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Phosphorus (P) is an essential macronutrient, and P deﬁciency limits plant productivity. Recent work showed that P deﬁciency
affects electron transport to photosystem I (PSI), but the underlying mechanisms are unknown. Here, we present a
comprehensive biological model describing how P deﬁciency disrupts the photosynthetic machinery and the electron
transport chain through a series of sequential events in barley (Hordeum vulgare). P deﬁciency reduces the orthophosphate
concentration in the chloroplast stroma to levels that inhibit ATP synthase activity. Consequently, protons accumulate in the
thylakoids and cause lumen acidiﬁcation, which inhibits linear electron ﬂow. Limited plastoquinol oxidation retards electron
transport to the cytochrome b6 f complex, yet the electron transfer rate of PSI is increased under steady-state growth light and is
limited under high-light conditions. Under P deﬁciency, the enhanced electron ﬂow through PSI increases the levels of NADPH,
whereas ATP production remains restricted and, hence, reduces CO2 ﬁxation. In parallel, lumen acidiﬁcation activates the
energy-dependent quenching component of the nonphotochemical quenching mechanism and prevents the overexcitation of
photosystem II and damage to the leaf tissue. Consequently, plants can be severely affected by P deﬁciency for weeks without
displaying any visual leaf symptoms. All of the processes in the photosynthetic machinery inﬂuenced by P deﬁciency appear to
be fully reversible and can be restored in less than 60 min after resupply of orthophosphate to the leaf tissue.

Phosphorus (P) is an essential heteroelement in
compounds such as ATP, NADPH, nucleic acids, sugar
phosphates, and phospholipids, all of which play important roles in photosynthesis (Hammond and White,
2008). Consequently, even marginal P deﬁciency has a
major impact on plant growth and development. It has
been estimated that 30% of the world’s arable soils are
deﬁcient in P and require P fertilization to improve
yields (MacDonald et al., 2011). However, phosphate
rock, the source of mineral P fertilizers, is a ﬁnite natural resource, and known reserves are projected to last
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less than a few hundred years at current rates of consumption (Cordell et al., 2009; Gilbert, 2009; Walan
et al., 2014; Baker et al., 2015). This makes P a strategic
natural resource similar to oil, as a few countries control
most known reserves. Currently, some parts of the
world vastly overuse P fertilization, which causes eutrophication of lakes and coastal waters, whereas limited access to P fertilizer causes crop yield reductions
elsewhere (Baker et al., 2015). P fertilizer is rapidly
immobilized in the soil due to chemical ﬁxation and
microbial immobilization; therefore, excessive P application often is required to ensure ample P availability to
plants. As a result, less than 20% of P fertilizer added to
soils is typically taken up by the crop (Cordell and
White, 2015). This obviously low P use efﬁciency is
unsustainable.
Orthophosphate (Pi) is a major regulator of carbon
metabolism in plants, and P deﬁciency inﬂuences the
balance between the synthesis and catabolism of carbon
metabolites. Low Pi levels switch the carbon ﬂow to
starch accumulation and reduce CO2 assimilation
(Heldt et al., 1977). Plants have evolved several responses to balance and stabilize the ﬂuctuating Pi levels
that occur at the tissue level in natural environments,
such as (1) altering root morphology and initiating
mycorrhizal symbiosis to improve soil exploration for
P; (2) activating exudation processes in the rhizosphere
to mobilize Pi from the soil; (3) inducing Pi transporter
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Figure 1. Leaf P concentrations with corresponding photographs of the youngest fully expanded barley leaves. Control,
P-deficient, and P-resupplied barley plants were cultivated in hydroponics. P was resupplied to the nutrient solution 21 DAP, and
each photograph was taken before harvest 7 d later (28 DAP). The P concentrations are mean values in leaf dry matter 6 SE (n = 4,
each with four technical replicates), and different letters represent statistically significant changes (P , 0.05) using one-way
ANOVA and Tukey’s multiple comparison test. DW, Dry weight.

proteins and regulating Pi uptake kinetics; and (4)
remobilizing Pi in source organs to meet the requirements of the developing sink tissue (Ramaekers et al.,
2010). These responses are supported by homeostatic
processes at the cellular level, in which Pi levels are
stabilized by mobilization between storage pools in
vacuoles and other organelles such as chloroplasts
where the photosynthetic machinery is located (Zhang
et al., 2014).
Homeostatic Pi levels in chloroplasts are controlled
by a range of different Pi transporters, which are located
in the chloroplast inner envelope or in the thylakoid
membrane (Młodzi
nska and Zboi
nska, 2016). Three
classes of chloroplast Pi transporters have been cloned
and characterized: the PHT2, PHT4, and plastidic Pi
translocators. The high-afﬁnity Pi transporter PHT4;1
(Km , 400 mM) has been localized in the stroma-exposed
regions of the thylakoid membrane and mediates Pi
transport from the thylakoid lumen to the stroma (Guo
et al., 2008; Pavón et al., 2008; Yin et al., 2015). A study
of Arabidopsis (Arabidopsis thaliana) knockout mutants
showed that the absence of PHT4;1 resulted in a
marked decrease in ATP synthase activity; it was assumed that PHT4;1 operates in close proximity to ATP
synthase in the thylakoid membrane to maintain sufﬁcient Pi levels for ATP synthesis (Karlsson et al., 2015). It
was proposed that an altered supply of Pi in the stroma
reduced the ATP levels and, thereby, reduced CO2 assimilation, but no changes in the photosynthetic machinery composition or electron transport activity were
observed (Karlsson et al., 2015). P starvation immediately affects CO2 assimilation but does not appear to
terminate it, as P-deﬁcient plants typically remain green
and do not develop leaf chlorosis. Speciﬁcally, P deﬁciency is believed to affect CO2 assimilation by reducing
the ATP-dependent regeneration of ribulose-1,5-bisphosphate in the Calvin cycle (Rao and Terry, 1995; Yan et al.,
2015), whereas its effects on the amounts and carboxylation activity of Rubisco are less clear (Rychter and Rao,
2005; Reich et al., 2009; Muneer and Jeong, 2015).
We recently showed that even marginal P deﬁciency has a marked effect on electron transport

between PSII and PSI (Frydenvang et al., 2015). An
analysis of chlorophyll a ﬂuorescence (OJIP) transients indicated that the I-step in the electron transport chain was markedly affected by P deﬁciency and
that the change in the ﬂuorescence transient curvature could be used to quantify the bioactive pool of Pi
in plants. However, the targets of P deﬁciency within
the thylakoids upstream of ATP synthase remain
largely unknown despite decades of research. The
objective of this study was to develop a comprehensive biological model of how photosynthesis is affected by P deﬁciency under physiologically relevant
conditions.

RESULTS
Plant Growth under P Deﬁciency

Multiple sets of barley plants (Hordeum vulgare
‘Quench’) were hydroponically cultivated using three
different treatments: (1) the control treatment, in which
plants were treated with a sufﬁcient nutrient supply
throughout the experiment; (2) the P-deﬁcient treatment,
in which plants were treated with all nutrients as in the
control treatment but with a restricted (low) P concentration; and (3) the P-resupply treatment, in which
P-deﬁcient plants were supplemented with P concentrations similar to those used in the control treatment at 21 or
25 d after planting (DAP). The plant material was harvested at 28 DAP. P deﬁciency was observed to reduce
plant tillering and biomass, whereas it increased anthocyanin accumulation in stems (Supplemental
Fig. S1). The three different treatments resulted in leaf
tissue P concentrations ranging from less than
1,000 mg P g21 dry weight for P deﬁciency (treatment
2) to more than 4,000 mg P g21 dry weight in the
youngest fully expanded leaves (YFELs) for the control (treatment 1) and P resupply (treatment 3; Fig. 1).
We conﬁrmed that the plants had no nutrient deﬁciencies other than P (Supplemental Table S1). Despite
the large range of leaf P concentrations, no visual
differences between leaves were observed.
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Chlorophyll a Fluorescence Measurements Revealed
P Deﬁciency

Chlorophyll a ﬂuorescence transients (OJIP transients) from the three different treatments revealed a
depletion of the I-step for the P-deﬁcient plants (Fig.
2A). Before P resupply at 21 DAP in treatment 3, plants
subjected to control and P-deﬁcient treatments were
easily differentiated when focusing on the I-step. Seven
days after P resupply to P-deﬁcient plants (28 DAP), the
I-step returned to control conditions, and the ﬂat plateau resembling the I-step was even more distinct than
that observed for the control plants (Fig. 2A, inset). To
demonstrate that P deﬁciency in plants is highly reversible and that disruptions in electron transport can
be recovered rapidly, we inﬁltrated P-deﬁcient leaf
segments with a Pi-containing solution by immersion
for 60 min. The I-step of the OJIP transients in
P-deﬁcient plants was highly reversible and displayed a
response to P inﬁltration into leaves in less than 1 h (Fig.
2B). The quantum efﬁciency of PSII (Fv/Fm) was unable
to discriminate between the treatments because all
transients reached values close to the theoretical maximum of 0.83. The ﬂuorescence quenching kinetics after
reaching the maximum ﬂuorescence (Fig. 2A, P-step)
was much faster for the P-deﬁcient plants than for the
control and P-resupplied plants. The slopes of the ﬂuorescence quenching curves between 2 and 10 s were 2
0.035 6 0.001, 20.066 6 0.002, and 20.04 6 0.002
for the control, P-deﬁcient, and P-resupplied plants,
respectively. These results indicated that ﬂuorescence
quenching in plants resupplied with P did not differ
signiﬁcantly from that of control plants. Therefore,
changes in both the I-step and the ﬂuorescence
quenching kinetics appear to be highly valuable for
diagnosing P deﬁciency.
Inhibition of Electron Transport to PSI Depletes the I-Step
in the Fluorescence Transient

Chemical inhibitors are commonly used to study electron ﬂow in photosynthesis. We used three different inhibitors to manipulate electron transfer in the YFELs
of control plants (Fig. 3A). Leaves inﬁltrated with 3(3,4–dichlorophenyl)-1,1-dimethylurea (DCMU) exhibited chlorophyll a ﬂuorescence transients that lacked both
the J- and I-steps (Fig. 3A). DCMU displaces the quinone
acceptor QB from its binding site, thereby blocking any
further electron transfer downstream of PSII by preventing QA2 reoxidation (Duysens and Sweers, 1963). Leaves
inﬁltrated with dibromothymoquinone (DBMIB) exhibited transients that lacked the I-step (Fig. 3A), similar to
those of P-deﬁcient plants (Fig. 2A). DBMIB is an artiﬁcial
quinone that tightly binds to the cytochrome (Cyt) b6 f
complex, thereby preventing plastoquinol (PQH2) reoxidation (Schansker et al., 2005) and preventing electron
transport from PQH2 to PSI. Leaves inﬁltrated with
methyl viologen (MV) exhibited distinct transients that
lacked the I-step (Fig. 3A). When illuminating leaves that

Figure 2. OJIP transients recorded from the youngest, fully expanded
barley leaves. A, Main plot. Transients were recorded just before P
resupply at 21 DAP. The inset shows transients recorded 7 d after P
resupply at 28 DAP. The slope of the quenching curve was calculated
between the two dashed vertical lines (between 2 and 10 s). B, Transients recorded for P-deficient leaves immersed in Milli-Q water (P
deficient) or P solution (P resupply) for 60 min. All transients were averaged (A, n = 5; B, n = 4, each with more than four technical replicates)
and doubled normalized between F0 and Fm. A.U., Arbitrary units.

have been dark adapted for more than 10 min, there is a
transient restriction in electron ﬂow in PSI because ferredoxin-NADP+ reductase (FNR) is inactivated. This transient block is thought to be important for the development
of the I-step kinetics. MV is an effective electron acceptor
that strongly competes with ferredoxin for electrons from
the FeS clusters in PSI, thereby bypassing the transient
block imposed by FNR during dark adaption (Schansker
et al., 2005). All inﬁltrations with chemical inhibitors were
compared with leaves inﬁltrated with Milli-Q water as a
control.
To further demonstrate that ﬂuorescence transients
of P-deﬁcient plants lack the I-step due to the inhibition
of electron transport to PSI, OJIP transients were
obtained from two Arabidopsis PSI mutants, psad11 and psae1-3, which have pronounced reductions in the
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Figure 3. OJIP transients recorded from barley leaves infiltrated with
electron inhibitors or from Arabidopsis PSI mutants. A, Effects of
DCMU, DBMIB, and MV inhibitors on OJIP transients in the YFELs of
28-d-old healthy barley plants (control) cultivated in hydroponics. B,
OJIP transients from 6-week-old Arabidopsis mutants psad1-1 and
psae1-3 and the corresponding wild type (WT) cultivated in soil. The
transients were averaged (A, n = 4; B, n = 5, each with four technical
replicates) and double normalized between F0 and Fm.

levels of the PSI subunits PsaD1 and PsaE1, respectively. These two mutants have markedly impaired
photosynthetic electron ﬂow (Ihnatowicz et al., 2004,
2007). The transients of both mutants essentially lacked
the I-step, which is present in wild-type plants (Fig. 3B),
which supported the results obtained from experiments
with the DCMU, DBMIB, and MV inhibitors (Fig. 3A).

P Deﬁciency Suppresses the Production of ATP and
Increases the Production of NADPH

NADP+ is the ﬁnal substrate for the production of
NADPH, and NADPH and ATP are the main products
of light-dependent reactions in photosynthesis. The
NADP+ concentration was reduced signiﬁcantly in

P-deﬁcient barley plants compared with those in control and P-resupply plants (Fig. 4A). At 3 d after P
resupply (28 DAP) to P-deﬁcient plants, the NADP+
concentration was restored to that in control plants. The
opposite trend was present for NADPH, with the
NADPH concentration being signiﬁcantly higher in
P-deﬁcient plants than in control and P-resupplied
plants (Fig. 4B). As for the NADP+ concentration, the
same trend was observed for the ATP concentration
in isolated thylakoids, although the ATP level in
P-resupplied plants was lower than that in control
plants (Fig. 4C). The Pi concentration at the whole-leaf
level was reduced severely in the P-deﬁcient plants (Fig.
4D). The total Pi concentration in chloroplasts isolated
after either a dark or light period (Fig. 4, E and F, respectively) was signiﬁcantly lower in the P-deﬁcient
plants; however, the relative change was lower than that
observed at the whole-leaf level. The starch content was
signiﬁcantly higher in P-deﬁcient plants than in control
and P-resupplied plants (Fig. 4G). These differences in
starch contents were conﬁrmed visually using transmission electron micrographs of chloroplasts from control,
P-deﬁcient, and P-resupplied plants, whereas no striking
differences in chloroplast or thylakoid structure were
observed (Supplemental Fig. S2).
We further investigated the P-mediated changes in key
photosynthetic proteins by performing immunoblot analysis on thylakoids isolated from 28-d-old YFELs using
antibodies against FNR, ferredoxin (FDX1), PsaA, PsaF,
Cyt f, D1, and CP43. Visual inspection and quantiﬁcation of
the protein blots conﬁrmed that the different P treatments
did not affect the photosynthetic machinery at the protein
level (Supplemental Fig. S3; Supplemental Table S2).
A severe reduction in stromal P concentration induced by Man inﬁltration (Takizawa et al., 2008) or by
the absence of the chloroplast-localized Pi transporter
PHT4;1 (Karlsson et al., 2015) reduced proton ﬂux
through ATP synthase and subsequently induced lumen acidiﬁcation. To determine if this also occurs in
plants subjected to P deﬁciency at physiologically relevant concentrations, we analyzed the magnitude and
partitioning of the proton motive force (pmf) that drives
ATP synthase. The results showed that P-deﬁcient
plants had a reduced ATP synthase activity (Fig. 5A),
which is in agreement with the observed reduced ATP
concentrations (Fig. 4C). However, 7 d after P resupply
(at 28 DAP), ATP synthase activity was fully restored to
control levels. Changes in pmf, which reﬂect pH differences across the thylakoid membrane (DpH) and
differences in the electrical potential (DC), were signiﬁcantly affected by P deﬁciency (Fig. 5B). The pmf in
P-deﬁcient plants was essentially determined exclusively by DpH (94%), which most probably indicates
a highly acidiﬁed lumen, whereas the control and
P-resupplied plants had pmf values reﬂecting a balanced distribution between DpH and DC (Fig. 5B).
Since pmf size and its components were determined
from light-dark measurements of the electrochromic
band shift (ECS) signal, the pmf size may have been
underestimated because the ECS dark relaxation is
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Figure 4. Concentrations of NADP+, NADPH, ATP, Pi (PO432), and
starch in the youngest, fully expanded barley leaves. A, Concentrations
of NADP+ in leaf tissue. B, Concentrations of NADPH in leaf tissue. C,
Concentrations of ATP in light-exposed thylakoids. D, Concentrations of
PO432 in leaf tissue. E, Concentrations of PO432 in chloroplasts isolated
after a 10-h dark period. F, Concentrations of PO432 in chloroplasts
isolated after a 4-h light period. G, Concentrations of starch in leaf tissue. The results are means 6 SE (n = 4, each with more than four
technical replicates), and different letters represent statistically significant changes (P , 0.05) using one-way ANOVA and Tukey’s multiple
comparison test. FW, Fresh weight.

dependent on the free energy for ATP formation,
which, in turn, depends on the [ATP]/[ADP]*[Pi] ratio
in the chloroplast stroma. However, lumen acidiﬁcation
was further supported by analyzing the extended
chlorophyll a ﬂuorescence transients (the full OJI-PSMT
curve; Supplemental Fig. S4). At low saturating actinic
light intensity (1,000 mmol photons m22 s21), a distinct
disappearance of the S-M phase was observed for
P-deﬁcient plants, which was associated previously
with lumen acidiﬁcation and attenuation of the electron
ﬂow from PSII to PSI (Goltsev et al., 2016).
Lumen acidiﬁcation is an immediate signal that
triggers the feedback regulation of light capture via the
energy-dependent quenching (qE) component, being
the largest and most rapidly induced component of
nonphotochemical quenching (NPQ; Müller et al.,
2001). The NPQ measurements for the three treatments
again revealed that P-deﬁcient plants differed from
control and P-resupplied plants (Supplemental Fig. S5).
NPQ was increased sharply immediately after the
onset of illumination in P-deﬁcient plants and was
higher than that for control and P-resupplied plants

throughout the entire period of illumination (Supplemental
Fig. S5A). Furthermore, NPQ relaxation in the dark
was slower for P-deﬁcient plants and associated
with a reduction in PSII quantum yield (Supplemental
Fig. S5B).
We also directly quantiﬁed qE in growth light and at
increasing light intensities, which conﬁrmed that this
component of NPQ is substantially higher in P-deﬁcient
plants across all light intensities (Fig. 6A). Moreover,
the electron transfer rate through PSII [ETR(II)] was
lower across all light intensities in P-deﬁcient plants
(Fig. 6B), whereas the electron transfer rate through PSI
[ETR(I)] was higher in growth light and lower with
increasing light intensities compared with the control
plants (Fig. 6C). Further measurements under steadystate growth light conditions revealed that PSII
quantum yield, linear electron ﬂow, and the fraction of
open reaction centers were reduced signiﬁcantly
(Table I). In agreement with the standard NPQ and qE
measurements (Fig. 6A; Supplemental Fig. S5), NPQt
(Tietz et al., 2017) under steady-state growth light
conditions was 10-fold higher in P-deﬁcient plants
(Table I). No differences in ETR(I), ETR(II), or state
transition (Supplemental Table S3) were observed in
low light (60 mmol photons m22 s21).
To examine if lumen acidiﬁcation leads to impaired
PQH2 oxidation at the Cyt b6 f complex, we measured
the redox state of the PQ pool using OJIP transients
(Tóth et al., 2007; Table II). The fraction of reduced
PQH2 was increased signiﬁcantly for the P-deﬁcient
plants relative to the control and P-resupplied plants,
indicating a slower oxidation of PQH2 at the Cyt
b6 f complex.
Finally, to conﬁrm that an impaired PQH2 oxidation
at the Cyt b6 f complex essentially restricts the ﬂow of
electrons to PSI (Schlodder and Meyer, 1987), we evaluated P700+ reduction kinetics (Fig. 7). P700+ reduction
was markedly higher in P-deﬁcient plants than in
control and P-resupplied plants in growth light conditions (Fig. 7A), but clearly not under high-light (2,200
mmol photons m22 s21) conditions (Fig. 7B). This result
conﬁrms that the electron ﬂow to PSI is severely reduced in P-deﬁcient plants under increasing light intensity (Fig. 6, B and C).

DISCUSSION

Latent P deﬁciency without any observable leaf
symptoms was successfully induced with leaf P concentrations as low as 850 mg P g21 dry weight (Reuter
and Robinson, 1997), and chloroplast Pi concentrations
were measured between 20 and 40 nmol mg21 chlorophyll depending on whether plants were light or dark
adapted prior to extraction, respectively (Figs. 1 and 4,
E and F; Supplemental Fig. S1). This result was fundamentally different from those of previous studies,
which induced P-deﬁcient-like conditions by inﬁltrating leaf segments with Man to strip the entire leaf Pi
pool by irreversible phosphorylation (Takizawa et al.,
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Figure 5. ATP synthase activity and pmf partitioning in barley. A, Relative thylakoid proton conductivity, which reflects the
activity of ATP synthase. B, Relative pmf partitioning in control, P-deficient, and P-resupplied barley plants. Values are means 6 SE
(n = 5, each with more than four technical replicates), and different letters represent statistically significant changes (P , 0.05)
using one-way ANOVA and Tukey’s multiple comparison test. Greek letters indicate statistical differences in DpH, and Roman
letters indicate differences in DC.

2008) or used knockout mutants of the Arabidopsis
thylakoid membrane Pi transporter PHT4;1 (Karlsson
et al., 2015). Unlike previous publications, we quantiﬁed the Pi concentration of isolated chloroplasts from
P-deﬁcient plants. Such quantiﬁcation is not trivial, and
the values obtained may not exactly reﬂect the true
in vivo values, since some loss of Pi during the extraction process is unavoidable. However, we found it encouraging that Pi concentrations from both light- and
dark-adapted chloroplasts showed the same trend
relative to the control, P-deﬁcient, and P-resupplied
treatments. This provides conﬁdence that the analytical
procedure used here is able to reﬂect the dynamics of
chloroplast Pi when plants were exposed to the treatments.
The results presented here indicate that the biological
mechanisms reﬂected by the I-step were achieved by
adjusting the P availability in the nutrient solution to
obtain physiologically relevant P deﬁciency responses
at the whole-plant level. The establishment of latent
P-deﬁcient plants successfully induced a series of fully
reversible, but marked, disturbances in the electron
ﬂow to PSI and the synthesis of ATP and NADPH. This
experimental design allowed us to study how the
photosynthetic machinery adapts to long-term P starvation and how rapidly it responds to P resupply and
allowed us to construct a biological model summarizing the cascade of events resulting from P deﬁciency.
P Deﬁciency Affects Electron Transport beyond PQH2

P deﬁciency can be detected based on depletion of the
I-step from the fast OJIP region of the chlorophyll a ﬂuorescence transient (Fig. 2A). In fact, the response is so
sensitive to the leaf tissue P concentration that it can be
used to accurately predict bioavailable P in both monocots
and dicots (Frydenvang et al., 2015). Several hypotheses
have been proposed to explain the biological mechanisms
underlying the polyphasic OJIP ﬂuorescence curve.
However, despite the general agreement that the O-J phase
reﬂects the light-driven accumulation of QA2 (also known
as the QA model; Strasser and Govindjee, 1992), the

explanation for the J-I-P phase is still speculative and
controversial. The predominant theoretical interpretations of the J-I-P phase include ﬂuorescence quenching by
the oxidized PQ pool (Lavorel and Etienne, 1977), lightdriven accumulation of QB2 and QB22 (Strasser and
Govindjee, 1992), reduction of QB and PQ by PSII
(Srivastava et al., 1995), direct contributions from PSI
ﬂuorescence (Franck et al., 2002), and PSI oxidation
(Schansker et al., 2005). It has been suggested that the
difference in Dc could modulate the I-P phase and that it
largely inﬂuences the ﬂuorescence yield of the J-I-P phase
(Vredenberg, 2004; Antal et al., 2011).
The results presented here indicate that the biological
mechanisms reﬂected by the I-step, which is highly
responsive to changes in the leaf tissue P concentration,
originate from restricted downstream PQH2 oxidation.
Measurements of the PQ pool redox state conﬁrmed an
increased fraction of reduced PQH2 in P-deﬁcient plants
(Table II). The I-step disappeared when leaves were
inﬁltrated with DBMIB to inhibit PQH2 oxidation at the
Cyt b6 f complex, and similar transients were obtained
when bypassing the transient FNR block using MV
(Fig. 3A). Comparable observations were reported in a
previous study (Schansker et al., 2005) that inﬁltrated
pea (Pisum sativum) leaves with DBMIB and MV. The
authors stated that a distinct I-P phase required electron
transfer beyond the Cyt b6 f complex (blocked by
DBMIB) and a transient block at the acceptor side of PSI
(bypassed by MV). We note that, besides the inhibition
of PQH2 oxidation at the QO-binding site of the Cyt b6 f
complex, DBMIB also might quench chlorophyll excited states of the PSII antenna and act as a PSII electron
acceptor, thereby decreasing the reduction of the PQ
pool (Belatik et al., 2013). However, with the clear differences between inﬁltration with DCMU and DBMIB
(Fig. 3A) and because no effects were observed on the
quantum yield efﬁciency (data not shown), we are
convinced that DBMIB speciﬁcally inhibited PQH2 oxidation under the conditions given in this inﬁltration
study. The two Arabidopsis PSI mutants, psad1-1 and
psae1-3, also display severely reduced I-steps, which
may reﬂect the pronounced reductions in the PSI
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Figure 6. The qE and electron transfer rates at different light intensities in barley. Light-adapted barley plants were exposed to
increasing light intensities (red actinic light with a wavelength of 620 nm), starting at growth light. A, The qE component of NPQ.
B, ETR(II). C, ETR(I). Values are means 6 SE (n = 4–5, each with more than four technical replicates). PAR, Photosynthetically active
radiation.

subunits PsaD1 and PsaE1, respectively, that markedly
impair photosynthetic electron ﬂow (Ihnatowicz et al.,
2004, 2007; Fig. 3B).
These combined results indicate that the inﬂection at
the I-step remains intact when transient equilibrium is
attained between PSII-mediated reduction of the PQ
pool and its oxidation by the Cyt b6 f complex via electron ﬂow to PSI. The further rise to reach maximum
ﬂuorescence at the P-step is achieved when PSI electron
acceptors are completely reduced due to a transient
block caused by temporarily inactivated FNR, which is
induced by the dark adaptation performed before the
measurements (Stirbet and Govindjee, 2012). Consequently, reduced inﬂection at the I-step (and eventually
elimination of the I-step) reﬂects slower electron ﬂow to
PSI electron acceptors (Stirbet et al., 2014). This was
conﬁrmed by analysis of the P700+ reduction rate in
similarly dark-adapted plants, which was markedly
slower for P-deﬁcient plants than for control plants
(Supplemental Fig. S6). Previous work showed that the
rate-limiting step in electron transport between the two
photosystems is determined by PQH2 oxidation at the
Cyt b6 f complex (Tikhonov, 2014). Electron ﬂow to PSI
is reduced when the PQH2 oxidation rate decreases,
which reduces the inﬂection at the I-step.
Analysis of steady-state P700+ reduction rates revealed a higher rate of P700+ reduction in P-deﬁcient
plants at growth light conditions (Fig. 7A), suggesting
that P deﬁciency up-regulates electron transfer rates in
PSI under continuous growth light (Fig. 6C), while PSII

is down-regulated (Table I; Fig. 6B). Since linear electron
ﬂow was down-regulated in growth light (Table I) and
given that electron transfer rates in PSI reﬂect the sum
of linear (originating from PSII) and cyclic electron
ﬂow, the results suggest that cyclic electron ﬂow is
up-regulated at steady-state growth light conditions in
P-deﬁcient plants. Electron transfer rates of PSI remained
similar to those of the control in low light (Supplemental
Fig. S7; Supplemental Table S3) but became highly
down-regulated in high light (Figs. 6C and 7B), when
lumenal pH is expected to signiﬁcantly acidify.

P Deﬁciency Alters ATP and NADPH Synthesis

In contrast to the highly dynamic Pi levels observed
at the leaf tissue level, we observed strong homeostatic
regulation of the chloroplast Pi pool (Fig. 4, D–F). P
deﬁciency resulted in a marked 4-fold decrease in leaf
tissue Pi, whereas Pi in isolated chloroplasts was reduced by only approximately 20% to 40% depending
on whether plants were dark or light adapted prior to
extraction, respectively. These results suggest that
vacuoles contain a storage pool of nonmetabolic Pi
under adequate P conditions, whereas most of the Pi is
sequestered in the metabolic pool in chloroplasts under
P-deﬁcient conditions (Lauer et al., 1989). Three Pi
transporter families are localized in the chloroplast to
supply Pi in the stroma, where PHT4;1 is the only
transporter localized in the thylakoid membrane.

Table I. Photosynthetic parameters measured under steady-state growth light conditions
The plants were light adapted in growth light (300 mmol photons m22 s21) for a minimum of 8 h and measured afterward using the Leaf Photosynthesis MultispeQ V1.0 protocol with the MultispeQ from PhotosynQ. The results are means 6 SE (n = 4–5, each with more than four technical
replicates), and different letters represent statistically significant changes (P , 0.05) using one-way ANOVA and Tukey’s multiple comparison test.
ɸ(II), PSII quantum yield; ɸ(NPQ), NPQ quantum yield; LEF, linear electron flow; qP, fraction of open reaction centers; NPQt, NPQ estimation
without dark adaptation; ɸ(NO), fraction of energy absorbed by PSII that is lost to unregulated processes.
Treatment

ɸ(II)

ɸ(NO)

ɸ(NPQ)

LEF

qP

NPQt

Control
P deficient
P resupply

0.53 6 0.01 a
0.30 6 0.02 b
0.47 6 0.02 a

0.31 6 0.01 a
0.13 6 0.01 b
0.33 6 0.02 a

0.16 6 0.01 a
0.57 6 0.03 b
0.19 6 0.01 a

79.48 6 3.66 a
45.22 6 4.29 b
77.39 6 3.09 a

0.69 6 0.02 a
0.60 6 0.02 b
0.63 6 0.03 a,b

0.54 6 0.02 a
5.11 6 0.69 b
0.60 6 0.03 a
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Table II. The plastoquinone (PQ) pool redox state in barley leaves
Estimation of the fraction of reduced PQ was determined using OJIP
transients. The results are means 6 SE (n = 4, each with four technical
replicates), and different letters represent statistically significant
changes (P , 0.05) using one-way ANOVA and Tukey’s multiple
comparison test.
Treatment

Fraction of PQH2

0.27 6 0.01 a
0.36 6 0.02 b
0.28 6 0.01 a

Control
P deficient
P resupply

Furthermore, a limitation in ATP synthase and reduced
growth has only been demonstrated for PHT4;1 mutants (Karlsson et al., 2015). PHT4;1 mediates the
availability of Pi for ATP synthesis in the chloroplast
stroma (Karlsson et al., 2015), and it is likely that the Pi
concentration in chloroplasts is regulated by effective
phosphate homeostasis to maintain ATP synthesis and
drive the Calvin cycle (Mimura et al., 1990).
Pi in the chloroplast stroma functions as a substrate
for ATP synthesis. P deﬁciency signiﬁcantly reduces Pi
levels and signiﬁcantly reduces ATP production in
isolated thylakoids (Fig. 4C). This was further supported by signiﬁcant reductions in the rate constant of
ATP synthase (Fig. 5A) as a response to the low Pi
concentration in chloroplasts. These observations conﬁrmed the modulated response of ATP synthase activity to metabolic or physiological conditions, allowing
the regulation of light and assimilatory reactions
(Strand and Kramer, 2014). The NADP+ levels, acting as
a substrate for the production of NADPH, also were
reduced signiﬁcantly by P deﬁciency (Fig. 4A), indicating that a larger fraction of NADP+ remains in the
reduced form (NADPH), because it cannot be utilized
in the Calvin cycle due to ATP limitation and because of
a higher PSI activity (Fig. 7A). This hypothesis was
supported by the total NADPH concentration, which
was signiﬁcantly higher for the P-deﬁcient treatment
than for the control and P-resupply treatments (Fig. 4B).
The Km for ATP synthase is expected to range between
0.6 and 1 mM Pi; therefore, lowering the Pi concentration in
the chloroplast stroma to levels near Km is expected to slow
ATP synthesis and increase DpH (Takizawa et al., 2008).
Assuming a chloroplast volume of 25 mL mg21 chlorophyll

(Sharkey and Vanderveer, 1989), the Pi concentrations for
chloroplasts extracted after light adaptation correspond to
1.1 and 0.7 mM Pi for the control and P-deﬁcient treatments,
respectively, which is in the same range as previous reports
using colorimetric assays (Robinson and Giersch, 1987;
Sharkey and Vanderveer, 1989; Fig. 4E) and clearly within
the range that would affect ATP synthesis. Thus, our results show that ATP synthase activity is very sensitive to
changes in the Pi concentration in chloroplasts and that
even minor reductions in stromal Pi concentration have a
major inﬂuence on ATP synthase activity, which strongly
reduces proton efﬂux from the lumen.
P Deﬁciency Induces Lumen Acidiﬁcation and Prevents
PQH2 Oxidation

The reduced rate constant of ATP synthase under
P-deﬁcient conditions limits the export of protons to the
chloroplast stroma, thereby markedly acidifying the
thylakoid lumen (Fig. 5B). As a consequence, the PQH2
oxidation at the Cyt b6 f complex was impaired for the
P-deﬁcient plants (Table II), which further decreased
the linear electron ﬂow toward PSI (Table I). This lumen
acidiﬁcation also was reﬂected by a much faster
quenching of the chlorophyll a ﬂuorescence intensity
after reaching its maximum (Fig. 2A), an increase in qE
(Fig. 6A), and a higher NPQ (Table I; Supplemental Fig.
S5). These observations were further supported by the
PSMT decay phase of the extended chlorophyll a ﬂuorescence transient (Supplemental Fig. S4). In addition to
increased ﬂuorescence quenching, chlorophyll a ﬂuorescence transients of P-deﬁcient plants also lacked the
S-step. A previous study of isolated chloroplasts of pea
leaves identiﬁed a linear relationship between P-S
quenching and lumen acidiﬁcation (Briantais et al.,
1979), and a more recent study concludes that formation of the S-step is associated with increased DpH
(Goltsev et al., 2016). These combined data strongly
support our hypothesis that P deﬁciency at physiologically relevant concentrations causes lumen acidiﬁcation in both light- and dark-adapted plants.
A reduction in lumen pH provides the key signal to
regulate light capturing via NPQ components (Ruban,
2016), and this study conﬁrmed the relationship between
NPQ and lumen acidiﬁcation induced by P deﬁciency

Figure 7. P700+ reduction kinetics in
barley. A, P700+ reduction in growth
light conditions. B, P700+ reduction in
high-light conditions. Plants were light
adapted for more than 2 h prior to
measurements, then preilluminated
with red actinic light (620 nm) for 3 min,
followed by a 10-ms dark pulse. The
plotted transients are averaged (n = 5,
each with more than four technical
replicates). A.U., Arbitrary units.
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(Table I; Supplemental Fig. S5). These adaptive mechanisms enhance the dissipation of excess energy captured
by the light-harvesting antenna to protect the photosynthetic apparatus (Stirbet and Govindjee, 2011). The
oxygen-evolving complex of PSII is particularly affected
by lumen acidiﬁcation (Schlodder and Meyer, 1987). The
PSII quantum yield determined from chlorophyll a ﬂuorescence transients of dark-adapted leaves was not affected by P deﬁciency (Fig. 2A). However, to determine
the inﬂuence of DpH on PSII quantum yield and ETR(II) in
light, we also performed measurements on light-adapted
leaves (Table I; Fig. 6B). Here, it is clearly evident that the
PSII quantum yield is reduced markedly by P deﬁciency
but recovers after a subsequent dark-adaption period,
which highlights the highly reversible response to P deﬁciency in plants.

CONCLUSION

The reversible nature of the disruptions in photosynthesis caused by P deﬁciency allows us to build a
comprehensive biological model summarizing the effects of P deﬁciency on photosynthesis (Fig. 8). P is the
substrate for ATP synthesis in the chloroplast stroma.
When the Pi substrate is lacking due to low P availability (Figs. 1 and 4, D–F), ATP synthase activity decreases (Fig. 5A), which reduces ATP production in the
stroma and CO2 ﬁxation (Figs. 4C and 8B, steps 1 and 2).
Reduced ATP synthase activity reduces the ﬂow of
protons from the thylakoid lumen to the chloroplast
stroma, which causes lumen acidiﬁcation (Figs. 5B and
8B, step 3). Lumen acidiﬁcation triggers energy dissipation via NPQ (Table I; Supplemental Fig. S5), where
the major and most rapid component (qE) is responsible
Figure 8. Photosynthetic regulation in response to P deficiency at growth light
conditions. A, Photosynthetic electron
flow under P-sufficient conditions. B,
Feedback mechanisms responsible for reduced electron flow from PSII to PSI under
P-deficient conditions. See text for further
explanation of the cascade of events
highlighted in steps 1 to 7. OEC, Oxygenevolving complex.
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for the efﬁcient quenching of ﬂuorescence (Figs. 2A and
6A; Supplemental Fig. S4) and reduces the PSII quantum yield (Table I; Figs. 6B and 8B, step 4; Supplemental
Fig. S5). Acidiﬁcation of the thylakoid lumen was found
to decelerate PQH2 oxidation at the Cyt b6 f complex
(Table II; Fig. 8B, step 5) and is likely to represent a
bottleneck in overall electron transport from PSII to PSI
(Tikhonov, 2013; Strand and Kramer, 2014). This causes
protonation of the donor side of Cyt b6 f and reduces
the probability of PQH2 oxidation, ultimately reducing
the linear electron ﬂow to PSI (Tikhonov, 2014; Table I;
Fig. 6B). Finally, P700+ reduction is either decreased
under high light (2,200 mmol photons m22 s21; Fig. 7B)
or increased in steady-state growth light (300 mmol
photons m22 s21; Figs. 7A and 8B, step 6), which ultimately increases the NADPH levels (Figs. 4, A and B,
and 8B, step 7). Thus, depletion of the I-step phase
from the OJIP region of the chlorophyll a ﬂuorescence
transient under P deﬁciency is likely to reﬂect a restricted PQH2 oxidation due to the proton backlog
caused by lumen acidiﬁcation.

MATERIALS AND METHODS
Plant Cultivation and Sampling
Barley (Hordeum vulgare ‘Quench’) plants were cultivated in hydroponics as
described previously (Frydenvang et al., 2015). Barley seeds were pregerminated in
vermiculite in a greenhouse with minimum day/night temperatures of 18°C/15°C
and a day/night cycle of 16 h/8 h (minimum 300 mmol photons m22 s21 light intensity). After 7 d, four seedlings were placed in a lid, transferred to a 4-L hydroponic
container, and kept at the same climatic conditions throughout the whole experiment. Control plants were supplied with a nutrient solution containing 200 mM
KH2PO4, 200 mM K2SO4, 300 mM MgSO4$7H2O, 100 mM NaCl, 300 mM
Mg(NO3)2$6H2O, 900 mM Ca(NO3)2$4H2O, 600 mM KNO3, 50 mM Fe(III)-EDTA-Na,
2 mM H3BO3, 0.8 mM Na2MoO4$2H2O, 0.7 mM ZnCl2, 1 mM MnCl2$4H2O, and 0.8 mM
CuSO4$5H2O. The P-deﬁcient plants were supplied with the same nutrient solution
as stated above, but with only 9 mM KH2PO4, throughout the growth period. All
nutrients were prepared in Milli-Q water (Milli-Q Element; Millipore). The nutrient
solutions were changed weekly and aerated using steel medical syringes, and the
pH of the solution was maintained at 6 6 0.3 using ultrapure HCl.
Four containers holding a total of 16 plants received the full nutrient solution
throughout the experiment (control), and eight containers holding a total of
32 plants received the P-deﬁcient solution. After either 21 or 25 DAP, four
P-deﬁcient containers holding a total of 16 plants were resupplied with P corresponding to the control level (200 mM KH2PO4) and the remaining four containers continued to receive the P-deﬁcient solution. All plants were harvested
at 28 DAP, either 3 or 7 d after P resupply. Each treatment included four hydroponic pots containing four barley plants each (i.e. 16 plants for each treatment). All plants were kept in a dark room the night before harvest, exposed to
1 h of light, and then harvested. One YFEL from each plant was dried and used
for elemental analysis, one YFEL was used directly to determine the NADP+
concentration, and one YFEL was harvested after 8 h of growth conditions for
starch determination. The remaining YFELs were harvested 1 h after the onset
of light, quickly frozen in liquid nitrogen, and subsequently used to isolate
thylakoid membranes. An identical treatment of plants was used entirely for
isolating chloroplasts. Chlorophyll a ﬂuorescence was measured before P
resupply at 21 DAP and before harvest at 28 DAP, when pulse amplitude
modulation measurements also were performed. All analyses were performed
with a minimum of four biological replicates.

Arabidopsis Mutants
Seeds of Arabidopsis (Arabidopsis thaliana) mutants psad1-1 (Ihnatowicz
et al., 2004) and psae1-3 (Ihnatowicz et al., 2007) and the wild type were sown
directly in pots (5.5 cm diameter) containing prewetted Pindstrup Substrate No.

2 (Pindstrup Mosebrug) in a climate chamber with minimum day/night temperatures of 23°C/18°C and a day/night cycle of 8 h/16 h (150 mmol photons
m22 s21 light intensity). The pots were sealed during the ﬁrst 7 d to increase
humidity and were watered when needed. Chlorophyll a ﬂuorescence transients were measured after 6 weeks of growth.

Chlorophyll a Fluorescence, P700, and ECS
Chlorophyll a ﬂuorescence transients (OJIP transients) were obtained from
YFELs using a Handy PEA chlorophyll ﬂuorometer (Hansatech Instruments).
The YFEL midsection was dark adapted for at least 25 min before measurements, which were obtained using Hansatech leaf clips, and a short nonactinic
light ﬂash was applied to the leaf to adjust the detector gain. Each leaf sample
was illuminated with continuous saturating actinic light (3,000 mmol photons
m22 s21) from three LEDs, and the ﬂuorescence transients were recorded using
a PIN photodiode. The ﬂuorescence signal was measured for either 2 or 10 s. To
measure the slow PSMT phase, the incident light was 1,000 mmol photons m22 s21
and the ﬂuorescence transient was measured for 30 s. All transients were double
normalized between F0 and Fm to give the relative variable ﬂuorescence at time t
as follows: V(t) = [Fluorescence (t) 2 F0]/(Fm 2 F0).
ECS, pulse amplitude-modulated chlorophyll a ﬂuorescence, and P700 measurements were carried out using a Walz Dual-PAM 100 equipped with P515/
535, DUAL-DB, and DUAL-E emitter-detector modules. The rate constant of ATP
synthase (gH+ s21) and pmf partitioning (DC and DpH) was determined on plants
that were dark adapted for a minimum of 1 h followed by 1 min of illumination
with actinic red light of 339 mmol photons m22 s21. The gH+ parameter was calculated as 1/decay time constant, which was derived from single exponential
ﬁttings of the ECS decay signal during an 80-ms dark pulse (Cruz et al., 2005) after
1 min of illumination. pmf (ECST) partitioning to DC (ECSSS) and DpH (ECSINV)
was calculated from a 60-s dark interval relaxation kinetics of the ECS signal (Cruz
et al., 2001). ECST was calculated as the difference between the ECS signal in light
and the minimum value of the ECS signal after the light was turned off. Calculation of ECSSS and ECSINV was performed using either the steady-state time point
of the ECS signal in darkness or the time point before the ECS signal decays again
due to changes in pigment composition. For calculation of the results presented in
Figure 5B, see Supplemental Figure S8. Before each ECS measurement, a saturating 50-ms ﬂash of 200,000 mmol photons m22 s21 was applied to determine the
ECS50ms; subsequently, the ECS50ms amplitude was used to normalize the dark
interval relaxation kinetics ECS signal before calculation of pmf size and partitioning values. Therefore, DDA550-515 represents the normalized ECS signal to
ECS50ms. NPQ and PSII quantum yield were measured using plants that had been
dark adapted for 30 min, illuminated with high light (1,700 mmol photons m22 s21)
for 5 min, and then held for 4 min of dark relaxation. qE was calculated as the
difference between NPQ after 3 min of illumination and NPQ after 5 min of
subsequent dark adaptation. P700 oxidation-reduction kinetics were recorded
on plants that had been dark adapted for a minimum of 1 h, illuminated
with far-red light for 30 s, and then saturated with a pulse of actinic red light
(20,000 mmol photons m22 s21) for 1 s. ETR(I) was calculated as nP700 s21
according to Strand et al. (2017) by ﬁtting a linear function on the initial decay
of the P700 signal upon applying a dark pulse. nP700 s21 was determined
on leaves preilluminated with actinic red light (620 nm; Figs. 6C and 7;
Supplemental Fig. S7) or actinic red light and far-red light (730 nm;
Supplemental Fig. S7). State transition was carried out according to Lunde
et al. (2000) at 60 mmol photons m22 s21; the qS parameter was calculated
according to Damkjaer et al. (2009).

Leaf Inﬁltration with P and Chemical Electron Inhibitors
The YFELs of 28-d-old P-deﬁcient barley plants were cut into 5-cm sections
and immersed in 1 M KH2PO4 containing 0.2 mL L21 Tween 20 for 1 h. Then, the
leaf sections were removed from the immersion solution and gently wiped to
remove excess moisture, placed in a zip bag, and dark adapted for 25 min. As a
control, leaves from the same plant treatment were immersed in Milli-Q water
containing 0.2 mL L21 Tween 20.
YFELs of 28-d-old control barley plants were inﬁltrated with 200 mM
DCMU, 900 mM DBMIB, or 200 mM MV as described previously (Schansker
et al., 2005). DCMU and DBMIB were solubilized in 1% (v/v) ethanol. The
leaves were cut into 3-cm sections and immersed in the respective solutions
for 3 h. Subsequently, the sections were placed in zip bags and dark
adapted for 25 min before recording chlorophyll a ﬂuorescence. Control
leaves were treated in the same way without adding the chemical electron
inhibitors.
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NADP+ and NADPH Assays
+

The NADP concentration was determined as described previously (Queval
and Noctor, 2007), and every step was performed at 4°C. A total of 100 mg of
fresh YFELs from each replicated treatment was harvested at 28 DAP and
rapidly frozen in liquid nitrogen. Then, 1 mL of ice-cold 0.2 N HCl was added to
a mortar with quartz sand, and the plant material was thoroughly ground and
centrifuged at 16,000g for 10 min at 4°C. A 0.2-mL aliquot of the supernatant
was incubated in boiling water for 1 min and then rapidly cooled. The aliquot
was neutralized by adding 20 mL of 0.2 M NaH2PO4 (pH 5.6), followed by
stepwise addition of 0.2 M NaOH to reach a ﬁnal pH of between 5 and 6. Then,
30 mL of the neutralized supernatant was introduced to a 96-well plate, in which
each well contained 0.1 mL of 0.1 M HEPES (pH 7.5) and 2 mM EDTA, 20 mL of
1.2 mM dichlorophenolindophenol, 10 mL of 20 mM phenazine methosulfate,
10 mL of 10 mM Glc-6-P, and 30 mL of Milli-Q water. NADP+ concentrations
ranging from 0 to 100 pmol were used as standards. The reaction was started by
adding 10 mL of Glc-6-P dehydrogenase (200 units mL21), the plate was swirled
rapidly and placed on an EON microplate spectrophotometer (BioTek Instruments), and the A600 was measured every 23 s for 5 min. The rates during the
ﬁrst 2 min were used to determine the ﬁnal NADP+ concentration according to
the relevant standards and blank correction.
The NADPH concentration was determined using the NADP/NADPH
Quantiﬁcation Kit (Sigma-Aldrich; catalog no. MAK038) following the protocol
from the manufacturer. An EON microplate spectrophotometer (BioTek Instruments) was used to measure the A450 after 2 h of incubation.

Isolation of Thylakoid Membranes
All extractions were performed at 4°C under dim-green light conditions to
maintain thylakoid integrity. Frozen YFELs were homogenized in 200 mL of buffer
solution containing 0.4 M Suc, 10 mM NaCl, 5 mM MgCl2, 20 mM Tricine (pH 7.9),
10 mM L-ascorbate, and 10 mM NaF using a laboratory blender (Waring Laboratory;
LB20E). The homogenate was ﬁltered through a double layer of Miracloth (pore
size, 22–25 mm). The extracts were centrifuged for 10 min at 6,000g, the supernatant
was discarded, and the pellet was resuspended in 5 mM Tricine (pH 7.9) and 10 mM
NaF. The washed thylakoids were pelleted by centrifugation for 10 min at 11,200g
and resuspended in a storage solution containing 0.4 M Suc, 10 mM NaCl, 5 mM
MgCl2, 20 mM Tricine (pH 7.9), 10 mM NaF, and 20% (v/v) glycerol. The samples
were immediately frozen in liquid nitrogen and stored at 280°C.

Determination of Protein and Chlorophyll Contents in
Thylakoid Membranes
The protein content in the isolated thylakoid membranes was determined
using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientiﬁc), and an EON
microplate spectrophotometer (BioTek Instruments) was used to measure the
A562. To determine the chlorophyll concentration, 5 mL of the isolated thylakoid
membrane was diluted in 995 mL of ice-cold 80% (v/v) acetone, incubated on ice
for 15 min, and centrifuged for 2 min at 10,000g in a tabletop microcentrifuge
(Eppendorf Minispin Plus) to pellet proteins. The absorbance at 647 and 664 nm
was measured using a Genesys 10S UV-VIS spectrophotometer (Thermo Fisher
Scientiﬁc), and the total chlorophyll concentration (mg mL21) was calculated as
(17.76 3 A647) + (7.34 3 A664) multiplied by the dilution factor (Porra et al., 1989).

Chloroplast Isolation
Plants were either dark adapted for 10 h or light adapted at growth conditions
for 4 h prior to isolation. All extractions were performed at 4°C under dim-green
light conditions. All YFELs from each replicate were cut into 3- to 4-cm sections,
placed in a blender containing 200 mL of ice-cold HS buffer (50 mM HEPES and
330 mM sorbitol, adjusted to pH 8 with KOH pellets), and rapidly blended with
three quick bursts. The homogenate was ﬁltered through a double layer of
Miracloth (pore size, 22–25 mm) and centrifuged at 3,300g for 2 min in a swing
rotor (Heraeus Megafuge 16R; Thermo Fisher Scientiﬁc) with slow acceleration
and without brakes for deceleration. The supernatant was carefully discarded,
and the tubes were rolled on ice to loosen the pellets. Then, 1 mL of HS buffer
was added, and the suspension was layered onto a precooled Percoll pad
containing 2 mL of 53 HS buffer, 3.5 mL of Percoll, and 4.5 mL of Milli-Q water
and centrifuged at 1,400g for 8 min in a swing rotor. The green middle layer
(containing thylakoids and broken chloroplasts) and the Percoll were removed
carefully, leaving the pelleted intact chloroplasts. The pellet was suspended in

10 mL of HS buffer and centrifuged at 3,000g for 2 min in a swing rotor. The
supernatant was discarded, and the pellet was suspended in 700 mL of HS
buffer and stored at 280°C until use.

Determination of Chlorophyll Content in
Isolated Chloroplasts
The chlorophyll concentration in the isolated chloroplasts was determined by
adding 10 mL of chloroplasts to 990 mL of ice-cold 80% (v/v) acetone, mixing the
solution, and centrifuging for 30 s at 10,000g in a tabletop microcentrifuge
(Eppendorf Minispin Plus) to pellet the proteins. The A652 was measured using a
Genesys 10S UV-VIS spectrophotometer (Thermo Fisher Scientiﬁc). The chlorophyll concentration (mg mL21) was determined using the following equation:
A652 3 5.6 (Robinson and Mant, 2002).

Determination of the PQ Pool Redox State
A noninvasive assay of the PQ pool redox state was performed following the
protocol from Tóth et al. (2007). To obtain fully reduced PQ pools, OJIP transients were measured at saturating actinic light (3,000 mmol photons m22 s21) as
described above. To obtain fully oxidized PQ pools, leaves were preilluminated
with far-red light (200 mmol photons m22 s21) for 10 s, and a second OJIP
transient was measured immediately after. From the ﬁrst OJIP transient, the FJ
(ﬂuorescence intensity after 3-ms J-step) and Fm values were extracted, whereas
the FJ-ox (representing the fully oxidized PQ pool at 3 ms) was extracted from the
far-red light treatment. The fraction of reduced PQ was calculated using the
following equation: (FJ 2 FJ-ox)/(Fm 2 FJ-ox), where 0 and 1 represent a fully
oxidized and a fully reduced PQ pool, respectively.

ATP Assay
ATP concentrations were determined in thylakoid membranes as described
previously (Grennan and Ort, 2011). A thylakoid membrane aliquot containing
20 mg of chlorophyll was resuspended in 1 mL of buffer containing 500 mM
Tricine-NaOH (pH 8), 500 mM NaCl, 5 mM MgCl2, 0.05 mM phenazine methosulfate, 2 mM K2HPO4 (pH 7), 1 mM ADP (ATP free), and 0.1 mM diadenosine
pentaphosphate. The reaction was carried out with incident light at 300 mmol
m22 s21 for 2 min at room temperature. Then, the light was switched off and the
reaction was stopped by adding trichloroacetic acid to a ﬁnal volume of 0.5%
(w/v). The samples were centrifuged at 11,200g for 5 min at room temperature.
The supernatant was assayed for ATP concentration by measuring chemiluminescence using a ChemiDoc Touch Imaging System (Bio-Rad). A 100-mL
aliquot of the supernatant was added to a 96-well plate, and 100 mL of a second
buffer containing 25 mM Tris acetate (pH 7.75), 2 mM EDTA, 50 mM DTT,
0.02 mM D-luciferin, 1.5 mg mL21 BSA, 20 mM magnesium acetate, and 0.3 mg
mL21 luciferase was quickly added to each well. The chemiluminescence was
measured during a 20-min period, and the signal was integrated using Image
Lab software (version 5.2.1; Bio-Rad). The same reaction mix was used to determine ATP standards dissolved in 25 mM Tris acetate (pH 7.75).

Pi Quantiﬁcation
Pi was quantiﬁed by HPLC as described previously (Hawkesford et al.,
2013). A total of 100 mg of dried YFEL material was added to 1.5 mL of Milli-Q
water and heated in a heating block at 80°C for 4 h with frequent shaking. To
quantify Pi in isolated chloroplasts, a chloroplast preparation containing 20 mg
of chlorophyll in 200 mL of HS buffer was heated directly in a heating block at
80°C for 4 h. The samples were allowed to cool and then centrifuged at room
temperature at 13,000g for 20 min. The supernatant was transferred to a 2-mL
Eppendorf tube and placed at 220°C overnight. After thawing, the sample was
centrifuged as before, and the supernatant was ﬁltered using a 0.22-mm centrifuge tube ﬁlter (Spin-X; Costar) at 2,000g for 20 min. This sample was injected
onto the HPLC column.
The samples were analyzed on the HPLC Dionex ICS-2100 Anion (Thermo
Fisher Scientiﬁc) column using the Dionex AS-AP autosampler, Dionex EGC III
KOH eluent generator, AERS 2-mm suppressor, and DS6 heated conductivity
cell. Anions were separated on a Dionex IonPac AS11-HC RFIC analytical
column (2 3 250 mm) with a Dionex IonPac AG11-HC RFIC guard (2 3 50 mm)
column in front, with 0.38 mL min21 isocratic ﬂow of 25 mM hydroxide for
15 min. The suppressor was set to 24 mA, and 25 mL was injected per sample.
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The standard curve was generated with ﬁve concentrations of Dionex Combined Seven Anion Standard I (Thermo Fisher Scientiﬁc) from 0.15 to 2 mg L21
in HS buffer. Chromeleon 7.2 SR4 software was used for instrument control and
data processing.

50°C until complete dryness and digested with ultrapure acids (70% [v/v] HNO3
and 30% [v/v] H2O2) at 240°C and 200 bars for 15 min in a pressurized microwave
oven (Ultrawave; Milestone). Certiﬁed reference material (NIST1515, apple
[Malus ssp.] leaf; National Institute of Standards and Technology) was included to
evaluate data quality. Data were processed using Agilent ICP Expert software.

Starch Quantiﬁcation

Data Analyses

The starch concentration was determined as described previously (Smith and
Zeeman, 2006). Frozen YFELs were ground to a ﬁne powder, 5 mL of 80% (v/v)
ethanol was added, and the sample was placed in a boiling water bath for 3 min.
The samples were centrifuged at 3,000g for 10 min at room temperature, and the
supernatant was discarded. The ethanol extraction was repeated another two
times, and the ethanol was allowed to evaporate from the ﬁnal pellet. The pellet
was transferred to a mortar, homogenized to a smooth consistency, and
transferred to a Falcon tube along with 5 mL of Milli-Q water that was used to
wash the mortar. Then, 0.5 mL of the homogenate was added to each of four
Eppendorf tubes and heated at 100°C for 10 min. The samples were allowed to
reach room temperature, and then 0.5 mL of 200 mM sodium acetate (pH 5.5)
was added. In another tube, 6 units of a-amyloglucosidase and 0.5 units of
a-amylase were dissolved in buffer containing 0.05 mM Tris base, 0.15 mM NaCl,
and 0.1% Tween 20 (pH adjusted to 7.6 using HCl); 1.2 mL of this enzyme
preparation was added to two of the prepared Eppendorf tubes. The other two
Eppendorf tubes were used as controls, which received 1.2 mL of buffer without
the enzymes. The samples were incubated at 37°C for 4 h and centrifuged at
10,000g for 5 min at room temperature. The supernatant was assayed for Glc
using a Glucose (HK) Assay Kit (Sigma-Aldrich). The assay reagents were
mixed, and the reactions were incubated for 15 min at room temperature before
measuring the A340 using a Genesys 10S UV-VIS spectrophotometer (Thermo
Fisher Scientiﬁc).

Statistical analysis was performed using GraphPad Prism 6.0 for Windows.
Each mean was compared using one-way ANOVA with Tukey’s multiple
comparison test. Samples were considered as signiﬁcantly different at P , 0.05.

Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1. Appearance of barley plants cultivated in hydroponics.
Supplemental Figure S2. Transmission electron microscopy of barley leaves.
Supplemental Figure S3. Immunoblot analysis of photosynthetic proteins
in barley leaves.
Supplemental Figure S4. OJIPSMT transients of the youngest, fully expanded leaves of barley plants.
Supplemental Figure S5. NPQ and PSII quantum yield in barley leaves.
Supplemental Figure S6. P700+ reduction kinetics in barley plants.
Supplemental Figure S7. P700+ reduction kinetics in barley under low
light.
Supplemental Figure S8. Examples of analysis of raw data leading to the
data presented in Figure 5B.

Immunoblot Analysis

Supplemental Table S1. Element concentrations in the YFELs.

Thylakoid samples (containing 5 mg of protein) were subjected to SDSPAGE using 12% Criterion TGX Stain-Free precast gels (Bio-Rad) and Tris/
Gly/SDS running buffer (Bio-Rad) at a constant voltage of 250 V for 30 min.
The proteins were then transferred to a 0.2-mm PVDF membrane using the
Trans-Blot Turbo Transfer System (Bio-Rad) according to the manufacturer’s
instructions. Subsequently, the membrane was blocked for 1 h in 5% (w/v)
skimmed milk in PBS-T buffer and incubated overnight in the primary antibody. All primary antibodies (FNR, FDX1, PsaA, PsaF, Cyt f, D1, and CP43)
were obtained from Agrisera. The blot was washed three times for 5 min in
PBS-T buffer and then incubated with a swine anti-rabbit horseradish
peroxidase-conjugated secondary antibody (1:5,000 dilution in PBS-T; Pierce)
for 1 h. The blot was washed three times for 5 min in PBS-T buffer, and the
secondary antibody was detected using Clarity Western ECL chemiluminescent substrate (Bio-Rad) and the ChemiDoc Touch Imaging System (BioRad). The protein bands were detected and quantiﬁed using Image Lab
software (version 5.2.1; Bio-Rad).

Transmission Electron Microscopy
The YFELs from three replicated treatments in both dark and light conditions
were used for transmission electron microscopy analysis. Leaf discs (122 mm2)
were ﬁxed in Karnovsky’s solution (4% [v/v] paraformaldehyde, 5% [v/v] glutaraldehyde, and 0.1 M sodium cacodylate buffer, pH 7.3) for 4 h and washed three
times with buffer (0.1 M sodium cacodylate buffer, pH 7.3). Samples were postﬁxed with 1% [v/v] OsO4 overnight at 4°C. The samples were washed twice with
buffer and water and subsequently dehydrated with a graded acetone series. The
leaf samples were embedded in Spurr’s low-viscosity resin. Ultrathin sections of
60 nm were cut with a diamond knife using a Leica EM-UC7 ultramicrotome and
mounted on Pioloform-coated copper grids. The samples were contrasted with
1% [v/v] uranyl acetate and lead citrate and viewed using a Philips CM100
transmission electron microscope at an acceleration voltage of 80 kV. The images
were captured using a high-resolution Morada digital camera system.

Elemental Analyses
Leaf element concentrations were determined using inductively coupled
plasma-optical emission spectroscopy (5100; Agilent Technologies) equipped with
a Meinhard nebulizer and a cyclonic spray chamber. The YFELs were oven dried at

Supplemental Table S2. Quantiﬁcation of immunoblots of thylakoid protein extracts.
Supplemental Table S3. State transition parameters and electron transfer
rates in low light.
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