fourth fully expanded
leaf from three different plants of WT, pfld5-8 and pfld4-2 were used
to prepare samples for histological examination. Conventional and mi-
crowave-assisted fixation substitution, resin embedding, sectioning, and
microscopic analysis were performed as described [25].

2.3. Determination of photosynthetic parameters

Chl a fluorescence and P700 absorption were simultaneously mea-
sured at 25 °C using a Dual-PAM-100 system (Heinz Walz, Effeltrich,
Germany). In all cases, leaves were dark-adapted for 3h in order to
inactivate the CBC. After determining F⁠0, F⁠m and P⁠m parameters, sam-
ples were illuminated with actinic red light (AL, 650nm), and saturat-
ing pulses (2000μmolphotonsm⁠−2 s⁠−1) were applied at the intervals in-
dicated below. PSI and PSII photochemical response-related parameters
were directly obtained from the Dual-PAM-100 software as described by
Klughammer and Schreiber [26,27], Baker [28] and Kramer et al. [29].

For determination of rapid light-response curves, after initial mea-
surements on dark-adapted leaves were completed, AL (108μmolpho-
tonsm⁠−2 s⁠−1) was switched on for 2min and then 30-s illumination steps
were given at 108, 139, 197, 240, 284, 363, 431, 539, 644, 854, 1033,
1239, 1631 and 2100μmolphotonsm⁠−2 s⁠−1. For quasi-steady-state mea-
surements, illumination steps were extended to 5min each with light in-
tensities of 108, 240, 854 and 1631μmolphotonsm⁠−2 s⁠−1, and saturating
pulses were applied every minute. Measurements during early induction
of photosynthesis were carried out on 133-mm⁠2 leaf discs previously in-
filtrated with either water or 1mM methyl viologen (MV) and kept in
the dark for at least 3h. Photosynthetic induction was followed during
the first min of illumination with an AL of 197μmolphotonsm⁠−2 s⁠−1 and
saturating pulses were applied every 5s.

Fluorescence measurements on light-adapted leaves were carried
out directly in the growth chamber using a portable MultispeQ v1
device controlled by the PhotosynQ platform software [30], using a
red AL (200μmolphotonsm⁠−2 s⁠−1) and a 500-ms saturation pulse
(3000μmolphotonsm⁠−2 s⁠−1).

Net CO⁠2 assimilation rates (A⁠CO2) were determined using an infrared
gas analyser LI-6400 (LI-COR, Lincoln, NE) at different light intensities,
essentially as described by Hajirezaei et al. [31].

2.3.1. Fluorescence induction transients recording
Fluorescence induction spectra, i.e., OJIP transients, were recorded

using a Dual-PAM-100 equipment in “Fast Kinetics” mode during a
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320-ms red light pulse (650nm, 2000μmolphotonsm⁠−2 s⁠−1). Fluores-
cence was detected with a resolution of 20μs.

2.3.2. PQ pool redox state estimation and re-oxidation in the dark
The redox state of the PQ pool was estimated using the method de-

scribed by Tóth et al. [32]. For each sample, two OJIP transients were
acquired with a 10-s interval during which a complete oxidation of the
PETC was achieved by applying far-red light (intensity setting 10). The
proportion of reduced PQ was calculated as (F⁠j−F⁠jox) / (F⁠m−F⁠jox), where
F⁠j and F⁠jox are the fluorescence values at 3ms of the first and second
transients, respectively, and F⁠m is the maximal fluorescence of the first
transient. For estimation of the PQ pool dark re-oxidation after a satu-
rating pulse, three OJIP transients were recorded. A first transient was
obtained from dark-adapted leaves, followed by a 30-s dark period prior
to acquisition of the second OJIP. Next, leaves were far-red illuminated
for 10s before the last saturating pulse. Proportion of reduced PQ was
calculated using the formula described above, but with F⁠j values ob-
tained from the second OJIP transient at 3ms.

2.3.3. Functional antenna size estimations
Effective PSII antenna size was estimated using data from Chl fluo-

rescence induction at low AL intensity (12μmolphotonsm⁠−2 s⁠−1). Mea-
surements were carried out on leaf discs infiltrated with 200μM
3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) in 10mM
HEPES-NaOH pH7.4. Integrated areas above the curves were obtained
from the traces after normalization between F⁠0 and F⁠m [33,34].

Effective PSI antenna size was measured on leaf discs after infil-
tration with 200μM DCMU and 1mM MV and incubation in the dark
for 3h. P700 oxidation traces were then recorded for 10s, during
which time-period samples were illuminated continuously with red AL
at 24μmolphotonsm⁠−2 s⁠−1. Time courses were then normalized between
zero and the maximal values, and fitted to single exponential functions.
The inverse of the half-life times (1/τ) was used as a relative measure of
PSI antenna size [33,35].

2.4. Tricine-SDS-PAGE of thylakoid membranes

Thylakoid membranes were prepared from the fourth fully expanded
leaves of 8-weeks old plants grown under chamber conditions, essen-
tially as described by Guiamet et al. [36]. Protein complexes from the
isolated membranes were resolved in 15% Tricine-SDS-PAGE [37] and
visualized by Coomassie Brilliant Blue-staining. Relative quantities of
proteins of interest were estimated from digitized gels by pixel densito-
metry using the ImageJ software (https://imagej.nih.gov/ij/).

2.5. Statistical analyses

Results are expressed as mean values±SE. Statistical significance
analyses were carried out using ANOVA followed by Tukey's HSD mul-
tiple comparison tests. In all cases, experimental data met the assump-
tions required for those methods. StatGraphics Centurion XVI statistical
software was used for the analyses.

3. Results

3.1. Chloroplast Fld affected leaf thickness and pigment contents in plants
grown under normal conditions

To evaluate the effect of chloroplast Fld on photosynthesis, we used
two independent tobacco lines (pfld5-8 and pfld4-2) expressing similar
levels of Anabaena Fld targeted to plastids [9]. In line with previous
reports, they contained higher Chl a and carotenoids and lower Chl b
levels per leaf fresh weight (FW) (Table 1). Accordingly, the Chl a/Chl
b ratio was enhanced in these leaves (Table 1). Microscopic analysis

Table 1
Expression of Fld in chloroplasts affects leaf phenotypes under normal growth conditions.

Wild-type pfld4-2 pfld5-8

Chl a (μgmg⁠−1 FW)⁠† 1.99±0.05 (a) 2.31±0.05 (b) 2.29±0.05 (b)
Chl b (μgmg⁠−1 FW)⁠† 0.62±0.02 (a) 0.56±0.02 (b) 0.57±0.02 (b)
Chl a+b (μgmg⁠−1

FW)⁠†
2.62±0.05 (a) 2.86±0.06 (b) 2.86±0.05 (b)

Chl a/Chl b⁠† 3.22±0.09 (a) 4.08±0.09 (b) 4.03±0.08 (b)
Carotenoids (μgmg⁠−1

FW)⁠†
0.34±0.02 (a) 0.50±0.02 (b) 0.48±0.02 (b)

Leaf cross-section
(μm)⁠‡

253.44±1.87
(a)

285.95±2.06
(b)

282.46±2.18
(b)

FW/area (mgmm⁠−2)⁠† 21.81±0.27 (a) 23.44±0.28 (b) 23.26±0.29 (b)
FW/DW⁠† 10.50±0.21 (a) 10.25±0.23 (a) 10.21±0.21 (a)

Results are expressed as means±SE. Distinct letters between parentheses denote
significant statistical differences between means according to Tukey's multiple comparison
test (p<0.05). FW, fresh weight; DW, dry weight.

† n=17–20.
‡ n=33–45.

(Supplementary Fig. 1) showed that pfld leaves were ~15% thicker than
WT counterparts, accompanied by slight but significant increases in FW
per area without changes in water contents (Table 1).

3.2. Fld expression led to higher maximal PSII quantum yield and PQ
oxidation state

Maximal efficiency of PSII (F⁠v/F⁠m) was measured by applying a
strong saturating pulse of AL (2000μmolphotonsm⁠−2 s⁠−1) on leaves of
dark-adapted tobacco plants. As shown in Fig. 1a, F⁠v/F⁠m values were sig-
nificantly higher in pfld leaves compared to WT counterparts. Decrease
of the basal fluorescence F⁠0 accounts for the F⁠v/F⁠m increase (Fig. 1b),
without a concomitant modification of their maximal fluorescence F⁠m
(Fig. 1c).

To further characterize the energy conversion processes at PSII reac-
tion centres, we used fast Chl a fluorescence kinetics analysis (OJIP). In
this technique, illumination of dark-adapted leaves with a strong light
pulse (2000μmolphotonsm⁠−2 s⁠−1) causes a polyphasic fluorescence rise
from the minimal level F⁠0 (the O level) to reach the maximal value F⁠m (P
level) via two intermediate steps: J, reached at 2–3ms, and I at around
30–50ms [38]. The kinetics of this fluorescence rise is largely deter-
mined by changes in the redox state of the primary acceptor Qa and
provides information about the redox state of the PETC. The O-J tran-
sient reflects the reduction of the acceptor side of PSII (Qa), whereas
the J-I phase is associated with reduction of the PQ pool. The I-P
rise, on the other hand, is related to the reduction of acceptors of PSI
[39–41]. Fig. 2a shows raw OJIP transients obtained from attached,
dark-adapted leaves of WT and pfld plants. An evident shift to lower
values could be observed in pfld transients relative to WT siblings. Dou-
ble normalization of OJIP values was carried out between F⁠0 and F⁠m
[Vt=(F⁠t−F⁠0) / (F⁠m−F⁠0)] for direct comparison of fluorescence kinetics
irrespective of their total amplitudes. As shown in Fig. 2b, pfld plants
displayed a slower reduction kinetics compared to their WT counter-
parts. These alterations, together with the increase in Chl a/Chl b ratio,
may reflect a reduction of the effective antenna size [42,43].

Furthermore, variations such as those observed in the J step have
been associated to changes in the PQ pool redox status under
dark-adapted conditions [44–48]. To test whether this was the case for
pfld plants, we estimated the PQ pool reduction state using fast fluo-
rescence kinetics as described by Tóth et al. [32] (see Materials and
methods). Fig. 2c shows that pfld plants displayed a more oxidized PQ
pool (~6%) when compared to WT siblings. Additionally, we moni-
tored the re-oxidation of the PQ pool after 30 s of darkness using a sim
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Fig. 1. Fld expression improves maximal PSII quantum yield by decreasing minimum fluorescence F⁠0. The F⁠v/F⁠m (a), F⁠m (b) and F⁠0 (c) parameters were obtained from Chl a fluorescence
measurement on dark-adapted leaves of WT (black bars) and two independent transgenic lines, pfld4-2 (white bars) and pfld5-8 (grey bars). Results are expressed as means±SE, n=24.
Different letters above the bars denote significant statistical differences between mean values estimated by ANOVA and Tukey's multiple comparison test (p<0.05).

Fig. 2. Fld-expressing plants exhibit a more oxidized PQ pool and higher rates of PQ re-oxidation. Raw (a) and normalized (b) average OJIP transients (n=12–15) obtained from
dark-adapted leaves of WT (black solid lines), pfld4-2 (black dashed lines) and pfld5-8 (grey lines) tobacco plants, plotted in a logarithmic time scale. Relative normalized fluorescence
was calculated as V⁠t =(F⁠t−F⁠0) / (F⁠m−F⁠0). c) Proportion of reduced PQ, calculated as (F⁠j−F⁠jox) / (F⁠m−F⁠jox) from OJIP traces of dark-adapted and post far-red illuminated tobacco leaves. d)
Proportion of reduced PQ after a saturating pulse of AL followed by a 30-s dark period. Results are expressed as mean values±SE (n=15–18) of WT (black bars), pfld4-2 (white bars)
and pfld5-8 (grey bars) tobacco lines. Different letters above the bars indicate significant statistical differences between means (ANOVA and Tukey's multiple comparison test, p<0.05).

ilar protocol with slight modifications (see Materials and methods). Af-
ter that short period of darkness following complete reduction with a
saturation pulse, PQ dark reduction was significantly lower in pfld plants
compared to WT siblings (Fig. 2d).

3.3. Fld-expressing plants showed improved photosynthetic performance at
high light intensities

To evaluate how pfld plants coped with different light intensities,
rapid light-response curves were determined on plants grown at
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200μmolphotonsm⁠−2 s⁠−1. From these measurements, an increased quan-
tum yield of PSII (Φ⁠PSII, Fig. 3a) was observed in Fld-expressing plants
relative to WT siblings, mostly at moderate to high light intensities (240
to 2100μmolphotonsm⁠−2 s⁠−1). A similar behaviour could be observed
for the PSI quantum yield (Φ⁠PSI, Fig. 3b), with pfld plants showing
greater values under high irradiation (above 539μmolphotonsm⁠−2 s⁠−1)
compared to WT leaves. The oxidation state of the PQ pool, estimated by
the qL parameter [29], also showed a significant increase in both trans-
genic lines at light intensities higher than 240μmolphotonsm⁠−2 s⁠−1 (Fig.
3c), while under the same conditions the oxidation state of PSI, quanti-
fied as Φ⁠ND, was lower in pfld plants (Fig. 3d). No significant differences
were observed in the Φ⁠NA parameter, which describes PSI acceptor side
limitation (Supplementary Fig. 2).

We also determined rapid light-response curves in an extended
time-frame (up to 5min), using a similar approach with a reduced
number of steps, as adapted from Tikkanen et al. [49]. This experi-
mental set-up allowed a closer estimation of photosynthetic parame-
ters under quasi-steady-state conditions. Four illumination regimes were
tested, corresponding to approximately 0.5-, 1-, 4- and 8-times the light
intensity in the growth chamber. Results indicated that the quantum
yields of both photosystems were higher in the transgenic lines at the
growth light intensity and higher (Fig. 4a, b). In a similar way, the qL

parameter exhibited significant increases in plfd plants relative to WT
siblings at higher light intensities (Fig. 4c). Moreover, the oxidation
state of PSI, as estimated by the Φ⁠ND parameter, exhibited significantly
lower values at high light intensities (Fig. 4d). Again, no differences
were observed in the Φ⁠NA parameter (Supplementary Fig. 3).

Finally, determination of Φ⁠PSII on light-adapted leaves from plants
grown at 200μmolphotonsm⁠−2 s⁠−1 confirmed the results obtained under
quasi-steady-state illumination conditions. Measurements were taken at
midday directly in the growth chamber, in order to achieve a photosyn-
thetic steady-state condition. Significantly higher Φ⁠PSII values (p<0.01)
were observed in both Fld-expressing lines (pfld4-2=0.6134±0.0056;
pfld5-8=0.6128±0.0054) compared to WT plants (0.5902±0.0044).

3.4. Photosynthetic induction during early dark-to-light transitions showed
increased efficiency of both photosystems in Fld-expressing plants

We further studied the response of pfld plants during photosynthe-
sis induction at the onset of illumination after long dark adaptation.
Determinations were carried out using an AL intensity similar to that
of the growth chamber, and saturating pulses were applied every 5s
to measure photosynthetic parameters. Leaf discs of 8-weeks old plants
were infiltrated with either water (controls) or 1mM MV, and then incu

Fig. 3. Improved photosynthetic performance of pfld plants at high light intensities. Rapid light-response curves showing variations in Φ⁠PSII (a), Φ⁠PSI (b), qL (c) and Φ⁠ND (d) parameters as
a function of PAR values from WT (black circles), pfld4-2 (white circles) and pfld5-8 (grey circles) plants. Illumination steps of 30s were applied at 108, 139, 197, 240, 284, 363, 431, 539,
644, 854, 1033, 1239, 1631 and 2100μmolphotonsm⁠−2 s⁠−1. Results are expressed as means±SE, n=6–8. At each photosynthetically active radiation (PAR) assayed, genotype effects on
mean differences were tested for statistical significance using ANOVA and Tukey's multiple comparison test (p<0.05). Points at which statistical differences between WT and both pfld
lines were observed are indicated with asterisks.
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Fig. 4. Enhanced photosynthetic performance of Fld-expressing plants at moderate to high light under a quasi-steady-state regime. Extended light curves following variations in Φ⁠PSII (a),
Φ⁠PSI (b), qL (c) and Φ⁠ND (d) parameters during 5-min steps of increasing illumination from WT (black circles), pfld4-2 (white circles) and pfld5-8 (grey circles) tobacco lines. PAR values
(μmolphotonsm⁠−2 s⁠−1) are indicated by grey boxes above the x-axis. Results are presented as means±SE, n=6–8. At each measuring point, statistical differences between mean values
were estimated using ANOVA and Tukey's multiple comparison test (p<0.05). Statistical differences between WT and both pfld lines are indicated with asterisks.

bated in the dark for 3h to assure complete inactivation of the CBC. The
herbicide MV is known to accept electrons directly from PSI and was
used here to eliminate any acceptor side limitation on this photosystem.

In control leaf discs infiltrated with water, Φ⁠PSII and qL failed to
show significant differences between lines at the beginning of illumi-
nation, but after 30 s of light exposure, pfld plants displayed significant
increments of both parameters with respect to WT counterparts (Fig.
5a and c, respectively). The Φ⁠PSI parameter of pfld plants, on the other
hand, progressed from lower values at the beginning of illumination
to higher yields after 30 s of AL exposure (Fig. 5b). The P700 oxida-
tion state (Φ⁠ND, Fig. 5d), started from almost null values in all lines,
but pfld plants showed a less pronounced increase upon illumination,
reaching significantly lower values than that of WT siblings at the end
of the assay. This observation agrees well with results obtained from
measurements at different light intensities (Figs. 3d and 4d). Concomi-
tantly, higher acceptor-side limitation of PSI (Φ⁠NA, Fig. 5e) was evident
in pfld plants along the entire experiment. It should be noted that dur-
ing the induction period, the activity of the CBC is reported to be al-
most absent, causing transient over-reduction of stromal electron accep-
tors. To bypass this electronic jam at the acceptor side of PSI, leaf discs
were treated with MV prior to the photosynthetic induction studies. This

treatment provoked major modifications in all tested parameters, but
with just minor differences (below statistical significance) between
lines. Slight increments in Φ⁠PSII and Φ⁠PSI and a decrease in Φ⁠NA due to
MV exposure were observed in pfld vs WT plants, without significant
alterations in the redox status of the PQ pool (qL) and the P700 oxida-
tion state (Φ⁠ND). As MV causes electrons to bypass the electron transfer
step from PSI to Fd/Fld, it was expected that photosynthetic parameters
would not change between lines. Thus, the small differences observed
suggest that Fld-expressing plants might have subtle alterations in the
structure/organization of their PETC that could extend beyond a mere
difference in donor-side restriction of PSI.

The elevated Φ⁠NA values displayed by pfld leaves after prolonged
dark adaptation (Fig. 5e) suggest that light reactions might become lim-
iting at low irradiation intensities, resulting in delayed activation of
the CBC. Indeed, light-response curves show that the differences in CO⁠2
assimilation rates between Fld-expressing and WT leaves diminished
steadily with the light intensity (Supplementary Fig. 4a), even though
pfld plants contained more chlorophyll per leaf cross-section [9,15,20].
When CO⁠2 uptake rates were expressed on a chlorophyll basis instead
of leaf area to account for the changes in pigment composition, the
differences between WT and pfld leaves were totally abolished below
100μmolphotonsm⁠−2 s⁠−1 (Supplementary Fig. 4b).
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Fig. 5. Chloroplast Fld increased photosynthetic efficiency during the early period of dark-to-light transition. Photosynthetic induction curves at 240μmolphotonsm⁠−2 s⁠−1 showing Φ⁠PSII
(a), Φ⁠PSI (b), qL (c), Φ⁠ND (d) and Φ⁠NA (e) parameters from dark-adapted leaf discs of WT (black symbols), pfld4-2 (white symbols) and pfld5-8 (grey symbols) tobacco plants. Discs were
infiltrated with either water (circles, solid lines) or 1mM MV (diamonds, dashed lines) prior to dark adaptation. Results are expressed as means±SE, with n=10. Statistical differences
between mean values were determined using ANOVA and Tukey's multiple comparison tests (p<0.05). For measurements from water-infiltrated leaf discs, statistical differences between
WT and both pfld lines are indicated with asterisks. No significant differences between lines could be observed in MV-treated leaf discs.
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3.5. Fld-expressing plants contained smaller functional antennae in both
photosystems

Increased Chl a/Chl b ratios (Table 1) and downshift of the OJIP tran-
sients (Fig. 2b) in pfld plants suggested altered light-harvesting complex
(LHC) II antennae dimensions. We further studied this effect using fast
fluorescence kinetics on leaf discs poisoned with DCMU. Treatment with
this agent blocks electron transfer from the Qa to Qb sites in PSII re-
action centres, causing a fluorescence rise under low intensity illumi-
nation that is inversely proportional to the size of functional antennae
[43]. A larger antenna would trap more radiation, causing maximal flu-
orescence emission to be reached faster than in reaction centres with
smaller antennae. Accordingly, the area above the curve of normalized
transients (F−F⁠0) / (F⁠m−F⁠0) obtained from DCMU-treated leaf discs pro-
vides an estimation of the apparent size of LHCII [33,34]. Average tran-
sients used for calculations and mean areas are shown in Fig. 6a. From
these results we confirmed that pfld plants exhibited a significant reduc-
tion in apparent PSII antenna size compared to their WT siblings.

The smaller size of PSII-associated antennae was also reflected in the
protein composition of the corresponding thylakoid membranes, as re-
vealed by Tricine-SDS-PAGE and protein staining (Supplementary Fig.
5a). Thylakoids isolated from Fld-expressing leaves had ~10% less Lhcb
protein (normalized against the levels of the water-splitting subunit
OEC33) than their WT counterparts (Supplementary Fig. 5b).

We next estimated the effective antenna size of PSI by measuring
P700 oxidation on leaf discs treated with both 200μM DCMU and 1mM
MV. DCMU was used to block PSII electron transfer to the PQ pool, and
MV to avoid acceptor-side limitation on PSI. Under these donor-side lim-
itation conditions, the rate of P700 photo-oxidation is proportional to
the effective size of PSI-associated antenna [33,35]. Calculated half-time
values (τ) of P700 oxidation are shown in Fig. 6b, while average tran-
sients obtained from WT and pfld leaf discs are given in Supplementary
Fig. 6. Slower P700 photo-oxidation observed in pfld plants indicates
a decrease in the size of functional PSI antenna compared to their WT
counterparts.

4. Discussion

Plants growing in the field undergo dramatic light transitions in var-
ious time-scales that affect photosynthetic performance, development
and reproduction. The dangers posed by excess of light energy and re-
ducing power are ameliorated in the short term (seconds to minutes)
through the function of dissipative systems and the regulation of the
structure and function of existing thylakoid components. Additionally,
long-term (hours to days) reorganization of the photosynthetic machin-
ery via retrograde signalling to the nuclear genome favours adaptation
and acclimation to the changing environment [50,51]. Acclimation, in
particular, is an essential process for plant fitness as it allows them to
adjust to long-term changes in environmental conditions such as light
quality and intensity. It triggers a series of modifications in photosyn-
thetic systems ranging from antenna size regulation to alterations in the
expression and activity of electron sinks (such as enzymes of the CBC)
to major changes in leaf morphology and physiology.

As indicated, short-term adaptive responses rely largely on dynamic
regulation of light reactions and on AET pathways as main dissipative
systems. Even when most of these routes generally deliver the surplus
of reducing equivalents to O⁠2, the cyanobacterial electron carrier Fld is
able to act as electron donor to a plethora of redox-based metabolic and
regulatory processes. Furthermore, plants expressing chloroplast-tar-
geted Fld displayed increased tolerance to a wide range of environmen-
tal insults [9–12]. While a large part of this protective action could be
explained by replacement of isofunctional Fd under stressful conditions,
combination of the two proteins in chloroplasts of plants growing under
normal conditions also had phenotypic effects, such as higher photosyn-
thetic activity and pigment contents per leaf cross-section [9,20]. We
show herein that Fld presence leads to significant changes in the redox
status of the PETC and in the organization of antenna components that
might partly explain those previous observations.

Analysis of photosynthetic performance by measuring Chl a fluo-
rescence in dark-adapted pfld leaves showed an increase in maximal
PSII efficiency (i.e., F⁠v/F⁠m) relative to WT siblings (Fig. 1a), entirely ac-
counted for by lower values of the minimal fluorescence F⁠0 (Fig. 1c).
Such variation in this parameter suggests an increased PSII quenching

Fig. 6. Fld-expressing plants show reduced functional PSI- and PSII-associated antenna size. a) Average normalized OJIP transients recorded from WT (black solid line), pfld4-2 (black
dashed line) and pfld5-8 (grey line) leaf discs poisoned with 200μM DCMU and illuminated with low AL (12μmolphotonsm⁠−2 s⁠−1). The bar-plot inset shows the calculated normalized
areas above the curves for WT (black bars), pfld4-2 (white bars) and pfld5-8 (grey bars) tobacco lines, with n=14–18. b) Inverse of the half-life time values of normalized P700 oxidation
traces obtained from tobacco leaf discs after treatment with 200μM DCMU and 1mM MV, and illuminated with AL of 24μmolphotonsm⁠−2 s⁠−1 (n=12–15). In both bar plots, results are
presented as means±SE. Different letters above the bars denote statistical differences between means, according to ANOVA and Tukey's multiple comparison tests (p<0.05).
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capacity in pfld plants, which might be associated to a better packing of
the PSII antenna to reaction centres [52–54] and/or changes in antenna
dimensions and PS stoichiometry [42,55,56], along with factors affect-
ing the PQ pool redox state [32].

Related to their better maximal photosynthetic efficiency, pfld plants
also showed a more oxidized PQ pool, as estimated by OJIP analysis
on dark-adapted leaves (Fig. 2c) as well as by their higher capacity to
re-oxidize PQ in the dark after a saturating pulse of actinic light (Fig.
2d). In addition, when exposed to different conditions of illumination,
pfld plants maintained a more oxidized PETC compared to WT counter-
parts, as reflected by their higher values of the qL parameter at mod-
erate to high light intensities (Fig. 4c). Quantum yields of PSI and PSII
were also higher in transgenic plants, but at light intensities superior
to 240μmolphotonsm⁠−2 s⁠−1 (Fig. 4). Instead, the oxidation state of PSI
(Φ⁠ND, Figs. 3d and 4d) was lower in pfld plants, with no alterations de-
tected in the limitation on its acceptor side (Φ⁠NA, Supplementary Fig.
1). Similar trends were observed when photosynthesis induction was
analysed immediately after a dark-light transition (Fig. 5). Fld-express-
ing plants showed higher values of Φ⁠PSII and Φ⁠PSI, and a more oxidized
PQ pool, especially after 30 s of illumination (Fig. 5a, b and c, respec-
tively). Transgenic lines also displayed a less oxidized P700 with aug-
mented PSI acceptor-side limitation during this period (Fig. 5d and e,
respectively), reflecting a slower oxidation of PSI. All these differences
suggest that the organization and/or functionality of the PETC might be
altered in pfld leaves, resembling the differences observed between low
light- and high light-adapted plants [57]. During the first stages of the
induction period, dark inactivation of the CBC imposes a depletion of
PSI acceptors [58,59], the extension of which depends on a series of fac-
tors such as plant history and environmental pressures [60]. When this
limitation was bypassed by applying MV, some differences could still be
observed between WT and pfld lines, i.e., higher efficiency of both pho-
tosystems and lower limitation at PSI acceptor side (Fig. 5a, b, e). Those
changes might reflect not only a different extent of reduction of stromal
acceptors, but also alterations at the levels of thylakoid structure and/
or organization. In line with that hypothesis, a decrease in the antenna
size of PSII in pfld plants was indicated by a downshift of their OJIP
transients (Fig. 2a, b) and an augmented Chl a/Chl b ratio, and further
supported by measurements on DCMU-poisoned leaf discs (Fig. 6a) and
analysis of thylakoid composition (Supplementary Fig. 5).

These observations agree well with previous results showing that
Fld-expressing plants have an increased number of functional reaction
centres per leaf cross-section compared to WT counterparts [15], result-
ing in a higher electron flow per leaf cross-section.

Taken together, the results suggest that Fld effects extend beyond
a simple alteration of electron flow. Furthermore, transcriptional pro-
filing has shown that a significant number of genes were differentially
expressed in pfld leaves under normal growth conditions. A sub-set of
them, involving hundreds of genes, were modulated in the same di-
rection that they showed in WT siblings under stress [22]. We coined
the term priming to describe those genes that display stress-like expres-
sion patterns in the absence of stress, and Fld-expressing plants have
plenty of them [22]. It is worth noting, within this context, that prim-
ing has been reported to substantially contribute to the phenotypes of
drought-tolerant barley varieties [61].

Interestingly enough, as shown in the present work, many of the
changes introduced by Fld expression on photosynthetic performance
and chloroplast biochemistry under growth (low/moderate) light condi-
tions resemble the phenotypes displayed by high light-adapted leaves.
They include increased Chl a and carotenoids contents per leaf FW,
higher Chl a/Chl b ratios and electron transport rates, lower levels of
PQ pool reduction and PSI oxidation, lower basal fluorescence and
higher quantum efficiency of PSII/PSI operation and, prominently, re-
duction in antenna dimensions [25,50,51,62–74]. Leaf blade thicken

ing as observed in pfld plants (Table 1 and Supplementary Fig. 1) is also
a common feature of light-adapted leaves [25,71,72,75].

Light stress is likely the most common environmental hardship faced
by plants growing in nature, and Fld-expressing lines display a par-
tial high light-adapted phenotype that might help the plant to better
cope with this adverse condition. Furthermore, changes in the redox
poise resulting from Fld expression might trigger retrograde signals that
lead to refurbishing of the photosynthetic machinery at the level of
light absorption and photochemistry. It is tempting to speculate that
the “light-adapted” phenotype exhibited by the transformants is part of
a global response and contributes to the wide range tolerance to mul-
tiple stress sources displayed by these lines. Research is underway to
test this contention and to identify Fld-primed genes that might remodel
the photosynthetic machinery to more efficiently face potential environ-
mental challenges.
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