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Abstract 

The photosynthetic acclimation of boreal evergreen conifers is controlled by regulatory and photoprotective mecha-
nisms that allow conifers to cope with extreme environmental changes. However, the underlying dynamics of pho-
tosystem II (PSII) and photosystem I (PSI) remain unresolved. Here, we investigated the dynamics of PSII and PSI 
during the spring recovery of photosynthesis in Pinus sylvestris and Picea abies using a combination of chlorophyll 
a fluorescence, P700 difference absorbance measurements, and quantification of key thylakoid protein abundances. 
In particular, we derived a new set of PSI quantum yield equations, correcting for the effects of PSI photoinhibition. 
Using the corrected equations, we found that the seasonal dynamics of PSII and PSI photochemical yields remained 
largely in balance, despite substantial seasonal changes in the stoichiometry of PSII and PSI core complexes driven 
by PSI photoinhibition. Similarly, the previously reported seasonal up-regulation of cyclic electron flow was no longer 
evident, after accounting for PSI photoinhibition. Overall, our results emphasize the importance of considering the dy-
namics of PSII and PSI to elucidate the seasonal acclimation of photosynthesis in overwintering evergreens. Beyond 
the scope of conifers, our corrected PSI quantum yields expand the toolkit for future studies aimed at elucidating the 
dynamic regulation of PSI.

Keywords:   Conifers, cyclic electron flow, P700 absorbance, photoinhibition, photosystem, Picea abies, Pinus sylvestris, 
PSII:PSI stoichiometry, quantum yields, seasonal acclimation.

Introduction

In northern latitudes, boreal evergreen conifers face large 
changes in prevailing temperature and light availability 
throughout the seasons. These environmental cues govern 
the acclimation response from the whole plant to the mo-
lecular level, particularly during winter (Öquist and Huner, 
2003; Chang et al., 2021). The acclimation response includes 
the regulation of photosynthetic reactions, ranging from light 

harvesting in the photosynthetic antenna complexes (the light 
harvesting complexes, LHC) and photochemistry catalysed by 
photosystem I (PSI) and photosystem II (PSII) to CO2 assimi-
lation in the Calvin–Benson–Bassham cycle. The coordination 
of these regulatory responses is essential to maintain the energy 
balance between the different components of the photosyn-
thetic apparatus, in particular when low temperatures inhibit 
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enzymatic activities but sunlight is still absorbed by leaves of 
boreal evergreens (Ensminger et al., 2006). Otherwise, overex-
citation of photosystems and accumulation of electrons inside 
the photosynthetic electron transport chain lead to oxidative 
damage and photoinhibition of PSII (Liu et al., 2019) and PSI 
(Lima-Melo et al., 2019).

To cope with freezing temperatures and excess light condi-
tions, boreal evergreen conifers dynamically adjust their pho-
tosynthetic protein complexes on the seasonal scale (Schöttler 
and Tóth, 2014; Verhoeven, 2014) and engage in a series of 
photoprotective mechanisms, including: (i) a combination 
of reversible and sustained non-photochemical quenching 
(NPQr and NPQs), preventing the overexcitation of PSII 
(Demmig-Adams and Adams, 2006; García-Plazaola et al., 
2012; Verhoeven, 2014); (ii) rerouting of electrons from linear 
electron flow (LEF) to alternative electron flow (AEF), which 
delivers electrons to alternative acceptors not used for CO2 
assimilation in the Calvin–Benson–Bassham cycle; and (iii) up-
regulating cyclic electron flow (CEF), which shuttles electrons 
around PSI back into the plastoquinone pool. Both AEF and 
CEF are mediated by various molecular pathways preventing 
accumulation of electrons inside the electron transport chain 
and facilitating photoprotective functions under environ-
mental stress conditions (Yamori and Shikanai, 2016; Alric and 
Johnson, 2017; Alboresi et al., 2019b; Nawrocki et al., 2019). 
Although previous studies of the seasonal acclimation in boreal 
evergreen conifers have highlighted the importance of AEF 
(Savitch et al., 2010; Bag et al., 2023) and CEF (Ivanov et al., 
2001; Fréchette et al., 2015; Yang et al., 2020), the underlying 
dynamics of PSI and PSII remain unresolved.

Investigating the partitioning of different photosynthetic 
electron transport pathways relies on in vivo measurements, 
generally including gas exchange measurements for assess-
ing CO2 assimilation, as well as pulse-amplitude-modulated 
(PAM) chlorophyll a fluorescence and P700 difference absorb-
ance measurements (Fig. 1A) to determine quantum yields of 
photochemistry and estimate electron transport rates (ETR) 
in PSII and PSI, respectively (Harbinson and Foyer, 1991; 
Laisk and Loreto, 1996; Joliot and Joliot, 2002; Laisk et al., 
2002; Morales et al., 2018; Walker et al., 2020; Yin et al., 2021). 
Comparison of quantum yields and ETRs between PSII and 
PSI has been widely used to track their functional dynamics, 
including CEF (Harbinson et al., 1989; Harbinson and Foyer, 
1991). Nevertheless, this approach has several well-documented 
shortcomings (Fan et al., 2016) that, as a first approximation, 
have been widely assumed to remain constant and include, for 
example, leaf absorption, excitation energy distribution be-
tween PSII and PSI, sampling depth within the leaf tissue, and 
contributions of plastocyanin and ferredoxin to the P700 dif-
ference absorbance signal. Although these assumptions deserve 
further attention, the focus of the present study is an inde-
pendent factor that has remained much less documented—the 
photoinhibition of PSI. PSI photoinhibition can affect the 
estimation of PSI quantum yields from P700 measurements 

(Zivcak et al., 2015; Kanazawa et al., 2017; Lempiäinen et al., 
2022) and can be also very dynamic, which could interfere 
with our ability to disentangle the dynamics of PSII and PSI in 
boreal evergreen conifers on the seasonal scale. The approaches 
for estimating the quantum yields of PSII and PSI may ap-
pear very similar at first glance, as both are based on PAM 
techniques and saturating pulses, which quantifies amplitude 
changes between minimal (F0 or P0), steady-state (F or P) and 
maximal signal levels (Fm, Fmʹ or Pm, Pmʹ) (Genty et al., 1989; 
Klughammer and Schreiber, 1994). However, the biophysical 
principles and assumptions underlying the interpretation of 
the signals are generally different for PSII and PSI. These dif-
ferences can be readily identified by directly comparing the 
definitions of the photochemical yields of PSII (Fig. 1B) and 
PSI (Fig. 1C), since both are equivalent expressions of the 
maximal (YII max and YI max) and effective activity of the photo-
systems (YII and YI).

For PSII, these are derived from chlorophyll a fluores-
cence changes, which directly relate to the energy distribution 
within PSII (Butler, 1978; Genty et al., 1989), while for PSI, 
they are derived from P700 difference absorbance measure-
ments, which relate to the active PSI fraction (not the total 
PSI content) and redox states of the PSI reaction center and its 
acceptors (Klughammer and Schreiber, 1994, 2008). However, 
unlike for PSII, PSI yields are normalized to the maximal 
photo-oxidizable P700 pool (ΔPm), which we refer to as the 
maximal redox active fraction of PSI. Critically, the original 
definition of PSI quantum yields assumes a constant YI max, 
while the equivalent expression for PSII (YII max, typically re-
ferred to as Fv/Fm) is variable.

The assumption of a constant YI max inevitably leads to a 
definition of PSI quantum yields that does not account for 
PSI photoinhibition, which is rather surprising given that PSI 
photoinhibition is widely accepted to be congruent with a 
decrease of the maximal redox active PSI fraction or ΔPm (e.g. 
Havaux and Davaud, 1994; Terashima et al., 1994; Ivanov et al., 
1998; Sonoike, 1999; Kim et al., 2001; Zhang and Scheller, 2004; 
Sejima et al., 2014; Tikkanen and Grebe, 2018). Neglecting PSI 
photoinhibition can lead to distortion of PSI quantum yields 
(Zivcak et al., 2015; Kanazawa et al., 2017; Lempiäinen et al., 
2022), which has previously been described as a ‘funnel effect’ 
of PSI (Fan et al., 2008). If not accounted for, this phenomenon 
could severely limit our ability to resolve the regulation of PSI 
and the relationship of PSI and PSII yields, in particular under 
condition where PSI photoinhibition cannot be excluded a 
priori, such as in overwintering boreal conifers.

The aim of this study was to elucidate the seasonal dynamics 
of PSI and PSII in boreal evergreen conifers. To this end, we 
followed the spring recovery of photosynthesis in Scots pine 
(Pinus sylvestris) and Norway spruce (Picea abies), two members 
of the Pinaceae family, growing in a boreal forest tree stand in 
Southern Finland from February to July 2017 by combining  
in vivo CO2 gas exchange, chlorophyll a, and P700 dif-
ference absorbance measurements in conjunction with 
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semi-quantitative immunoblots of photosynthetic thylakoid 
proteins. Importantly, we introduced and applied a set of cor-
rected PSI quantum yields that extended the analysis of P700 
difference absorbance measurements and allowed the identifi-
cation of seasonal PSI photoinhibition in boreal conifers.

Materials and methods

Plant material and study side
Three adult Scots pine (Pinus sylvestris, hereafter pine) and three Norway 
spruce (Picea abies, hereafter spruce) trees growing in SMEAR II (Station 
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Fig. 1.  In vivo measurements of the electron transport chain components. (A) Simplified scheme showing the components of the photosynthetic electron 
transport chain facilitating linear electron flow and associated electron transport rates (ETR) for various electron pathways. All electron transport reactions are 
driven by charge separation in the reaction centers of photosystem I (PSI) and photosystem II (PSII), after light harvesting by their respective antenna systems 
(LHCI and LHCII). The major electron transport route is the linear electron flow (ETRLEF) from PSII via the cytochrome b6f (Cyt-bf) complex to PSI. ETRLEF 
is partitioned into either ETRCO2, used for CO2 fixation in the Calvin–Benson–Bassham cycle, or alternative electron flow (ETRAEF), leading to reduction of 
alternative electron acceptors. Additionally, electrons can be shuttled from PSI back into the plastoquinone pool via cyclic electron flow (ETRCEF). At the leaf 
level, the functional state of the components of the electron transport chain can be probed by different in vivo measurements: for PSII via pulse-amplitude-
modulated (PAM) chlorophyll a fluorescence, for PSI via P700 difference absorbance, and for CO2 fixation via CO2 gas exchange. These measurements 
provide information about the different photosynthetic partial reactions and, if combined, about the partitioning into different electron pathways. In particular, 
steady-state ETRCEF is commonly estimated by the difference of electron transport rates through PSII and PSI, calculated from the quantum yields of PSII 
and PSI photochemistry. (B, C) Determination of quantum yields of PSII and PSI photochemistry relies on the application of short saturating pulses (SP, red 
and orange), which briefly change the apparent fluorescence/difference absorbance signal (gray), typically applied at different light intensities during a light 
curve experiments [e.g. from dark to low light (LL) and high light (HL)]. These SPs allow the determination of quantum yields of photochemistry, which are 
generally differentiated between maximal (YII max or YI max) and effective yield of photochemistry (YII or YI). YII max or YI max are associated with SP-induced (red) 
amplitude changes to the reference signal in darkness (Fm and F0 for PSII; ΔPm for PSI, the latter assisted by pre-illumination with far-red (FR) light), which 
ensures the estimation of maximal yields of only ‘open’ reaction centers in absence of non-photochemical processes, like reversible non-photochemical 
quenching in PSII and non-photochemical processes associated with donor- and acceptor-side limitation in PSI. Similarly, YII or YI are associated with 
SP-induced (orange) amplitude changes to the steady-state signal in the light (Fmʹ and F for PSII; ΔPmʹ and ΔP for PSI), which allows the estimation of 
the effective yields in the light, dependent on the ‘closure’ of reaction centers and non-photochemical processes. Despite these similarities, the direct 
comparison of the definitions of quantum yields of photochemistry in PSII (B) and in PSI (C) reveals that YII max (Fv/Fm) is variable, while the equivalent YI max is 
assumed to be constant. Ultimately, this leads to the neglecting of PSI photoinhibition and to inevitable distortions of the yield of photochemistry in PSI (and 
other PSI quantum yields) compared with PSII, because PSI quantum yields are expressed relative to maximal redox active fraction of PSI (ΔPm).
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for Measuring Forest Ecosystem-Atmosphere Relations) in Hyytiälä, 
Southern Finland (61°51ʹN, 24°17ʹE, 180 m a.s.l.), were used for re-
peatedly collecting samples during the spring recovery of photosynthesis 
between February and July 2017 approximately every 2 weeks (total of 
10 sampling points). At each sampling point, small shoots were cut from 
sun-exposed top canopy branches (16–25 m height) with the help of 
permanently installed scaffolding towers, and rapidly brought to the lab-
oratory where they were recut under water within 10–15 min, awaiting 
further measurements. In parallel, small batches of mature needles were 
immediately sampled into cryotubes upon arrival in the laboratory and 
frozen in liquid nitrogen for later thylakoid isolations. For practical rea-
sons, pine and spruce samples were measured during consecutive days 
[day of year (DOY) for pine and DOY+1 for spruce] at DOY 46, 67, 81, 
95, 109, 124, 137, 151, 172, and 193. All sampled material corresponded 
to current-year needles (developed during summer of 2016).

Thylakoid isolation and chlorophyll determination
Thylakoid isolations were performed under dim light at 10 °C with ice-
cold reagents, as previously described (Grebe et al., 2019). Chlorophyll 
concentrations of isolated thylakoids were determined in buffered 80% 
(v/v) acetone (Porra et al., 1989).

Gel electrophoresis and immunoblotting
Isolated thylakoids were solubilized in Laemmli buffer (Laemmli, 1970), 
loaded on an equal chlorophyll basis and separated by SDS-PAGE (6 
M urea, 12% (w/v) acrylamide). For immunoblotting, proteins were 
transferred on polyvinylidene difluoride membrane (Millipore) and 
recognized by specific antibodies for PSI core (reaction center) pro-
tein PsaB (AS10695, Agrisera), PSII core (reaction center) protein D1 
(DE-loop, gift from Prof. Roberto Barbato), PSII core (inner-antenna) 
protein CP47 (gift from Prof. Roberto Barbato), trimeric LHCII an-
tenna protein LHCB2 (AS01003, Agrisera), cytochrome b6f complex 
protein PetA (AS08306, Agrisera), flavodiiron protein FLVA (custom 
antibody against P. abies, Agrisera), flavodiiron protein FLVB (custom 
antibody against P. abies, Agrisera), PSII accessory protein PSB27 (gift 
from Dr Lixin Zhang) and PSII accessory protein HCF244 (PHY0327, 
PhytoAB). For detection, horseradish peroxidase-linked secondary an-
tibody (Agrisera) and Amersham ECL western blotting detection 
reagents (GE Healthcare) were used. Relative quantification of PsaB an-
tibody signals was performed with ImageJ (Schneider et al., 2012) from 
scanned immunoblots.

CO2 gas exchange measurements
Photosynthetic CO2 gas exchange measurements were performed with 
a portable IRGA (GFS-3000, Walz) as described previously (Rajewicz 
et al., 2023). Maximal CO2 assimilation rates (Amax) were recorded under 
1500 µmol photons m−2 s−1 photosynthetically active radiation (PAR) 
and 1500 ppm CO2 at 20 °C after stabilization.

In vivo chlorophyll a fluorescence and P700 difference 
absorbance measurements
Simultaneous in vivo PAM chlorophyll a fluorescence (>700 nm) and 
P700 difference absorbance (ΔI830–870nm/I830–870nm) measurements (Dual-
PAM-100, Walz) were performed on matts of detached needle leaves at 
room temperature after 1 h dark acclimation at 10 °C with custom-made 
needle adapters (Supplementary Fig. S1). Adapters were used to improve 
comparability of in vivo measurements by ensuring minimal gap size and 
parallel alignment of needle leaves. Fluorescence measurement light in-
tensity was set to <1.0 µmol photons m−2 s−1 PAR and saturating pulse 
(SP) intensity was 8000 µmol photons m−2 s−1 PAR with a pulse width 

of 700 ms. Initial Fm and F0 were recorded directly after dark-acclimation 
with a SP, followed by ΔPm determination with a SP after 10 s of far-
red (FR) pre-illumination (130 μmol photons m−2 s−1, 720 nm). Samples 
were then subjected to a light curve protocol with 3 min intervals of 
increasing actinic light intensities (635 nm) in six steps of 25, 50, 100, 400, 
800 and 1200 µmol photons m−2 s−1 PAR, each followed by a SP.

Fast kinetics of ΔPm determinations were manually checked for 
anomalies (Supplementary Fig. S2A, B) and showed varying amounts of 
P700 reoxidation during SP illumination, consistent with activity of FLV 
proteins (Ilík et al., 2017). Due to seasonal changes in the initial oxida-
tion rate of P700 leading to delay in the maximal oxidation of P700 
(Supplementary Fig. S2C, D), Pm was directly determined from the larg-
est difference absorbance amplitude within the first 30 ms of the saturat-
ing pulse instead of default interpolation from the slope of the reduction 
phase (Klughammer and Schreiber, 2008), which prevented underesti-
mation of ΔPm. In contrast, Pmʹ was determined according to the inter-
polation method with default delay time and width of 5 ms and 30 ms, 
respectively.

Calculation of quantum yields and cyclic electron transport
PSII quantum yields were calculated according to Porcar-Castell (2011) 
where YII max (or Fv/Fm) is quantum yield of maximal PSII photochemistry 
[YII max=1−(F0/Fm)]; YII is quantum yield of effective PSII photochem-
istry [YII=1−(F/Fmʹ)]; YNO is quantum yield of basal energy dissipation 
(YNO=F/FmR); YNPQr is quantum yield of reversible non-photochemical 
quenching [YNPQr=(F/Fmʹ)−(F/Fm)]; and YNPQs is quantum yield of 
sustained non-photochemical quenching [YNPQs=(F/Fm)−(F/FmR)]. 
FmR denotes the reference maximal fluorescence level in the absence 
of sustained and reversible non-photochemical quenching (NPQs and 
NPQr) and was interpolated from Fm measurements of summer sam-
ples (DOY 151–193) by assuming YII ref of 0.87, corresponding to the 
largest YII max observed in both species (Porcar-Castell, 2011). Classical 
PSI quantum yields were calculated according to Klughammer and 
Schreiber (2008), with quantum yield of non-photochemical dissipa-
tion due to PSI donor-side limitation (YND=ΔP/ΔPm), quantum yield 
of effective PSI photochemistry [YI=(ΔPmʹ−ΔP)/ΔPm], and quantum 
yield of non-photochemical dissipation due to PSI acceptor-side lim-
itation [cYNA=(ΔPm−ΔPmʹ)/ΔPm]. Corrected PSI quantum yields were 
calculated as detailed in section ‘Derivation of corrected PSI quantum 
yields’ with corrected quantum yield of non-photochemical dissipation 
due to PSI donor-side limitation (cYND=ΔP/ΔPmR), corrected quantum 
yield of effective PSI photochemistry [cYI=(ΔPmʹ−ΔP)/ΔPmR], corrected 
quantum yield of non-photochemical dissipation due to PSI acceptor-
side limitation [cYNA=(ΔPm−ΔPmʹ)/ΔPmR] and corrected quantum yield 
of non-photochemical energy dissipation due to PSI photoinhibition 
[cYPI=(ΔPmR−ΔPm)/ΔPmR]. ΔPmR denotes the reference maximal redox 
active PSI fraction ([P700]R

active) and refers to the largest ΔPm or largest 
maximal redox active PSI fraction [P700]active per biological replicate and 
species observed during the sampling period (Supplementary Fig. S3). 
Cyclic electron flow was estimated from the difference in electron trans-
port rates of PSI and PSII (ETRCEF=ETRI−ETRII). ETRI and ETRII were 
calculated as ETRI=YI×aI×abs.×PAR and ETRII=YII×aII×abs.×PAR, 
assuming equal distribution of excitation energy between photosystems 
(aI=aII=0.5) and constant leaf absorption (abs.=0.84).

Statistical analysis
Statistically significant differences between sampling points were anal-
ysed by robust test of equality of means (Welch’s ANOVA) followed by 
a multiple comparisons post-hoc test (Games–Howell, P<0.05) for both 
species individually. Statistically significant differences between corrected 
and uncorrected PSI quantum yields were analysed by Student’s paired 
t-test (P<0.05). Regression analysis of YI or cYI and YII was evaluated 
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by coefficient of determination (R2=1−[Σ(yi−ŷi)
2/Σ(yi−ȳ)2]), root mean 

square error (RMSE=√[Σ(yi−ŷi)
2/n]) and bias (bias=Σ(yi−ŷi)/n) using all 

data points from light curve experiments (n=180). Regression analysis 
of PsaB antibody signal and in vivo estimations the of maximal redox 
active PSI fraction (ΔPm) were evaluated by coefficient of determina-
tion (R2) and root mean square error (RMSE) using all sampling points 
and biological replicates per species (n=30). Statistical significance of 
linear regression slopes was analysed by Student’s unpaired t-test (slope≠0, 
P<0.05). All statistics were performed with SPSS (v26.0; IBM Corp., 
Armonk, NY, USA).

Derivation of corrected PSI quantum yields
In the classical definition (Klughammer and Schreiber, 1994, 2008), PSI 
quantum yields are based on the redox active PSI fraction ([P700]active), 
which comprises the active PSI centers but not the total PSI content. 
[P700]active is estimated from the maximum amplitude of the difference 
absorbance signal of PSI (ΔPm) during a SP after far-red pre-illumination, 
which is specific for light-induced oxidation of P700 (Schreiber et al., 
1988). In the light-acclimated state, the individual PSI quantum yields 
each represent a relative subfraction of [P700]active with different redox 
states of the PSI reaction center (P700) and its acceptors (A). These cor-
respond to relative subfraction of ΔPm defined by different absorbance 
levels estimated from a SP (ΔPmʹ) or steady-state level (ΔP) during actinic 
illumination (for details, see Klughammer and Schreiber, 2008). It follows 
that the quantum yield of non-photochemical energy dissipation related 
to PSI donor-side limitation (YND) is associated to donor-side limited 
(closed) PSI centers with oxidized P700 and oxidized acceptors [P700+ 
A]:

YND =
[P700+ A]

[P700]active
=

∆P
∆Pm�  (1)

The quantum yield of effective PSI photochemistry (YI) is associated to 
open PSI centers with reduced P700 and oxidized acceptors [P700 A]:

YI =
[P700 A]

[P700]active
=

∆Pm′ − ∆P
∆Pm�  (2)

The quantum yield of non-photochemical energy dissipation related to 
PSI acceptor-side limitation (YNA) is associated to acceptor-side limited 
(closed) PSI centers with oxidized P700 and reduced acceptors [P700 
A−]:

YNA =
[P700 A−]

[P700]active
=

∆Pm − ∆Pm′
∆Pm�  (3)

This leads to a strictly relative expression of the PSI quantum yields:

YND + YI + YNA =
∆P
∆Pm

+
∆Pm′ − ∆P

∆Pm
+

∆Pm − ∆Pm′
∆Pm

= 1
�  (4)

This is generally justified in non-stress conditions, because YI becomes 
the maximal PSI quantum yield of photochemistry (YI max) equal to 1.0 
in the absence of YND and YNA (ΔPmʹ=ΔPm and ΔP=0):

YI max =
[P700]active

[P700]active
=

∆Pm
∆Pm

= 1 (if, ∆Pm′ = ∆Pm and∆P = 0)
�  (5)

This appears to be a reasonable approximation for the true maximal PSI 
quantum yield of photochemistry estimated to be 0.95–0.99 (Caffarri 
et al., 2014).

However, while it seems plausible to assume that YI max would remain 
similar and close to the true maximal yield between replicate samples, 
Equations 4 and 5 intrinsically neglect the potential effect of PSI pho-
toinhibition, leading to a decrease of [P700]active or ΔPm, between dif-
ferent samples. Since Equation 5 effectively assumes a constant YI max 
between different samples, this paradoxically leads to an overestimation 
of PSI quantum yields during PSI photoinhibition, relative to their ac-
tual redox active fractions (Fig. 2A). Accordingly, we propose a correction 
of PSI quantum yields to account for the effect of photoinhibition on 
[P700]active and ΔPm, thereby preserving the changes in the actual redox 
active fractions (Fig. 2B).

This is achieved by expressing the PSI quantum yields not relative 
to [P700]active or ΔPm of each individual sample, but instead, relative to 
a single reference sample with [P700]R

active or ΔPmR, which is assumed 
to be not affected by PSI photoinhibition ([P700]R

active ≥ [P700]active or 
ΔPmR ≥ ΔPm). Such a reference sample can be selected from a reference 
condition or, for measurements on the seasonal scale, be equivalent to 
the largest ΔPm observed during the sampling period. In either case, 
the use of a single ΔPmR makes corrected PSI quantum yields a simple 
extension of the classical PSI quantum yields, for which Equations 1–5 
are assumed to be true only for the reference sample. In other words, 
while classical PSI quantum yields assume absence of PSI photoinhibi-
tion in all samples, corrected PSI quantum yields assume the absence 
of PSI photoinhibition only in a single reference sample. It follows 
that for corrected PSI quantum yields, the maximal quantum yield 
of photochemistry of the reference (YI ref) can be expressed similar to 
Equation 5:

YI ref =
[P700]activeR

[P700]activeR
=

∆PmR

∆PmR
= 1

�  (6)

To account for PSI photoinhibition in any other sample, the corrected 
maximal quantum yield of PSI photochemistry (cYI max) is expressed 
relative the reference sample, which reflects the ratio of [P700]active to 
[P700]R

active or ΔPm to ΔPmR:

cYI max =
[P700]active

[P700]activeR
=

∆Pm
∆PmR�  (7)

Since in the classical definition the sum of the individual PSI quantum 
yields (Equation 4) always equals YI max (Equation 5) in the absence of 
donor- or acceptor-side limitation, the complementary corrected PSI 
quantum yields can be derived by multiplying Equation 4 by the new 
cYI max (Equation 7) followed by transformation:

Å
∆P

∆PmR

ã
+

Å
∆Pm′ −∆P

∆PmR

ã
+

Å
∆Pm −∆Pm′

∆PmR

ã
+

Å
∆PmR − ∆Pm

∆PmR

ã

= cYND + cYI + cYNA + cYPI = 1�  (8)

This corrected PSI quantum yield expression accounts for PSI pho-
toinhibition by incorporating relative changes in [P700]active to 
[P700]R

active or ΔPm to ΔPmR. Importantly, the individual corrected 
yields of non-photochemical dissipation due to PSI donor-side limi-
tation (cYND, Equation 9), quantum yield of effective PSI photochem-
istry (cYI, Equation 10), and non-photochemical dissipation due to PSI 
acceptor-side limitation (cYNA, Equation 11) retain their original defini-
tions (Klughammer and Schreiber, 2008), but are simply expressed rela-
tive to [P700]R

active or ΔPmR:
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Fig. 2.  Relationship of photosystem I (PSI) redox fractions and PSI quantum yields during PSI photoinhibition. PSI quantum yields are based on the 
determination of the maximal redox active fraction of PSI ([P700]active) estimated as ΔPm, which is further divided into subfractions of different redox states 
of the PSI reaction center and its acceptors (left) corresponding to individual PSI quantum yields (right). Individual PSI redox fractions are differentiated 
by donor-side limited PSI centers with oxidized P700 and oxidized acceptors [P700+ A] corresponding to yield of non-photochemical energy dissipation 
related to PSI donor-side limitation (YND), open PSI centers with reduced P700 and oxidized acceptors [P700 A] corresponding to yield of effective PSI 
photochemistry (YI), and acceptor-side limited (closed) PSI centers with oxidized P700 and reduced acceptors [P700 A−] corresponding to yield of 
non-photochemical energy dissipation related to PSI acceptor-side limitation (YNA). However, when multiple P700 difference absorbance measurements 
with different [P700]active or ΔPm are compared [e.g. non-photoinhibited reference (black) and photoinhibited sample (red)], these definitions can lead to 
a discrepancy between the relationships of PSI redox fractions and their corresponding quantum yields. (A) Classical PSI quantum yields (Klughammer 
and Schreiber, 1994, 2008) do not consider differences in [P700]active or ΔPm between a non-photoinhibited reference (black) and photoinhibited sample 
(red). Ultimately, this leads to distortion of classical PSI quantum yields compared with their respective PSI redox fractions because the classical yields 
are expressed relative to [P700]active or ΔPm. (B) Newly derived corrected PSI quantum yields accounted for differences in [P700]active or ΔPm between a 
non-photoinhibited reference (black) and photoinhibited sample (red). This is achieved by expressing the corrected PSI quantum yields relative to the 
maximal redox active PSI fraction of the reference ([P700]Ractive or ΔPmR), which retains the expected relationship between the PSI redox fractions and 
their respective PSI quantum yields. Additionally, this gives rise to the quantum yield of non-photochemical dissipation due to PSI photoinhibition (cYPI) 
accounting for the smaller maximal redox active PSI fraction relative to the reference.
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cYND =
[P700+ A]
[P700]activeR

=
∆P
∆PmR�  (9)

cYI =
[P700 A]
[P700]activeR

=
∆Pm′ − ∆P

∆PmR�  (10)

cYNA =
[P700 A−]

[P700]activeR
=

∆Pm − ∆Pm′
∆PmR�  (11)

Additionally, a new PSI quantum yield cYPI is defined:

cYPI =
[P700]activeR − [P700]active

[P700]activeR
=

∆PmR − ∆Pm
∆PmR�  (12)

It accounts for a non-photochemical energy dissipation due to PSI pho-
toinhibition (e.g. decrease of maximal quantum yield of PSI photochem-
istry) by quantifying the relative decrease in the redox active PSI fractions 
of reference ([P700]R

active) and sample ([P700]active).
Importantly, corrected PSI quantum yields (Equations 9–12) remain 

a simple extension of classical PSI quantum yields (Equations 1–3). 
This means that under non-photoinhibitory conditions ([P700]R

active

=[P700]active or ΔPm=ΔPmR) both formulations are equivalent, because 
cYPI is zero and in turn classical and corrected yields become equal 
(cYND=cYND, cYI=cYI, cYNA=cYNA). Additionally, it should be noted 
that all (classical and corrected) PSI parameters have an ambiguous 
definition: (i) referring to energetic processes within PSI as quantum 
yields, and (ii) expressing changes to the redox active fractions of PSI. 
The strict interpretation as photochemical and non-photochemical 
processes remains problematic, as difference absorbance measurements 
cannot account for possible changes to the light harvesting efficiency 
or antenna size (Kanazawa et al., 2017). Although we use the more 
common terminology of PSI quantum yields, we emphasize that the 
interpretations are based on changes of the redox active fraction and 
redox states of PSI.

Results

We followed the photosynthetic acclimation of pine and spruce 
trees growing in a forest in southern Finland from February to 
July 2017. The study period from February (DOY 46) to July 
(DOY 193) covered the seasonal increase in PAR (Fig. 3A) and 
temperature (Fig. 3B) typical for the northern boreal latitudes, 
with low average daily light intensities (<250 µmol photons 
m−2 s−1 PAR) and average daily temperatures below 5 °C at 
the beginning of the study period (winter, DOY 46–67), fol-
lowed by a gradual increase in daily temperatures up to 10 °C 
and average daily light intensities from 250 to above 750 µmol 
photons m−2 s−1 PAR (spring, DOY 81–137), before reach-
ing summer levels (summer, DOY 151–193). Interestingly, the 
study period included two cold spells immediately preced-
ing DOY 67 and DOY 109, when average daily temperatures 
remained below 0 °C for several days and maximum daily light 
intensities were above 600 µmol photons m−2 s−1 PAR.

Seasonal photosynthetic acclimation modulates 
functional capacity of CO2, PSII and PSI reactions

Photosynthetic CO2 assimilation rates, measured at 1500 
µmol photons m−2 s−1 PAR and 1500 ppm CO2, were used 
as a proxy of maximum assimilatory rates (Amax; Fig. 3C). 
Amax showed an overall increase from winter (DOY 46–67) 
towards summer (DOY 151–193) both in pine and spruce, 
reaching up to 19.7 ± 1.8 and 25.0 ± 4.7 µmol CO2 m

−2 s−1, 
respectively. During spring (DOY 81–137), the assimilation 
capacity was more variable, but on average lower compared 
with summer, although only significant for pine. Similar 
to Amax, the maximal quantum yield of PSII photochem-
istry (YII max; Fig. 3D) recovered from winter (DOY 46–67) 
towards summer (DOY 151–193). During spring (DOY 
81–137), recovery of the maximal PSII activity was inter-
rupted by the induction of NPQs (YNPQs; Fig. 3E), which 
accounted for 34 ± 6% and 15 ± 2% (DOY 81) of light en-
ergy losses due to sustained quenching processes in pine and 
spruce, respectively. YNPQs also transiently increased during 
the second cold spell (DOY 109) in both species when low 
temperatures occurred together with already higher irradi-
ance levels. In terms of PSI photochemistry, and given that 
seasonal changes in the maximal redox active PSI fraction 
(ΔPm; Supplementary Fig. S3) justified the use of newly de-
fined corrected PSI quantum yields (Equations 9–12), we 
identified a significant reduction of the maximal quantum 
yield of PSI photochemistry (cYI max; Fig. 3F) down to 
0.37 ± 0.08 (DOY 137) in pine and 0.55 ± 0.04 (DOY 124) 
in spruce, strongly suggesting PSI photoinhibition during 
late spring.

Accounting for seasonal photoinhibition of PSI 
reveals functional balance between PSII and PSI 
photochemistry

To account for PSI photoinhibition, we made use of corrected 
PSI quantum yields, which revealed major differences com-
pared with classical PSI yields estimated from representative 
low light (LL, 100 µmol photons m−2 s−1 PAR) and high light 
(HL, 1200 µmol photons m−2 s−1 PAR) intensities of the light 
curve experiments. In both species, classical compared with 
corrected yields of effective PSI photochemistry (YI and cYI; 
Supplementary Fig. S4A, B), donor-side limitation (YND and 
cYND; Supplementary Fig. S4C, D) and acceptor-side limitation 
(YNA and cYNA; Supplementary Fig. S4E, F) were significantly 
larger throughout the seasons. The overestimation was more 
dominant in pine compared with spruce and more frequent 
during spring (DOY 81–137), when PSI photoinhibition lead 
to a significant loss in maximal PSI activity (Fig. 3F). These 
seasonal dynamics of PSI photoinhibition could be quantified 
by the new PSI yield parameter cYPI (Fig. 4A, B) showing sig-
nificant up-regulation during spring (DOY 81, 95, and 137 in 
pine; DOY 124 in spruce).
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Accounting for seasonal PSI photoinhibition also affected the 
apparent relationship between PSI and PSII. The use of cYI in-
stead of YI resulted in a better linear fit with YII from all light inten-
sities and sampling points in pine (Fig. 4C) and spruce (Fig. 4D), 
consistent with the expected functional balance to support LEF. 
The use of cYI compared with YI resulted in an overall increase 

in the coefficient of determination (R2) and smaller residuals 
(RMSE), and reduced the positive bias by one order of magni-
tude in both species. The strongest differences were observed for 
spring sampling points (DOY 81–137), especially in pine, which 
was mostly affected by PSI photoinhibition (Supplementary 
Fig. S5). After correction for PSI photoinhibition, these results 
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Fig. 3.  Seasonal changes in photosynthetically active radiation (PAR), daily temperature and functional photosynthetic capacities. (A) average daily PAR 
(400–700 nm), dark grey bars; maximal daily PAR (400–700 nm). (B) average daily temperature (thick grey line) and maximal and minimal average daily 
temperature (thin grey lines). Red lines mark sampling point as day of year (DOY) 2017 (DOY 46–193). (C–F) seasonal changes in photosynthetic in vivo 
parameters: (C) maximal CO2 assimilation rate (Amax, 1500 ppm CO2, 1500 µmol photons m−2 s−1 PAR); (D) maximal quantum efficiency of photosystem 
II (PSII) photochemistry (YII max or Fv/Fm); (E) quantum yield of sustained non-photochemical quenching (YNPQs); (F) maximal quantum efficiency of 
photosystem I (PSI) photochemistry (YI max or ΔPm/ΔPmR). Dark grey bars, pine (Pinus sylvestris); light grey bars, spruce (Picea abies). Letters represent 
statistically significant groups (uppercase for pine, lowercase for spruce), which were individually tested per species (Welch’s ANOVA, Games–Howell, 
P<0.05; error bars denote SD, n=3).
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suggested that both pine and spruce maintained a more stable 
balance between PSII and PSI photochemistry than observed 
with the classical PSI quantum yield expressions. To gain a more 
comprehensive picture of the functional dynamics of PSII and 
PSI, we also analysed the seasonal patterns of PSII and PSI yields 
at LL and HL intensities in pine (Supplementary Fig. S6) and 
spruce (Supplementary Fig. S7). These highlighted that YNPQs 
and cYPI only changed on the seasonal scale, while regulation 
in response to illumination was dominated by YNPQr and cYND, 
leading to down-regulation of YII and cYI in HL compared with 
LL, respectively. In pine, the correction for PSI photoinhibition 

additionally shifted the apparent recovery phase of YI compared 
with cYI from spring (DOY 81–137) to summer (DOY 151–
193), which more closely matched the recovery pattern of YII 
observed in LL and HL intensities.

Furthermore, the correction of PSI quantum yields had a 
profound effect on the seasonal patterns of steady-state CEF, 
estimated from differences between the electron transport 
rates of PSI and PSII with YI (ETRCEF) or cYI (cETRCEF). 
In pine (Fig. 5A, C), cETRCEF was strongly decreased com-
pared with ETRCEF during spring (DOY 81–137) in both LL 
and HL intensities. In spruce (Fig. 5B, D), the effects were less 
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actinic light intensities (25, 50, 100, 400, 800, and 1200 µmol photons m−2 s−1 PAR) were used to calculate coefficient of determination (R2), root mean 
square error, and bias.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/75/13/3973/7640714 by TYKS-Kirurginen sairaala user on 31 July 2024

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae145#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae145#supplementary-data


Copyedited by: OUP

3982  |  Grebe et al.

pronounced, but a significant effect was observed in late spring 
(DOY 124–137). Overall, cETRCEF showed similar seasonal 
responses in both species, suggesting that after accounting for 
PSI photoinhibition neither species up-regulated steady-state 
CEF over the seasons.

Seasonal variation in protein abundances related to 
photosynthetic light reactions

To further investigate the seasonal acclimation of the photo-
synthetic apparatus, we analysed changes in relative abundances 
of key photosynthetic proteins from pine (Fig. 6A) and spruce 
(Fig. 6B), separated from isolated thylakoids by SDS-PAGE 
(loaded on equal chlorophyll basis) and immunoblotted with 
protein specific antibodies. Immunoblots on an equal chloro-
phyll basis allowed us to investigate the seasonal acclimation of 
the photosynthetic apparatus on a per chloroplast level, which 
are better suited for comparisons of PSI and PSII dynamics in 
the context of photosynthetic energy balance than immunob-
lots on an equal protein basis (Walters, 2004).

The relative abundance of the PSI core protein PsaB showed 
a continuous decline in both species from winter (DOY 
46–67) and throughout spring (DOY 81–137) until it rap-
idly increased during summer (DOY 151–193). Towards the 
end of spring (DOY 124–137), the PsaB abundance declined 
to well below 50% (approximately 20–30%) in pine and to 
around 50% in spruce in comparison with the respective 
summer control (DOY 193). Seasonal PsaB protein abundance 
also showed significant (P<0.05) linear correlations with max-
imal redox active PSI fractions (ΔPm). Without any assump-
tions about a quantitative connection between the two datasets 
(Supplementary Fig. S8A), the linear regression showed low 
overall fit (R2) and considerable variance (RMSE). However, 
since a quantitative connection between the maximal redox 
active PSI fraction and PSI content exists, because the differ-
ence absorbance signal of P700 is specific for PSI (Schreiber 
et al., 1988), and each PSI center contains one P700 reaction 
center (Amunts et al., 2010; Mazor et al., 2015), the linear 
regression with intercept through the origin (Supplementary 
Fig. S8B) greatly improved the overall fit (R2) from 0.48 to 
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Fig. 5.  Influence of photosystem I (PSI) photoinhibition on seasonal estimations of steady-state cyclic electron flow (CEF). CEF was calculated as 
difference in electron transfer rate between PSI and photosystem II (PSII) (CEF=ETRI−ETRII) using either uncorrected YI (ETRCEF) or corrected cYI 
(cETRCEF). (A, B) ETRCEF (dark/light grey) and cETRCEF (red/orange) at 100 µmol photons m−2 s−1 PAR (low light, LL) of (A) pine (Pinus sylvestris) and 
(B) spruce (Picea abies). (C, D) ETRCEF (dark/light grey) and cETRCEF (red/orange) at 1200 µmol photons m−2 s−1 PAR (high light, HL) of (C) pine (Pinus 
sylvestris) and (D) spruce (Picea abies). *Statistically significant differences between ETRCEF and cETRCEF (paired t-test, P<0.05). Letters represent 
statistically significant groups (uppercase for ETRCEF, lowercase for cETRCEF), which were individually tested per parameter (Welch’s ANOVA, Games–
Howell, P<0.05; error bars denote SD, n=3).
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0.91 in pine and 0.25 to 0.81 in spruce with virtually no effect 
on the variance (RMSE).

Among the PSII proteins, the relative abundance of the PSII 
core protein CP47 remained low in both species during winter 
(DOY 46–67) and early spring (DOY 81–95) but increased 
towards the end of spring (DOY 109–137), particularly in pine, 
and substantially increased towards summer (DOY 151–193). 
A similar, but less pronounced, trend was also observed for the 
PSII core protein D1, which was expected because both pro-
teins are PSII core subunits and therefore present in similar rel-
ative abundances in functional PSII complexes. Nevertheless, 
during winter (DOY 46–67) and early spring (DOY 81–95) 
an apparent higher abundance of D1 relative to CP47 was 
observed in comparison with their summer levels, suggesting 
a potentially active D1 re-synthesis via the PSII repair cycle in 
both species. The capacity for PSII repair, at least to some ex-
tent, during favorable winter (DOY 46–67) and spring (DOY 
109–137) days in both species was supported by high relative 
levels of PSII accessory proteins, HCF244 and PSB27, involved 
in PSII repair and biogenesis (Supplementary Fig. S9A, B).

For LHCII, the immunoblots showed a relatively constant 
abundance of the trimeric LHCII antenna protein LHCB2 
during winter (DOY 67) and spring (DOY 109–137), fol-
lowed by a minor decline towards summer (DOY 151–193) in 
both pine and in spruce. Based on the apparent higher relative 
abundance of LHCII compared with PSII core (CP47) during 
winter (DOY 46–67) and spring (DOY 109–137), the immu-
noblots of both pine and spruce implied the presence of ‘extra’ 
LHCII, not tightly connected to PSII, during these periods. 
The cytochrome b6f complex (Cyt-bf) showed slightly dif-
ferent responses between the species based on immunoblots of 
PetA. In pine, relative Cyt-bf levels remained high throughout 
winter (DOY 46–67) and spring (DOY 81–137) followed by a 

decrease in summer (DOY 151–193). In spruce, relative Cyt-
bf abundance increased from winter (DOY 46–67) to spring 
(DOY 81–137) and then decreased in summer (DOY 151–
193). Additional immunoblots of thylakoid-associated flavo-
diiron proteins (FLVA and FLVB), involved in AEF, showed 
highest accumulations during winter (DOY 46–61) and spring 
(DOY 81–137). In pine, FLVA and FLVB gradually decreased 
already late spring (DOY 109–137), while in spruce the de-
crease was more rapid in summer (DOY 151–193).

The opposing trends in PSI and PSII core proteins sug-
gested seasonal adjustments of relative PSII:PSI stoichiometry. 
Particularly during late spring (DOY 109–137), the higher PSII 
(CP47) and lower PSI (PsaB) relative core protein abundances 
resulted in a high PSII:PSI ratio compared with winter (DOY 
46–67), more prominent in pine compared with spruce. This 
was in line with independent functional PSI measurements of 
the far-red (FR) induced P700 oxidation. Although, FR illu-
mination preferentially excites PSI, a small fraction of FR light 
is also absorbed by PSII. Consequently, the lower FR-induced 
P700 oxidation (Fig. 7A, B) and slower reoxidation kinetics 
(Fig. 7C, D) observed during late spring (DOY 109–137) indi-
cated a larger electron flux from PSII towards PSI during FR 
illumination, which generally supported the observed higher 
PSII:PSI core protein stoichiometry during spring in pine and 
to a lesser extent also in spruce (Fig. 6).

Discussion

Spring photosynthesis of boreal conifers is 
characterized by PSI rather than PSII photoinhibition

The sampling period from February to July 2017 was charac-
terized by gradual changes in light availability and temperature 
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Fig. 6.  Seasonal changes in relative abundance of photosynthetic proteins. Representative immunoblots from thylakoid isolations of pine (Pinus 
sylvestris) (A) and spruce (Picea abies) (B) probed with PsaB (photosystem I), CP47 (photosystem II), D1 (photosystem II), LHCB2 (light harvesting 
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(Fig. 3A, B), during which both species showed typical re-
covery of Amax (Fig. 3C) and YII max (Fig. 3D) from winter to 
summer. During winter, Amax was not completely inhibited, 
which is consistent with previous reports of boreal evergreen 
conifers showing an opportunistic winter acclimation response 
by retaining minimal CO2 assimilation capacity to promptly 

utilize the warmer periods (Ensminger et al., 2004; Kolari 
et al., 2014). During spring, Amax and YII max were more vari-
able in response to prevailing temperatures (Fig. 3A), in which 
cold spells can reverse and delay the photosynthetic recovery 
(Ensminger et al., 2008; Wallin et al., 2013). The lower YII max 
during winter and spring was consistent with the induction 
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pine (Pinus sylvestris) and (B) spruce (Picea abies). Letters represent statistically significant groups (uppercase for pine, lowercase for spruce), which were 
individually tested per species (Welch’s ANOVA, Games–Howell, P<0.05; error bars denote SD, n=3). (C, D) P700 oxidation kinetics (mean, n=3) during 
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colors represent different sampling points from winter (blue) to summer (red). FR light intensity was 130 µmol photons m−2 s−1.
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of YNPQs (Fig. 3E), known to be up-regulated in response to 
freezing temperatures (Porcar-Castell, 2011). Interestingly, we 
observed seasonal changes of ΔPm (Supplementary Fig. S3), 
indicating a decrease in the maximal redox active PSI frac-
tion, which justified the use of newly derived corrected PSI 
quantum yields (Equations 9–12). These allowed us to quantify 
cYI max (Fig. 3F), revealing a substantial decrease of the maximal 
PSI activity during spring in response to PSI photoinhibition 
in both species. These results also highlighted that in boreal 
evergreen conifers the preservation of maximal PSI activity 
during winter (Ivanov et al., 2001; Öquist and Huner, 2003) is 
not necessarily maintained throughout the seasons.

During spring, the decline of cYI max (Fig. 3F) was in-line 
with the continuous decrease of the relative PSI core protein 
abundance in pine and spruce (PsaB, Fig. 6A, B) and gener-
ally supported by significant linear regressions of in vivo and 
immunoblot data (Supplementary Fig. S8), despite not being 
obtained from the same needle samples, which likely contrib-
uted to the large variance. The concomitant decline of both 
cYI max and PSI core protein abundance strongly suggests sea-
sonal PSI photoinhibition in both pine and spruce, which, 
in the absence of an efficient PSI repair cycle (Scheller and 
Haldrup, 2005), is likely caused by photodamage of iron–sulfur 
clusters within PSI (Sonoike et al., 1995; Tiwari et al., 2016), 
followed by degradation of total PSI complexes dependent on 
ambient temperatures, as typically observed in angiosperms 
(Zhang and Scheller, 2004). The decline of PSI core proteins 
was contrasted by a relative increase of PSII core proteins 
(D1 and CP47; Fig. 6A, B) from winter throughout spring. 
Although PSII core protein content generally followed the re-
covery of YII max in pine and spruce (Fig. 3D), it remains diffi-
cult to directly connect seasonal PSII protein content to PSII 
photoinhibition, unlike for PSI. This is because (i) PSII pho-
toinhibition is known to only accumulate when photodamage 
to the D1 protein exceeds the capacity of the efficient PSII 
repair cycle (Aro et al., 1993), and (ii) both NPQs and PSII 
photoinhibition lead to seasonal decrease of YII max, especially 
in conifers (Porcar-Castell, 2011; Grebe et al., 2020).

It is therefore conceivable that, despite the up-regulation 
of NPQs (Fig. 3E), pine and spruce potentially suffered from 
photodamage over the whole season but did not accumulate 
large amounts of PSII photoinhibition due to a high capacity 
for PSII repair. This is supported by the apparent higher pro-
tein abundance of D1 compared with CP47 in both species 
during winter and spring compared with summer (Fig. 6A, B), 
which suggests increased D1 re-synthesis as part of the PSII 
repair cycle (Järvi et al., 2015). In both pine and spruce, main-
tenance of D1 protein synthesis is additionally supported by 
a higher relative abundance of PSII accessory proteins during 
winter and spring (Supplementary Fig. S9A, B), with HCF244 
functioning in D1 translation (Link et al., 2012; Li et al., 2019) 
and PSB27 being important for protection of PSII donor side 
prior to CP47 re-assembly (Chen et al., 2006; Hou et al., 2015; 
Zabret et al., 2021).

Boreal evergreen conifers maintain functional balance 
between photosystems despite changes to PSII:PSI 
stoichiometry

Lower PSI and PSII core protein contents during winter and 
spring compared with summer (Fig. 6A, B) generally agreed 
with previous studies following the spring recovery of boreal 
evergreens on an equal protein basis (Ensminger et al., 2004; 
Verhoeven et al., 2009; Verhoeven and Kornkven, 2023), al-
beit a direct comparison remains difficult due to differences 
in normalizations and seasonal light and temperature patterns 
between studies.

Our results here suggest large changes of the PSII:PSI stoi-
chiometry compared with summer, ranging from less PSII 
relative to PSI core complexes during winter towards more 
PSII relative to PSI core complexes towards the end of spring, 
particularly in pine (Fig. 6A) compared with spruce (Fig. 6B). 
These PSII:PSI stoichiometry changes were supported by 
FR-induced P700 oxidation measurements, which are sensitive 
to the relative differences of functional PSII and PSI fractions 
(Losciale et al., 2008). Consistent with a higher relative PSII 
to PSI content during spring, lower levels of P700 oxidation 
during FR illumination (Fig. 7A, B) and slower P700 reoxida-
tion kinetics (Fig. 7C, D) indicated a larger electron flux from 
PSII towards PSI during spring, especially in pine. Changes in 
the PSII:PSI stoichiometry in both species were mainly driven 
by PSI, which seems to be a common mechanism in photo-
synthetic organisms (Murakami et al., 1997a, b; Tullberg et al., 
2000), suggesting that PSI photoinhibition might be part of 
the seasonal acclimation strategy in boreal evergreen conifers.

It is important to note, that apparent changes in stoichiom-
etries of PSII and PSI core complexes did not lead to large 
changes in chlorophyll content and leaf absorption, as shown 
in a previous analysis of the same needle samples and time 
points (Rajewicz et al., 2023). This is in line with the notion 
that PSII:PSI stoichiometry changes are not necessarily det-
rimental for photosynthesis (Chow et al., 1990). In our study, 
this is emphasized by the preservation of more balanced PSII 
and PSI effective yields of photochemistry throughout the sea-
sons (Fig. 4C, D; Supplementary Fig. S5), which, however, was 
only apparent after correction for PSI photoinhibition (Fig. 
4A, B; Supplementary Fig. S4). This apparent balance between 
photochemistry of PSII and PSI suggests that changes in stoi-
chiometry of PSII and PSI core complexes in pine (Fig. 6A) 
and spruce (Fig. 6B) did not necessarily affect the excitation 
distribution between photosystems required for efficient LEF 
(Johnson and Wientjes, 2020). On the seasonal scale, the excita-
tion distribution between photosystems is determined by their 
relative absorption cross-sections, which is not only dependent 
on the number of photosystems (core complexes) but also on 
the number of energetically connected antenna complexes per 
photosystem (antenna size). Therefore, it seems plausible that 
antenna size adjustments could compensate for altered rela-
tive antenna cross-sections caused by PSII:PSI stoichiometry 
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changes of core complexes and thereby help to maintain a bal-
anced excitation distribution over the seasons.

Since the amount of LHCI antenna proteins per PSI re-
mains stable during long-term light acclimation (Schöttler 
and Tóth, 2014), the antenna size adjustments of both pho-
tosystems could be facilitated by an ‘extra’ LHCII pool not 
tightly associated with PSII. In angiosperms, the ‘extra’ LHCII 
pool is suggested to serve as a shared antenna for both photo-
systems (Wientjes et al., 2013; Grieco et al., 2015). Both pine 
and spruce showed higher relative LHCII (LHCB2) per PSII 
(CP47) content during winter and spring (Fig. 6A, B), which 
supports the presence of a larger ‘extra’ LHCII pool along 
with the observed changes in the PSII:PSI core stoichiometry. 
Seasonal antenna adjustments via an ‘extra’ LHCII pool do not 
necessarily rely on phosphorylated LHCII (like state transi-
tions; Rochaix, 2014) but can be similarly facilitated by non-
phosphorylated LHCII acting as an efficient antenna for PSI 
at different light conditions, as shown in angiosperms (Benson 
et al., 2015; Bressan et al., 2018; Bos et al., 2019; Schiphorst 
et al., 2022). Specifically for pine and spruce, their capacity 
to form very large PSII–LHCII supercomplexes (Kouřil et al., 
2020) might convey an overall greater flexibility to adjust their 
PSII antenna size and the ‘extra’ LHCII pool compared with 
other species to maintain a balanced excitation distribution 
over the season.

Roles of alternative and cyclic electron flow during 
seasonal photosynthetic acclimation

AEF consists of different pathways, which divert electrons from 
LEF to alterative acceptors other than CO2. The majority of 
AEF pathways are oxygen dependent and are suggested to 
function as efficient electron sinks during excess light con-
ditions (Alric and Johnson, 2017), because unlike CO2, the 
O2 concentration from the thylakoid level to the leaf level 
is in equilibrium with the environment (Ligeza et al., 1997, 
1998). In conifers, different AEF pathways like photorespira-
tion (Busch, 2020), the Mehler reaction (Asada, 1999), plastid 
terminal oxidase (PTOX; Nawrocki et al., 2015), and FLV pro-
teins (Alboresi et al., 2019a) have been suggested to protect the 
photosynthetic apparatus during winter and spring, although 
their differentiation in vivo still remains challenging (Savitch 
et al., 2010; Bag et al., 2023). Photorespiration is considered 
a major AEF pathway in C3 plants, due to its connection to 
the malate valve (Dao et al., 2022), but is generally limited 
by low temperatures because the specificity of Rubisco for 
CO2 compared with O2 increases (Galmés et al., 2016), and 
low temperatures also restrict the enzymatic reactions of the 
Calvin–Benson–Bassham cycle tightly in relation to photores-
piration (Öquist and Huner, 2003; Chang et al., 2021). PTOX 
and the Mehler reaction have an overall low electron flow ca-
pacity and their reactions also produce reactive oxygen spe-
cies (Ort and Baker, 2002; Nawrocki et al., 2015), suggesting 
that they play a stronger role in stress signaling (Li and Kim, 

2022). This is in stark contrast to FLVs, which are not con-
nected to reactive oxygen species production (Helman et al., 
2003; Allahverdiyeva et al., 2011) and act as efficient electron 
acceptors protecting PSI (Ilík et al., 2017).

While we do not exclude the possibility that other 
oxygen-dependent AEF pathways play a role during sea-
sonal acclimation of conifers, the higher relative abundance 
of thylakoid-associated FLV proteins in winter and spring 
(Fig. 6A, B), when maximal CO2 assimilation capacities were 
overall low (Fig. 3C), suggests an elevated capacity for FLV-
mediated AEF in both pine and spruce. The delayed decline of 
thylakoid-associated FLV abundances in spruce during spring 
potentially contributed to less severe seasonal PSI photoinhibi-
tion compared with pine (Fig. 3F), which generally agrees with 
a greater propensity for AEF in spruce compared with pine, 
previously found during artificial acclimation to elevated CO2 
and temperature (Kurepin et al., 2018).

Similar to AEF, also CEF around PSI is considered to be im-
portant to maintain photosynthesis under environmental stress 
conditions by balancing the ATP/NAPDH ratio and protecting 
both photosystems from photodamage (Yamori and Shikanai, 
2016). In conifers, CEF has been suggested to be up-regulated 
during winter and spring (Ivanov et al., 2001; Fréchette et al., 
2015; Yang et al., 2020). While our estimation of steady-state 
CEF using classical PSI quantum yields (ETRCEF) supported 
these results, accounting for PSI photoinhibition with cor-
rected PSI quantum yields (cETRCEF) showed no seasonal up-
regulation of CEF in pine (Fig. 5A, C) and spruce (Fig. 5B, D).

Similar to previous conifer studies (Fréchette et al., 2015; 
Yang et al., 2020), our estimations of steady-state CEF as-
sume equal excitation distribution between photosystems 
(a1=a2=0.5) and constant leaf absorption (A=0.84), which can 
lead to erroneous estimations of steady-state CEF (Fan et al., 
2016). However, since both these assumptions are independent 
from assumptions related to the calculations PSI quantum 
yields, both ETRCEF and cETRCEF are similarly affected. 
Although the absolute rates ETRCEF and cETRCEF are likely 
still error prone, the clear differences of CEF with or without 
correction for PSI photoinhibition advocate for a significant 
influence of seasonal PSI photoinhibition on the estimation 
of steady-state CEF in pine and spruce (Fig. 5), independently 
from other common error sources (Fan et al., 2016).

Aside from the seasonal acclimation in conifers, it should 
be pointed out that PSI photoinhibition in plants is likely to 
take place under environmental stress conditions that have 
been widely associated with up-regulation of steady-state CEF. 
These include low temperatures (Sonoike, 1999; Huang et al., 
2011), low CO2 (Harbinson and Foyer, 1991; Miyake et al., 
2005), drought (Golding and Johnson, 2003), and high irradi-
ance (Clarke and Johnson, 2001; Miyake et al., 2004; Kou et al., 
2013; Huang et al., 2015), all of which are likely to cause PSI 
acceptor side limitation ultimately leading to PSI photoinhibi-
tion (Sonoike, 2010; Lima-Melo et al., 2021). Although these 
studies serve as the foundation for the physiological relevance 
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of steady-state CEF during environmental stress conditions 
(Yamori and Shikanai, 2016), they do not consider the pos-
sible artificial inflation of PSI quantum yields during PSI 
photoinhibition (Fig. 2; Supplementary Fig. S3). Our results 
from boreal evergreen conifers suggest a need to revisit the 
physiological relationship between steady-state CEF and PSI 
photoinhibition.

Critical assessment of proposed PSI quantum yield 
corrections

We derived corrected PSI quantum yields (cYI, cYND, cYNA, 
cYPI; see Equations 9–12) to account for variations in the max-
imal redox active PSI fraction (ΔPm) caused by PSI photoin-
hibition (Supplementary Fig. S3), which are not considered 
in the classical definition (Klughammer and Schreiber, 1994, 
2008). Since PSI photoinhibition can be present under many 
environmental conditions (Lima-Melo et al., 2021), our correc-
tion is necessary to avoid distortion of PSI yields (Zivcak et al., 
2015; Kanazawa et al., 2017; Lempiäinen et al., 2022) relative 
to their respective PSI redox fractions (Fig. 2; Supplementary 
Fig. S5). To achieve this, corrected yields are defined relative to 
a reference maximal redox active PSI fraction (ΔPmR), which 
ensures that the absence of PSI photoinhibition is only assumed 
for the reference instead of all samples during seasonal com-
parisons. Additionally, the definition of corrected PSI quantum 
yields (Fig. 8A) is more similar to that of PSII quantum yields 
(Fig. 8B), which also include a reference (Porcar-Castell, 2011). 
In both cases, the reference provides an approximation of the 
true maximal quantum yield of each photosystem (YI ref=0.95–
0.99≈1.0, YII ref=0.80–0.90; Caffarri et al., 2014), which 

facilitates the quantitative comparisons of functional PSI or 
PSII dynamics (Fig. 4C, D; Supplementary Fig. S5). In practice, 
this argumentation is similar to the introduction of classical PSI 
quantum yields with YNA (Klughammer and Schreiber, 1994, 
2008), succeeding the original yield estimations of PSI pho-
tochemistry solely based on reduced P700 (Weis et al., 1987; 
Harbinson et al., 1989), which also leads to closer expected 
relationship of YI and YII (Klughammer and Schreiber, 1994).

The application of corrected PSI quantum yields relies on 
the quantitative comparison of P700 difference absorbance 
measurements (ΔI830–870/I830–870), in particular of ΔPm. For reli-
able comparisons of needle leaf measurements, it is important 
to minimize gaps between needles, which otherwise lead to 
overestimations. In this study, this is achieved by measurements 
of needle matts with custom adapters (Supplementary Fig. S1). 
Small needle gaps contributing to the observed variation ΔPm 
levels between biological replicates (Supplementary Fig. S3) 
cannot be fully excluded and might be amplified in spruce 
compared with pine samples due to the use of a smaller meas-
uring window. Additionally, the observed variations could also 
be of biological origin, reflecting different irradiance profiles 
between biological replicates and species caused by individual 
differences in shoot structures (Niinemets, 2007). Regardless, 
potential impacts of species differences and light-environment 
specific differences in leaf morphology and shoot structures 
were minimized by using a separate ΔPmR value per species and 
biological replicate. ΔPm comparisions can be further affected 
by changes in the structural absorption properties on the sea-
sonal scale, including changes in leaf thickness (detour effects) 
and chloroplast movements (sieve effects). In this study, both 
influences have been minimized by restricting measurements 
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schematic of experimental procedure (bottom) of PSI quantum yields (YI ref, cYI max, cYI, cYND, cYNA, cYPI) (A) and PSII quantum yields (YII ref, YII max, YII, YNO, 
YNPQr, YNPQs) (B) highlight formal analogies. Reference measurements (blue) of difference absorbance (ΔPmR) or fluorescence (FmR, F0R) refer to samples 
without PSI photoinhibition or sustained non-photochemical quenching (NPQs) and PSII photoinhibition, respectively.
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to mature leaves, with only limited capacity to reacclimate 
their photosynthetic tissue (Niinemets, 2007), and the use 
of red actinic light, avoiding blue light-induced chloroplast 
movements (Jarillo et al., 2001; Kagawa et al., 2001; Sakai et al., 
2001). Additionally, ΔPm estimations are affected by contribu-
tions of plastocyanin (PC) and ferredoxin to the P700 differ-
ence absorbance signal (Schansker et al., 2003; Klughammer 
and Schreiber, 2016). In particular, the effects of PC content 
on the amplitude of ΔPm might be non-negligible, despite its 
significant reduction by the dual-wavelength acquisition of the 
Dual-PAM-100 instrument (Klughammer and Schreiber, 1998; 
Kirchhoff et al., 2004). Although we did not quantify the sea-
sonal changes of PC protein contents in pine and spruce, pre-
vious work in Pinus banksiana suggests that PC does not decline 
as strongly as PSI protein contents under PSI photoinhibitory 
conditions (Busch et al., 2008). Transferred to our study, re-
sidual PC protein content might therefore likely cause an over-
estimation of the total amplitude of ΔPm, which could explain 
the discrepancy between the observed 70–80% loss of PSI core 
proteins (Fig. 6A, B) leading to only 50–60% reduction of the 
maximal active PSI fraction (ΔPm; Supplementary Fig. S3) and 
maximal quantum yield of PSI photochemistry (cYI max; Fig. 
3F). Consequently, a deconvolution approach to distinguish 
between P700, PC, and Fd contributions (Klughammer and 
Schreiber, 2016; Schreiber and Klughammer, 2016) could im-
prove the precision of ΔPm determinations, albeit such an ap-
proach still needs more experimental controls (Sétif et al., 2019, 
2020), especially in non-model species. Nevertheless, such a 
deconvolution approach would still require a systemic correc-
tion of PSI quantum yields, as recently shown (Lempiäinen 
et al., 2022), because the influence of PSI photoinhibition on 
the maximal redox-active PSI fraction is not considered.

Furthermore, it should be emphasized that the proposed 
correction still retains the ambiguous nature of the definition 
of classical PSI quantum yields (Kanazawa et al., 2017), which is 
especially relevant for new parameter cYPI. Since cYPI quantifies 
PSI photoinhibition as a decrease of the maximal redox active 
PSI fraction (Fig. 4A, B), its strict interpretation as a quantum 
yield could lead to the assumption of non-photochemical en-
ergy dissipation processes facilitated by a damaged PSI frac-
tion, e.g. via charge recombinations (Matsuoka et al., 2016; 
Milanovsky et al., 2019). This creates a conundrum, in that the 
damaged PSI fraction promoting the non-photochemical pro-
cesses might not be present in long-term experiments, as dam-
aged PSI core proteins eventually become degraded (Zhang 
and Scheller, 2004). To avoid this problem, we strongly empha-
size that P700 difference absorbance measurements should be 
interpreted strictly on the basis of relative changes to PSI frac-
tions (Kanazawa et al., 2017). Nevertheless, cYPI is still a useful 
parameter, when directly paired with cYI, cYND, and cYNA. 
Since cYPI effectively captures the decrease in cYI max caused 
by PSI photoinhibition, it readily translates variations of the 
maximal redox active PSI fraction to the analysis during actinic 
illumination (Supplementary Figs S6, S7).

Concluding remarks

The photosynthetic recovery during spring in two boreal ev-
ergreen conifers, pine and spruce, demonstrated dynamics of 
CO2 assimilation capacity, activities of PSII and PSI, and thy-
lakoid protein abundances. This prompted us to re-evaluate 
the PSI quantum yields, taking into consideration the seasonal 
influence of PSI photoinhibition, which has so far not been 
widely considered. Introducing and applying corrected PSI 
quantum yields allowed us to analyse the functional seasonal 
dynamics of PSII and PSI, free of distortions caused by PSI 
photoinhibition. Our results show that despite large PSII:PSI 
core protein stoichiometry changes, quantum yields of PSII 
and PSI photochemistry in pine and spruce remain much 
more in balance throughout the seasons than anticipated. With 
respect to photosynthetic electron transport, these results sug-
gest a balanced operation of LEF between both photosystems 
throughout the seasons and do not support previous obser-
vations of seasonal up-regulation of CEF, probably caused by 
neglecting PSI photoinhibition.

Taken together, our results emphasize that the photosyn-
thetic acclimation of light reactions in boreal evergreen coni-
fers is not only governed by seasonal dynamics of PSII but also 
of PSI, which needs to be further elucidated. In this respect, our 
proposed correction of PSI yields expands the methodological 
toolkit to investigate PSI dynamics under PSI photoinhibitory 
conditions, also beyond the scope of boreal evergreen conifers.
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Fig. S9. Seasonal changes in relative abundance of PSII ac-
cessory proteins.

Acknowledgements

We thank Arjun Tiwari, University of Turku, and Tapio Lempiäinen, 
University of Turku, for helpful discussions.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/75/13/3973/7640714 by TYKS-Kirurginen sairaala user on 31 July 2024

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae145#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae145#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae145#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae145#supplementary-data


Copyedited by: OUP

Corrected PSI quantum yields account for photoinhibition  |  3989

Author contributions

SG, APC, AR, and EMA: conceptualization. SG, APC, AR, and VP: inves-
tigation. SG: methodology (corrected PSI quantum yields). SG, APC, AR, 
and EMA: formal analysis. APC and EMA: resources and funding acquisi-
tion. SG, APC, and EMA: writing—original draft. All authors: writing—
review and editing.

Conflict of interest

The authors declare they have no conflicts of interest.

Funding

This research was supported by the Jane and Aatos Erkko Foundation 
and the Academy of Finland (grant numbers 288039, 307335, 349047).

Data availability

All data supporting the findings of this study are available within the 
paper and within its supplementary data published online. Any data not 
shown are available from the corresponding author, Eva-Mari Aro, upon 
request.

References
Alboresi A, Storti M, Cendron L, Morosinotto T. 2019a. Role and reg-
ulation of class-C flavodiiron proteins in photosynthetic organisms. The 
Biochemical Journal 476, 2487–2498.

Alboresi A, Storti M, Morosinotto T. 2019b. Balancing protection and 
efficiency in the regulation of photosynthetic electron transport across plant 
evolution. New Phytologist 221, 105–109.

Allahverdiyeva Y, Ermakova M, Eisenhut M, Zhang P, Richaud P, 
Hagemann M, Cournac L, Aro E-M. 2011. Interplay between flavodiiron 
proteins and photorespiration in Synechocystis sp. PCC 6803. The Journal 
of Biological Chemistry 286, 24007–24014.

Alric J, Johnson X. 2017. Alternative electron transport pathways in pho-
tosynthesis: a confluence of regulation. Current Opinion in Plant Biology 37, 
78–86.

Amunts A, Toporik H, Borovikova A, Nelson N. 2010. Structure de-
termination and improved model of plant photosystem I. The Journal of 
Biological Chemistry 285, 3478–3486.

Aro E-M, Virgin I, Andersson B. 1993. Photoinhibition of photosystem II. 
Inactivation, protein damage and turnover. Biochimica et Biophysica Acta 
1143, 113–134.

Asada K. 1999. The water-water cycle in chloroplasts: scavenging of ac-
tive oxygens and dissipation of excess photons. Annual Review of Plant 
Physiology and Plant Molecular Biology 50, 601–639.

Bag P, Shutova T, Shevela D, Lihavainen J, Nanda S, Ivanov AG, 
Messinger J, Jansson S. 2023. Flavodiiron-mediated O2 photoreduction 
at photosystem I acceptor-side provides photoprotection to conifer thyla-
koids in early spring. Nature Communications 14, 3210.

Benson SL, Maheswaran P, Ware MA, Hunter CN, Horton P, Jansson 
S, Ruban AV, Johnson MP. 2015. An intact light harvesting complex I 
antenna system is required for complete state transitions in Arabidopsis. 
Nature Plants 1, 15176.

Bos P, Oosterwijk A, Koehorst R, Bader A, Philippi J, van Amerongen 
H, Wientjes E. 2019. Digitonin-sensitive LHCII enlarges the antenna of 
Photosystem I in stroma lamellae of Arabidopsis thaliana after far-red and 

blue-light treatment. Biochimica et Biophysica Acta – Bioenergetics 1860, 
651–658.

Bressan M, Bassi R, Dall’Osto L. 2018. Loss of LHCI system affects 
LHCII re-distribution between thylakoid domains upon state transitions. 
Photosynthesis Research 135, 251–261.

Busch FA. 2020. Photorespiration in the context of Rubisco biochemistry, 
CO2 diffusion and metabolism. The Plant Journal 101, 919–939.

Busch F, Hüner NPA, Ensminger I. 2008. Increased air temperature 
during simulated autumn conditions impairs photosynthetic electron trans-
port between photosystem II and photosystem I. Plant Physiology 147, 
402–414.

Butler WL. 1978. Energy distribution in the photochemical apparatus of 
photosynthesis. Annual Review of Plant Physiology 29, 345–378.

Caffarri S, Tibiletti T, Jennings R, Santabarbara S. 2014. A comparison 
between plant photosystem I and photosystem II architecture and function-
ing. Current Protein & Peptide Science 15, 296–331.

Chang CY-Y, Bräutigam K, Hüner NPA, Ensminger I. 2021. Champions 
of winter survival: cold acclimation and molecular regulation of cold hardi-
ness in evergreen conifers. New Phytologist 229, 675–691.

Chen H, Zhang D, Guo J, Wu H, Jin M, Lu Q, Lu C, Zhang L. 2006. A 
Psb27 homologue in Arabidopsis thaliana is required for efficient repair of 
photodamaged photosystem II. Plant Molecular Biology 61, 567–575.

Chow WS, Melis A, Anderson JM. 1990. Adjustments of photosystem 
stoichiometry in chloroplasts improve the quantum efficiency of photo-
synthesis. Proceedings of the National Academy of Sciences, USA 87, 
7502–7506.

Clarke JE, Johnson GN. 2001. In vivo temperature dependence of cyclic 
and pseudocyclic electron transport in barley. Planta 212, 808–816.

Dao O, Kuhnert F, Weber APM, Peltier G, Li-Beisson Y. 2022. 
Physiological functions of malate shuttles in plants and algae. Trends in 
Plant Science 27, 488–501.

Demmig-Adams B, Adams WW. 2006. Photoprotection in an ecolog-
ical context: the remarkable complexity of thermal energy dissipation. New 
Phytologist 172, 11–21.

Ensminger I, Sveshnikov D, Campbell DA, Funk C, Jansson S, Lloyd 
J, Shibistova O, Öquist G. 2004. Intermittent low temperatures con-
strain spring recovery of photosynthesis in boreal Scots pine forests. Global 
Change Biology 10, 995–1008.

Ensminger I, Busch F, Huner NPA. 2006. Photostasis and cold accli-
mation: sensing low temperature through photosynthesis. Physiologia 
Plantarum 126, 28–44.

Ensminger I, Schmidt L, Lloyd J. 2008. Soil temperature and intermittent 
frost modulate the rate of recovery of photosynthesis in Scots pine under 
simulated spring conditions. New Phytologist 177, 428–442.

Fan DY, Fitzpatrick D, Oguchi R, Ma W, Kou J, Chow WS. 2016. 
Obstacles in the quantification of the cyclic electron flux around Photosystem 
I in leaves of C3 plants. Photosynthesis Research 129, 239–251.

Fan D-Y, Hope AB, Jia H, Chow WS. 2008. Separation of light-induced 
linear, cyclic and stroma-sourced electron fluxes to P700+ in cucumber 
leaf discs after pre-illumination at a chilling temperature. Plant and Cell 
Physiology 49, 901–911.

Fréchette E, Wong CYS, Junker LV, Chang CY-Y, Ensminger I. 2015. 
Zeaxanthin-independent energy quenching and alternative electron sinks 
cause a decoupling of the relationship between the photochemical reflect-
ance index (PRI) and photosynthesis in an evergreen conifer during spring. 
Journal of Experimental Botany 66, 7309–7323.

Galmés J, Hermida-Carrera C, Laanisto L, Niinemets U. 2016. A 
compendium of temperature responses of Rubisco kinetic traits: variability 
among and within photosynthetic groups and impacts on photosynthesis 
modeling. Journal of Experimental Botany 67, 5067–5091.

García-Plazaola JI, Esteban R, Fernández-Marín B, Kranner I, Porcar-
Castell A. 2012. Thermal energy dissipation and xanthophyll cycles beyond 
the Arabidopsis model. Photosynthesis Research 113, 89–103.

Genty B, Briantais J-M, Baker NR. 1989. The relationship between 
the quantum yield of photosynthetic electron transport and quenching of 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/75/13/3973/7640714 by TYKS-Kirurginen sairaala user on 31 July 2024



Copyedited by: OUP

3990  |  Grebe et al.

chlorophyll fluorescence. Biochimica et Biophysica Acta – General Subjects. 
990, 87–92.

Golding AJ, Johnson GN. 2003. Down-regulation of linear and activation 
of cyclic electron transport during drought. Planta 218, 107–114.

Grebe S, Trotta A, Bajwa AA, Suorsa M, Gollan PJ, Jansson S, 
Tikkanen M, Aro E-M. 2019. The unique photosynthetic apparatus of 
Pinaceae: analysis of photosynthetic complexes in Picea abies. Journal of 
Experimental Botany 70, 3211–3225.

Grebe S, Trotta A, Bajwa AA, Mancini I, Bag P, Jansson S, Tikkanen 
M, Aro E-M. 2020. Specific thylakoid protein phosphorylations are pre-
requisites for overwintering of Norway spruce (Picea abies) photosynthesis. 
Proceedings of the National Academy of Sciences, USA 117, 17499–17509.

Grieco M, Suorsa M, Jajoo A, Tikkanen M, Aro E-M. 2015. Light-
harvesting II antenna trimers connect energetically the entire photosynthetic 
machinery—including both photosystems II and I. Biochimica et Biophysica 
Acta 1847, 607–619.

Harbinson J, Foyer CH. 1991. Relationships between the efficiencies 
of photosystems I and II and stromal redox state in CO2-free air. Plant 
Physiology 97, 41–49.

Harbinson J, Genty B, Baker NR. 1989. Relationship between the 
quantum efficiencies of photosystems I and II in pea leaves. Plant Physiology 
90, 1029–1034.

Havaux M, Davaud A. 1994. Photoinhibition of photosynthesis in chilled 
potato leaves is not correlated with a loss of photosystem-II activity. 
Photosynthesis Research 40, 75–92.

Helman Y, Tchernov D, Reinhold L, Shibata M, Ogawa T, Schwarz R, 
Ohad I, Kaplan A. 2003. Genes encoding a-type flavoproteins are essen-
tial for photoreduction of O2 in cyanobacteria. Current Biology 13, 230–235.

Hou X, Fu A, Garcia VJ, Buchanan BB, Luan S. 2015. PSB27: A thy-
lakoid protein enabling Arabidopsis to adapt to changing light intensity. 
Proceedings of the National Academy of Sciences, USA 112, 1613–1618.

Huang W, Zhang S-B, Cao K-F. 2011. Cyclic electron flow plays an im-
portant role in photoprotection of tropical trees illuminated at temporal chill-
ing temperature. Plant and Cell Physiology 52, 297–305.

Huang W, Yang Y-J, Hu H, Zhang S-B. 2015. Different roles of cyclic elec-
tron flow around photosystem I under sub-saturating and saturating light 
intensities in tobacco leaves. Frontiers in Plant Science 6, 923.

Ilík P, Pavlovič A, Kouřil R, Alboresi A, Morosinotto T, Allahverdiyeva 
Y, Aro EM, Yamamoto H, Shikanai T. 2017. Alternative electron transport 
mediated by flavodiiron proteins is operational in organisms from cyanobac-
teria up to gymnosperms. New Phytologist 214, 967–972.

Ivanov AG, Morgan RM, Gray GR, Velitchkova MY, Huner NPA. 1998. 
Temperature/light dependent development of selective resistance to photo-
inhibition of photosystem I. FEBS Letters 430, 288–292.

Ivanov AG, Sane PV, Zeinalov Y, Malmberg G, Gardeström P, Huner 
NPA, Öquist G. 2001. Photosynthetic electron transport adjustments in 
overwintering Scots pine (Pinus sylvestris L.). Planta 213, 575–585.

Jarillo JA, Gabrys H, Capel J, Alonso JM, Ecker JR, Cashmore AR. 
2001. Phototropin-related NPL1 controls chloroplast relocation induced by 
blue light. Nature 410, 952–954.

Järvi S, Suorsa M, Aro E-M. 2015. Photosystem II repair in plant chloro-
plasts—Regulation, assisting proteins and shared components with photo-
system II biogenesis. Biochimica et Biophysica Acta – Bioenergetics. 1847, 
900–909.

Johnson MP, Wientjes E. 2020. The relevance of dynamic thylakoid 
organisation to photosynthetic regulation. Biochimica et Biophysica Acta – 
Bioenergetics 1861, 148039.

Joliot P, Joliot A. 2002. Cyclic electron transfer in plant leaf. Proceedings 
of the National Academy of Sciences, USA 99, 10209–10214.

Kagawa T, Sakai T, Suetsugu N, Oikawa K, Ishiguro S, Kato T, Tabata 
S, Okada K, Wada M. 2001. Arabidopsis NPL1: a phototropin homolog 
controlling the chloroplast high-light avoidance response. Science 291, 
2138–2141.

Kanazawa A, Ostendorf E, Kohzuma K, et al. 2017. Chloroplast ATP 
synthase modulation of the thylakoid proton motive force: implications 

for photosystem I and photosystem II photoprotection. Frontiers in Plant 
Science 8, 719.

Kim S-J, Lee C-H, Hope A, Chow WS. 2001. Inhibition of photosystems I 
and II and enhanced back flow of photosystem I electrons in cucumber leaf 
discs chilled in the light. Plant and Cell Physiology 42, 842–848.

Kirchhoff H, Schöttler MA, Maurer J, Weis E. 2004. Plastocyanin redox 
kinetics in spinach chloroplasts: evidence for disequilibrium in the high po-
tential chain. Biochimica et Biophysica Acta 1659, 63–72.

Klughammer C, Schreiber U. 1994. An improved method, using saturat-
ing light pulses, for the determination of photosystem I quantum yield via 
P700+-absorbance changes at 830 nm. Planta 192, 261–268.

Klughammer C, Schreiber U. 1998. Measuring P700 absorbance 
changes in the near infrared spectral region with a dual wavelength pulse 
modulation system. In: Garab G, ed. Photosynthesis: mechanisms and 
effects. Dordrecht: Springer Netherlands, 4357–4360.

Klughammer C, Schreiber U. 2008. Saturation pulse method for assess-
ment of energy conversion in PS I. PAM Application Notes 1, 11–14.

Klughammer C, Schreiber U. 2016. Deconvolution of ferredoxin, plasto-
cyanin, and P700 transmittance changes in intact leaves with a new type 
of kinetic LED array spectrophotometer. Photosynthesis Research 128, 
195–214.

Kolari P, Chan T, Porcar-Castell A, Bäck J, Nikinmaa E, Juurola E. 
2014. Field and controlled environment measurements show strong sea-
sonal acclimation in photosynthesis and respiration potential in boreal Scots 
pine. Frontiers in Plant Science 5, 717.

Kou J, Takahashi S, Oguchi R, Fan DY, Badger MR, Chow WS. 2013. 
Estimation of the steady-state cyclic electron flux around PSI in spinach leaf 
discs in white light, CO2-enriched air and other varied conditions. Functional 
Plant Biology 40, 1018–1028.

Kouřil R, Nosek L, Opatíková M, Arshad R, Semchonok DA, Chamrád 
I, Lenobel R, Boekema EJ, Ilík P. 2020. Unique organization of photo-
system II supercomplexes and megacomplexes in Norway spruce. The 
Plant Journal 104, 215–225.

Kurepin LV, Stangl ZR, Ivanov AG, Bui V, Mema M, Hüner NPA, Öquist 
G, Way D, Hurry V. 2018. Contrasting acclimation abilities of two dominant 
boreal conifers to elevated CO2 and temperature. Plant, Cell & Environment. 
41, 1331–1345.

Laemmli UK. 1970. Cleavage of structural proteins during the assembly of 
the head of bacteriophage T4. Nature 227, 680–685.

Laisk A, Loreto F. 1996. Determining photosynthetic parameters from 
leaf CO2 exchange and chlorophyll fluorescence. Plant Physiology 110, 
903–912.

Laisk A, Oja V, Rasulov B, Rämma H, Eichelmann H, Kasparova I, 
Pettai H, Padu E, Vapaavuori E. 2002. A computer-operated routine of 
gas exchange and optical measurements to diagnose photosynthetic appa-
ratus in leaves. Plant, Cell & Environment 25, 923–943.

Lempiäinen T, Rintamäki E, Aro E, Tikkanen M. 2022. Plants acclimate 
to Photosystem I photoinhibition by readjusting the photosynthetic ma-
chinery. Plant, Cell & Environment. 45, 2954–2971.

Li M, Kim C. 2022. Chloroplast ROS and stress signaling. Plant 
Communications. 3, 100264.

Li Y, Liu B, Zhang J, Kong F, Zhang L, Meng H, Li W, Rochaix J-D, 
Li D, Peng L. 2019. OHP1, OHP2, and HCF244 form a transient func-
tional complex with the photosystem II reaction center. Plant Physiology 
179, 195–208.

Ligeza A, Tikhonov AN, Subczynski WK. 1997. In situ measurements of 
oxygen production and consumption using paramagnetic fusinite particles 
injected into a bean leaf. Biochimica et Biophysica Acta – Bioenergetics 
1319, 133–137.

Ligeza A, Tikhonov AN, Hyde JS, Subczynski WK. 1998. Oxygen per-
meability of thylakoid membranes: electron paramagnetic resonance spin 
labeling study. Biochimica et Biophysica Acta 1365, 453–463.

Lima-Melo Y, Gollan PJ, Tikkanen M, Silveira JAG, Aro EM. 2019. 
Consequences of photosystem-I damage and repair on photosynthesis and 
carbon use in Arabidopsis thaliana. The Plant Journal 97, 1061–1072.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/75/13/3973/7640714 by TYKS-Kirurginen sairaala user on 31 July 2024



Copyedited by: OUP

Corrected PSI quantum yields account for photoinhibition  |  3991

Lima-Melo Y, Kılıç M, Aro E-M, Gollan PJ. 2021. Photosystem I inhi-
bition, protection and signalling: knowns and unknowns. Frontiers in Plant 
Science 12, 791124.

Link S, Engelmann K, Meierhoff K, Westhoff P. 2012. The atypical 
short-chain dehydrogenases HCF173 and HCF244 are jointly involved in 
translational initiation of the psbA mRNA of Arabidopsis. Plant Physiology 
160, 2202–2218.

Liu J, Lu Y, Hua W, Last RL. 2019. A new light on photosystem II mainte-
nance in oxygenic photosynthesis. Frontiers in Plant Science 10, 975.

Losciale P, Oguchi R, Hendrickson L, Hope AB, Corelli-Grappadelli 
L, Chow WS. 2008. A rapid, whole-tissue determination of the functional 
fraction of PSII after photoinhibition of leaves based on flash-induced P700 
redox kinetics. Physiologia Plantarum 132, 23–32.

Matsuoka T, Tanaka S, Ebina K. 2016. Reduced minimum model for 
the photosynthetic induction processes in photosystem I. Journal of 
Photochemistry and Photobiology B: Biology 160, 364–375.

Mazor Y, Borovikova A, Nelson N. 2015. The structure of plant photo-
system I super-complex at 2.8 Å resolution. eLife 4, e07433.

Milanovsky G, Gopta O, Petrova A, Mamedov M, Gorka M, 
Cherepanov D, Golbeck JH, Semenov A. 2019. Multiple pathways of 
charge recombination revealed by the temperature dependence of electron 
transfer kinetics in cyanobacterial photosystem I. Biochimica et Biophysica 
Acta – Bioenergetics 1860, 601–610.

Miyake C, Shinzaki Y, Miyata M, Tomizawa K. 2004. Enhancement of 
cyclic electron flow around PSI at high light and its contribution to the induc-
tion of non-photochemical quenching of Chl fluorescence in intact leaves of 
tobacco plants. Plant and Cell Physiology 45, 1426–1433.

Miyake C, Miyata M, Shinzaki Y, Tomizawa K. 2005. CO2 response 
of cyclic electron flow around PSI (CEF-PSI) in Tobacco leaves—rela-
tive electron fluxes through PSI and PSII determine the magnitude of 
non-photochemical quenching (NPQ) of Chl fluorescence. Plant and Cell 
Physiology 46, 629–637.

Morales A, Yin X, Harbinson J, Driever SM, Molenaar J, Kramer DM, 
Struik PC. 2018. In silico analysis of the regulation of the photosynthetic 
electron transport chain in C3 plants. Plant Physiology 176, 1247–1261.

Murakami A, Fujita Y, Nemson JA, Melis A. 1997a. Chromatic regulation 
in Chlamydomonas reinhardtii: time course of photosystem stoichiometry 
adjustment following a shift in growth light quality. Plant and Cell Physiology 
38, 188–193.

Murakami A, Kim S-J, Fujita Y. 1997b. Changes in photosystem stoichi-
ometry in response to environmental conditions for cell growth observed 
with the cyanophyte Synechocystis PCC 6714. Plant and Cell Physiology 
38, 392–397.

Nawrocki WJ, Tourasse NJ, Taly A, Rappaport F, Wollman F-A. 2015. 
The plastid terminal oxidase: its elusive function points to multiple contribu-
tions to plastid physiology. Annual Review of Plant Biology 66, 49–74.

Nawrocki WJ, Bailleul B, Picot D, Cardol P, Rappaport F, Wollman 
F-A, Joliot P. 2019. The mechanism of cyclic electron flow. Biochimica et 
Biophysica Acta – Bioenergetics 1860, 433–438.

Niinemets U. 2007. Photosynthesis and resource distribution through 
plant canopies. Plant, Cell & Environment. 30, 1052–1071.

Öquist G, Huner NPA. 2003. Photosynthesis of overwintering evergreen 
plants. Annual Review of Plant Biology 54, 329–355.

Ort DR, Baker NR. 2002. A photoprotective role for O2 as an alterna-
tive electron sink in photosynthesis? Current Opinion in Plant Biology 5, 
193–198.

Porcar-Castell A. 2011. A high-resolution portrait of the annual dynamics 
of photochemical and non-photochemical quenching in needles of Pinus 
sylvestris. Physiologia Plantarum 143, 139–153.

Porra RJ, Thompson WA, Kriedemann PE. 1989. Determination of 
accurate extinction coefficients and simultaneous-equations for assaying 
chlorophyll a and chlorophyll b extracted with four different solvents: verifi-
cation of the concentration of chlorophyll standards by atomic-absorption 
spectroscopy. Biochimica et Biophysica Acta – Bioenergetics 975, 
384–394.

Rajewicz PA, Zhang C, Atherton J, Van Wittenberghe S, Riikonen 
A, Magney T, Fernandez-Marin B, Plazaola JIG, Porcar-Castell A. 
2023. The photosynthetic response of spectral chlorophyll fluorescence dif-
fers across species and light environments in a boreal forest ecosystem. 
Agricultural and Forest Meteorology 334, 109434.

Rochaix J-D. 2014. Regulation and dynamics of the light-harvesting 
system. Annual Review of Plant Biology 65, 287–309.

Sakai T, Kagawa T, Kasahara M, Swartz TE, Christie JM, Briggs WR, 
Wada M, Okada K. 2001. Arabidopsis nph1 and npl1: Blue light receptors 
that mediate both phototropism and chloroplast relocation. Proceedings of 
the National Academy of Sciences, USA 98, 6969–6974.

Savitch LV, Ivanov AG, Krol M, Sprott DP, Oquist G, Huner NPA. 2010. 
Regulation of energy partitioning and alternative electron transport path-
ways during cold acclimation of lodgepole pine is oxygen dependent. Plant 
and Cell Physiology 51, 1555–1570.

Schansker G, Srivastava A, GovindjeeStrasser RJ. 2003. 
Characterization of the 820-nm transmission signal paralleling the chloro-
phyll a fluorescence rise (OJIP) in pea leaves. Functional Plant Biology 30, 
785.

Scheller HV, Haldrup A. 2005. Photoinhibition of photosystem I. Planta 
221, 5–8.

Schiphorst C, Achterberg L, Gómez R, Koehorst R, Bassi R, van 
Amerongen H, Dall’Osto L, Wientjes E. 2022. The role of light-harvesting 
complex I in excitation energy transfer from LHCII to photosystem I in 
Arabidopsis. Plant Physiology 188, 2241–2252.

Schneider CA, Rasband WS, Eliceiri KW. 2012. NIH Image to ImageJ: 
25 years of image analysis. Nature Methods 9, 671–675.

Schöttler MA, Tóth SZ. 2014. Photosynthetic complex stoichiometry dy-
namics in higher plants: environmental acclimation and photosynthetic flux 
control. Frontiers in Plant Science 5, 188.

Schreiber U, Klughammer C. 2016. Analysis of photosystem I donor and 
acceptor sides with a new type of online-deconvoluting kinetic LED-array 
spectrophotometer. Plant and Cell Physiology 57, pcw044.

Schreiber U, Klughammer C, Neubauer C. 1988. Measuring P700 ab-
sorbance changes around 830 nm with a new type of pulse modulation 
system. Zeitschrift für Naturforschung C 43, 686–698.

Sejima T, Takagi D, Fukayama H, Makino A, Miyake C. 2014. Repetitive 
short-pulse light mainly inactivates photosystem I in sunflower leaves. Plant 
and Cell Physiology 55, 1184–1193.

Sétif P, Boussac A, Krieger-Liszkay A. 2019. Near-infrared in vitro mea-
surements of photosystem I cofactors and electron-transfer partners with 
a recently developed spectrophotometer. Photosynthesis Research 142, 
307–319.

Sétif P, Shimakawa G, Krieger-Liszkay A, Miyake C. 2020. Identification 
of the electron donor to flavodiiron proteins in Synechocystis sp. PCC 6803 
by in vivo spectroscopy. Biochimica et Biophysica Acta – Bioenergetics 
1861, 148256.

Sonoike K. 1999. The different roles of chilling temperatures in the photo-
inhibition of photosystem I and photosystem II. Journal of Photochemistry 
and Photobiology B: Biology 48, 136–141.

Sonoike K. 2010. Photoinhibition of photosystem I. Physiologia Plantarum 
142, 56–64.

Sonoike K, Terashima I, Iwaki M, Itoh S. 1995. Destruction of photo-
system I iron-sulfur centers in leaves of Cucumis sativus L. by weak illumi-
nation at chilling temperatures. FEBS Letters 362, 235–238.

Terashima I, Funayama S, Sonoike K. 1994. The site of photoinhibition 
in leaves of Cucumis sativus L. at low temperatures is photosystem I, not 
photosystem II. Planta 193, 300–306.

Tikkanen M, Grebe S. 2018. Switching off photoprotection of photosystem 
I – a novel tool for gradual PSI photoinhibition. Physiologia Plantarum 162, 
156–161.

Tiwari A, Mamedov F, Grieco M, Suorsa M, Jajoo A, Styring S, 
Tikkanen M, Aro E-M. 2016. Photodamage of iron–sulphur clusters in 
photosystem I induces non-photochemical energy dissipation. Nature 
Plants 2, 16035.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/75/13/3973/7640714 by TYKS-Kirurginen sairaala user on 31 July 2024



Copyedited by: OUP

3992  |  Grebe et al.

Tullberg A, Alexciev K, Pfannschmidt T, Allen JF. 2000. Photosynthetic 
electron flow regulates transcription of the psaB gene in pea (Pisum sativum 
L.) chloroplasts through the redox state of the plastoquinone pool. Plant and 
Cell Physiology 41, 1045–1054.

Verhoeven A. 2014. Sustained energy dissipation in winter evergreens. 
New Phytologist 201, 57–65.

Verhoeven A, Kornkven J. 2023. Differences in photoprotective strategy 
during winter in Eastern white pine and white spruce. Tree Physiology 44, 
tpad131.

Verhoeven A, Osmolak A, Morales P, Crow J. 2009. Seasonal changes 
in abundance and phosphorylation status of photosynthetic proteins in 
eastern white pine and balsam fir. Tree Physiology 29, 361–374.

Walker BJ, Kramer DM, Fisher N, Fu X. 2020. Flexibility in the energy 
balancing network of photosynthesis enables safe operation under chang-
ing environmental conditions. Plants 9, 301–322.

Wallin G, Hall M, Slaney M, Rantfors M, Medhurst J, Linder S. 
2013. Spring photosynthetic recovery of boreal Norway spruce under 
conditions of elevated [CO2] and air temperature. Tree Physiology 33, 
1177–1191.

Walters RG. 2004. Towards an understanding of photosynthetic acclima-
tion. Journal of Experimental Botany 56, 435–447.

Weis E, Ball JT, Berry J. 1987. Photosynthetic control of electron trans-
port in leaves of Phaseolus vulgaris: evidence for regulation of photosystem 

2 by the proton gradient. In: Biggins J, ed. Progress in Photosynthesis 
Research. Dordrecht: Springer Netherlands, 553–556.

Wientjes E, van Amerongen H, Croce R. 2013. LHCII is an antenna of 
both photosystems after long-term acclimation. Biochimica et Biophysica 
Acta 1827, 420–426.

Yamori W, Shikanai T. 2016. Physiological functions of cyclic electron 
transport around photosystem I in sustaining photosynthesis and plant 
growth. Annual Review of Plant Biology 67, 81–106.

Yang Q, Blanco NE, Hermida-Carrera C, Lehotai N, Hurry V, Strand A. 
2020. Two dominant boreal conifers use contrasting mechanisms to reacti-
vate photosynthesis in the spring. Nature Communications 11, 128.

Yin X, Busch FA, Struik PC, Sharkey TD. 2021. Evolution of a biochem-
ical model of steady-state photosynthesis. Plant, Cell & Environment. 44, 
2811–2837.

Zabret J, Bohn S, Schuller SK, et al. 2021. Structural insights into pho-
tosystem II assembly. Nature Plants 7, 524–538.

Zhang S, Scheller HV. 2004. Photoinhibition of photosystem I at chilling 
temperature and subsequent recovery in Arabidopsis thaliana. Plant and 
Cell Physiology 45, 1595–1602.

Zivcak M, Brestic M, Kunderlikova K, Sytar O, Allakhverdiev SI. 
2015. Repetitive light pulse-induced photoinhibition of photosystem I se-
verely affects CO2 assimilation and photoprotection in wheat leaves. 
Photosynthesis Research 126, 449–463.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/75/13/3973/7640714 by TYKS-Kirurginen sairaala user on 31 July 2024


	Accounting for photosystem I photoinhibition sheds new light on seasonal acclimation strategies of boreal conifers
	Introduction
	Materials and methods
	Plant material and study side
	Thylakoid isolation and chlorophyll determination
	Gel electrophoresis and immunoblotting
	CO2 gas exchange measurements
	In vivo chlorophyll a fluorescence and P700 difference absorbance measurements
	Calculation of quantum yields and cyclic electron transport
	Statistical analysis
	Derivation of corrected PSI quantum yields

	Results
	Seasonal photosynthetic acclimation modulates functional capacity of CO2, PSII and PSI reactions
	Accounting for seasonal photoinhibition of PSI reveals functional balance between PSII and PSI photochemistry
	Seasonal variation in protein abundances related to photosynthetic light reactions

	Discussion
	Spring photosynthesis of boreal conifers is characterized by PSI rather than PSII photoinhibition
	Boreal evergreen conifers maintain functional balance between photosystems despite changes to PSII:PSI stoichiometry
	Roles of alternative and cyclic electron flow during seasonal photosynthetic acclimation
	Critical assessment of proposed PSI quantum yield corrections
	Concluding remarks

	Supplementary data
	Acknowledgements
	References


