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Abstract

In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent

epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with
its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in

actively growing organs, under short- (6 h) and long- (2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd,

through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach,

respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase,

was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron

microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de

novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of

interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd
perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are

linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin.

Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.

Key words: 5-Methylcytosine-antibody, cadmium-stress condition, chromatin reconfiguration, CHROMOMETHYLASE,

DNA-methylation, Methylation- Sensitive Amplification Polymorphism (MSAP), Posidonia oceanica (L.) Delile.

Introduction

In the Mediterranean coastal ecosystem, the endemic

seagrass Posidonia oceanica (L.) Delile plays a relevant role

by ensuring primary production, water oxygenation and

provides niches for some animals, besides counteracting

coastal erosion through its widespread meadows (Ott, 1980;

Piazzi et al., 1999; Alcoverro et al., 2001). There is also

considerable evidence that P. oceanica plants are able to

absorb and accumulate metals from sediments (Sanchiz
et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus

influencing metal bioavailability in the marine ecosystem.

For this reason, this seagrass is widely considered to be

a metal bioindicator species (Maserti et al., 1988; Pergent

et al., 1995; Lafabrie et al., 2007). Cd is one of most

widespread heavy metals in both terrestrial and marine

environments.

Although not essential for plant growth, in terrestrial

plants, Cd is readily absorbed by roots and translocated into

aerial organs while, in acquatic plants, it is directly taken up

by leaves. In plants, Cd absorption induces complex changes

at the genetic, biochemical and physiological levels which

ultimately account for its toxicity (Valle and Ulmer, 1972;

Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005;

Weber et al., 2006; Liu et al., 2008). The most obvious
symptom of Cd toxicity is a reduction in plant growth due to

an inhibition of photosynthesis, respiration, and nitrogen

metabolism, as well as a reduction in water and mineral

uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000;

Shukla et al., 2003; Sobkowiak and Deckert, 2003).

At the genetic level, in both animals and plants, Cd

can induce chromosomal aberrations, abnormalities in
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Abstract

Photosystem (PS) II is the multisubunit complex which uses light energy to split water, providing the reducing 
equivalents needed for photosynthesis. The complex is susceptible to damage from environmental stresses such as 
excess excitation energy and high temperature. This research investigated the in vivo photosynthetic consequences 
of impairments to PSII in Arabidopsis thaliana (ecotype Columbia) expressing an antisense construct to the PsbO 
proteins of PSII. Transgenic lines were obtained with between 25 and 60% of wild-type (WT) total PsbO protein 
content, with the PsbO1 isoform being more strongly reduced than PsbO2. These changes coincided with a decrease 
in functional PSII content. Low PsbO (less than 50% WT) plants grew more slowly and had lower chlorophyll content 
per leaf area. There was no change in content per unit area of cytochrome b6f, ATP synthase, or Rubisco, whereas PSI 
decreased in proportion to the reduction in chlorophyll content. The irradiance response of photosynthetic oxygen 
evolution showed that low PsbO plants had a reduced quantum yield, but matched the oxygen evolution rates of 
WT plants at saturating irradiance. It is suggested that these plants had a smaller pool of PSII centres, which are 
inefficiently connected to antenna pigments resulting in reduced photochemical efficiency.

Key words:  Arabidopsis, chlorophyll fluorescence, oxygen evolution, photosynthesis, photosystem II, PsbO.

Introduction

Primary carbon fixation in plants requires the coordination of 
the photosynthetic carbon reduction (PCR) cycle and the light-
dependent thylakoid reactions, with each process featuring a 
number of enzymatic steps (Kramer and Evans, 2011). The thyl-
akoid-bound photosystem (PS) II complex features the molecular 
framework and high redox potential needed to oxidize water, the 
source of the available electrons, and protons required for nearly 
all carbon fixation on Earth, with the by-product of molecular oxy-
gen providing the atmosphere that allows for aerobic respiration 
(Satoh, 1996; Barber, 2006). In concert with the other thylakoid-
bound photosynthetic complexes, water splitting by PSII converts 

absorbed light energy into the reducing equivalents required by 
the PCR cycle to fix CO2 into stable sugars via the CO2-fixing 
enzyme Rubisco (Barber, 2006; Kramer and Evans, 2011).

During steady-state photosynthesis by healthy leaves, photo-
synthetic rate will usually be limited either by CO2 fixation by 
Rubisco (e.g. at high light or low CO2) or by the rate of energy 
production from the thylakoid reactions (e.g. at low light or high 
CO2) (Farquhar et al., 1980; von Caemmerer and Farquhar, 1981; 
von Caemmerer, 2000). Water-splitting and subsequent electron 
donation by PSII is rarely considered a rate limiting step to the 
thylakoid reactions in non-stressed leaves (Evans, 1988; Makino 
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et  al., 1994; Price et  al., 1998; Yamori et  al., 2010). However 
under stressed conditions such as excessive light or high tempera-
ture, PSII is the more labile of the thylakoid complexes (Berry 
and Björkman, 1980; Long et  al., 1994; Murata et  al., 2007; 
Tyystjärvi, 2008; Takahashi and Badger, 2011). The fragility and 
dynamic changes of the complex are considered a consequence 
of the effects of UV and blue light on the water splitting com-
plex, the high redox potentials necessary to oxidize water and the 
sensitivity of the protein repair system to reactive oxygen spe-
cies (Andersson et  al., 1992; van Gorkom and Schelvis, 1993; 
Takahashi and Murata, 2008; Oguchi et al., 2011; Takahashi and 
Badger, 2011). The chloroplast encoded D1 protein which, along 
with the D2 protein, forms the core of PSII, undergoes a constant 
cycle of oxidative damage, degradation, and replacement, and 
even under non-stressed conditions has a half life of just 2 h (Ohad 
et al., 1984; Greer et al., 1986; Andersson et al., 1992; Sundby 
et al., 1993; Andersson and Barber, 1996; Yamashita et al., 2008). 
Loss of PSII function through these mechanisms can be associ-
ated with reduced photosynthetic rates (Ohad et al., 1984; Long 
et al., 1994). For example in capsicum leaves, it has been dem-
onstrated that photoinhibition of 40% of the total PSII pool can 
cause a decline in maximum photosynthetic rate at high light (Lee 
et al., 1999). Under low light conditions, PSII may set the rate of 
thylakoid electron transport, and consequently influences carbon 
fixation, primary productivity, and crop yield (Farage and Long, 
1991; Long et al., 1992, 1994; Stirling et al., 1993).

Of the eight PSII subunits which are nuclear encoded in Arabi-
dopsis thaliana, and hence relatively easy to genetically manip-
ulate, the extrinsic PsbO protein is one of the most important 
(Bricker, 1992; Kuwabara and Murata, 1983; Mayfield et  al., 
1987b; Wollman et al., 1999). The protein, often referred to as 
the 33 kDa protein or the manganese stabilizing protein (MSP), 
is highly conserved across oxygenic photosynthetic organisms, 
from cyanobacteria to angiosperms, which in itself suggests a 
critical role for PSII function (Bricker and Frankel, 1998; Leusch-
ner and Bricker, 1996). The subunit is exposed to the lumenal 
side of the thylakoid membrane and plays a functional role at 
the water splitting site, in addition to a structural role, interacting 
with several of the core PSII subunits (Barber, 2006). Impaired or 
absent PSII function has been shown in PsbO-lacking mutants in 
organisms as diverse as Synechocystis (sp. PCC6803, Burnap and 
Sherman, 1991), Chlamydomonas reinhardtii (Mayfield et  al., 
1987a, 1987b) and A. thaliana (Yi et al., 2005). These important 
roles and interactions made the PsbO protein an ideal target for 
antisense reductions for the purposes of this study.

In A. thaliana there are two regions of nuclear DNA encod-
ing two distinct isoforms of the PsbO protein, PsbO1 and PsbO2 
(encoded by At5g66570 and At3g50820, respectively, the Arabi-
dopsis Information Resource, http://www.arabidopsis.org) with the 
PsbO1 isoform being far more abundant (Murakami et al., 2002). 
Though the cDNA sequences for the two genes are 83% similar 
in the coding region, a separate role for the two isoforms was pre-
dicted from the assumption that natural selection would be unlikely 
to maintain a superfluous gene/protein and this has been supported 
by empirical evidence (Murakami et al., 2002; Lundin et al., 2007). 
Gene knock-out experiments have indicated that the two isoforms 
appear to have different roles in water splitting and the phospho-
rylation and degradation of the D1 protein and subsequent repair 

of the PSII complex (Lundin et  al., 2007, 2008; Allahverdiyeva 
et al., 2009). PsbO1 appears to play a role in the association of the 
calcium ion cofactor at the water splitting site, thereby enhancing 
PSII activity, whereas PsbO2 is more important for the degradation 
and turnover of the D1 subunit that is necessary to maintain active 
PSII complexes (Lundin et al., 2007, 2008; Bricker and Frankel, 
2008; Allahverdiyeva et al., 2009).

This study aimed to investigate how PSII limits overall photo-
synthetic rate and interacts with other photosynthetic components 
by using antisense RNA technology to change the stoichiometry 
of PSII in vivo. Antisense studies have been used successfully to 
investigate aspects of the PCR cycle (Raines, 2003) and aspects of 
the light-dependent thylakoid reactions, for example cytochrome 
b6  f (Price et al., 1998, 1995), PSI (Haldrup et al., 2003) and ATP 
synthase (Price et al., 1995; Rott et al., 2011; Yamori et al., 2011b). 
Decreasing leaf cytochrome b6  f content by antisense reductions 
in the Rieske FeS protein decreased chloroplast electron trans-
port rate proportionally (Price et al., 1995, 1998; Anderson et al., 
1997; Ruuska et al., 2000; Yamori et al., 2011b), confirming early 
measurements that indicated a direct link between cytochrome 
b6  f content and maximum chloroplast electron transport capac-
ity (Evans, 1987a, 1988). ATP synthase also exerts a significant 
limitation on electron transport rate (Price et al., 1995) but this 
is alleviated somewhat by the ability of the complex to increase 
its activity in vivo (Kanazawa and Kramer, 2002; Kramer et al., 
2004a; Rott et al., 2011; Yamori et al., 2011a). Only a few studies 
have used antisense techniques to examine the effects on pho-
tosynthesis when PSII capacity is diminished (Stockhaus et al., 
1990; Andersson et al., 2001; García-Cerdán et al., 2009). This 
study reports on the in vivo photosynthetic consequences of 
impairing the capacity of PSII in leaves through antisense reduc-
tions in the PsbO proteins in A. thaliana.

Materials and methods

Plasmid construction and generation of transgenic plants
A. thaliana (ecotype Columbia) RNA was extracted in TRIzol reagent (Invit-
rogen, Australia) and cDNA was synthesized. A segment of psbO1 was ampli-
fied with the primer pair 5-CACCCTCAAGTTGACCATACCACA-3 
(forward) and 5-GTGGCCATGGCAGCCTCTCT-3 (reverse) using 
Platinum Pfx DNA polymerase (Invitrogen). The 1006-bp product spans 
the full length of the coding DNA sequence of psbO1 and was intended to 
also affect psbO2, which has an 81% similar coding sequence. A BLAST 
of the reverse complement of the antisense product, for both coding regions 
and 5′- and 3′ untranscribed regions for A. thaliana, found a maximum 
complementarity with other genes of just 20 bp (Altschul et al., 1997), less 
than generally required for RNA suppression (Huntzinger and Izaurralde, 
2011). The PCR product was purified from an agarose gel and cloned into 
the pENTR vector, transformed into Escherichia coli TOP10 (Invitrogen) 
and sequences confirmed. A Gateway LR Clonase II enzyme mix reaction 
was used to transfer the construct to the Gateway binary vector, pMDC32 
cassette C1 (Curtis and Grossniklaus, 2003) and transformed into Agro-
bacterium tumefaciens AGL1 (Lazo et al., 1991). The gene construct was 
transferred into A. thaliana (ecotype Columbia) using the floral dip method 
described by Clough and Bent (1998).

T1 seed was screened for hygromycin resistance on Murashige and 
Skoog Basal medium (Murashige and Skoog, 1962), with 0.8% (w/v) 
Bacto agar (BD, France), 3% (w/v) sucrose, 30 µg/ml (w/v) hygromycin 
(Sigma-Aldrich, Australia), and 150 µg/ml (w/v) timentin (GlaxoSmith-
Kline, Australia). Seed was stratified at 4 °C for 48 h then germinated 
in conditions of 25 °C and 18/6 h light/dark cycle with an irradiance of 
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100–150 µmol quanta m–2 s–1 provided by fluorescent lights. Resistant 
plants were selected by fully expanded cotyledons in the first few days 
and the development of true leaves within a week.

A number of hygromycin-resistant T1 plants were identified and these 
were transferred to soil and grown to seed for analysis of the T2 genera-
tion. Second-generation (T2) plant lines were identified by a number 
corresponding to their T1 parent, such that all plants with a different line 
number are the progeny of independent T1 transformants.

Plant growth conditions
Second-generation (T2) transgenic lines were germinated similarly to T1 
seed, but without hygromycin or timentin. After approximately 10 days, 
when at least two true leaves had developed, plants were transferred to 
soil supplemented with slow release fertilizer (Osmocote Exact, Scotts, 
Australia), and moved to a controlled environment growth chamber. 
Photoperiod was 9 h, relative humidity 70%, irradiance at pot height 
200 µmol quanta m–2 s–1 and day/night temperature was 23/18 °C.

Plant growth rates
The top view photosynthetic ground cover was used as a proxy for plant 
size, determined by a chlorophyll fluorescence imaging system (CF 
Imager, Technologia, UK; Oxborough and Baker, 1997a). This method 
will increasingly underestimate leaf area with time due to increasing 
leaf overlap, but was convenient and non-destructive. Area measure-
ments started 10 days after plants were transferred to soil (after 14 days 
on germination media). Area was then measured every 3 days. Relative 
rate of rosette area increase over the course of the experiment was calcu-
lated by fitting an exponential to the increase in area of each individual 
plant over the course of measurements.

Determination of leaf functional PSII, cytochrome f, Rubisco, and 
chlorophyll content
The leaf content of functional PSII centres was determined from the oxy-
gen yield per single turnover saturating flash on fresh leaf discs in 1% 
CO2 in an oxygen electrode chamber (LD2/3 chamber with an S1 silver-
platinum electrode disc, Hansatech, Norfolk, England), according to Chow 
et al. (1989, 1991). The oxygen yield per flash was used to calculate the 
number of functional (oxygen evolving) PSII centres per leaf area, assum-
ing one oxygen molecule is evolved from each PSII centre per four flashes.

Total Rubisco catalytic sites per leaf area were quantified by the 
stoichiometric binding of the radioactively labelled inhibitor, [14C] 
carboxyarabinitol-bisphosphate (CABP), according to the method 
described in Ruuska et al. (1998).

Leaf cytochrome f content was determined on a pooled thylakoid 
sample from WT plants only, extracted as per Dwyer et  al. (2007). 
Cytochrome f concentration was calculated from the spectra of the hyd-
roquinol-reduced, relative to ferricyanide-oxidized, solution, according 
to Bendall et al. (1971).

For leaf chlorophyll content, frozen leaf samples were ground in 
phosphate-buffered 80% acetone (pH 7.8) then chlorophyll a and b con-
centration determined from absorbance readings at 646.6, 663.6, and 
750 nm in a Cary 50 Bio UV-visible spectrophotometer (Varian, USA), 
according to Porra et al. (1989).

Western blotting
Leaf content of PsbO and other photosynthetic proteins was determined on 
an area basis through Western blotting relative to a four-point (25, 50, 75, 
and 100%) dilution series of a WT leaf extract according to Yamori et al. 
(2011b) with some modifications. The same WT extract was used as a stand-
ard for all quantifications and the mean coefficient of determination (r2) for 
the standard curves used for protein quantification was 0.996 ± 0.002. Pri-
mary antibodies for the photosynthetic proteins PsbO, PsbD, PetC, PsaD, 
and AtpC were sourced from Agrisera (Vännäs, Sweden).

To visualize the two PsbO isoforms, thylakoids were isolated as for 
cytochrome f measurements, except that individual plant samples were 

not pooled. Thylakoid samples were denatured by boiling for 5 min in 
loading buffer (250 mM TRIS-HCl, pH 8.5, 10% (v/v) glycerol, 2% 
(w/v) SDS, 0.5 mM EDTA, 0.01% (w/v) bromophenol blue, and 5% 
(v/v) beta-mercaptoethanol). Denatured samples were loaded on a chlo-
rophyll basis, equivalent to 2 μg chlorophyll, and separated on a precast 
18% TRIS-glycine gel (Invitrogen). Proteins were transferred and visu-
alized as described above using the same PsbO primary antibody.

Blue native PAGE
Thylakoid samples were isolated as described above for cytochrome 
f measurement. Membrane suspensions were solubilized on ice with 
the addition of n-dodecyl-β-d-maltoside (Sigma-Aldrich) to a final 
concentration of 2% and insoluble material removed by centrifugation 
at 12,000 g for 10 min at 4  °C. A 1/10 volume of loading buffer of 
100 mM BIS-TRIS-HCl (pH 7.0), 500 mM 6-aminocaproic acid, 30% 
(v/v) glycerol, and 5% (w/v) Serva Blue G (SERVA Electrophoresis, 
Germany) was added to the mixture. Thylakoid solutions equivalent to 
4 µg chlorophyll were loaded on a 4–16% gradient Novex NativePAGE 
BIS-TRIS gel (Invitrogen) at 4 °C with the running voltage increased 
from 75 V to 200 V over the course of the 3-h run. The cathode buffer 
(15 mM BIS-TRIS, 50 mM Tricine-HCl, pH 7.0) with 0.1% (w/v) 
SERVA Blue G was exchanged for a dye-free buffer after the dye front 
was two-thirds of the way down the gel. After running, the gel was 
scanned, stained with GelCode Blue Stain Reagent (ThermoScientific, 
USA), then scanned again. Bands were identified according to Järvi 
et al. (2011) and quantified using the Quantity One software (v 4.6.3, 
Bio-Rad, USA).

Chlorophyll a fluorescence measurements
The maximum quantum yield of PSII photochemistry measured by the 
chlorophyll a fluorescence ratio, FV/FM, was determined using a PAM-
101 fluorometer (Walz, Effeltrich, Germany) with a red measuring beam 
and fluorescence detection at wavelengths greater than 710 nm. Satu-
rating flashes of 1 s duration were provided by a halogen flash lamp 
(150 W) at an intensity of 5000 µmol quanta m–2 s–1. Plants were dark 
acclimated for a minimum of 2 h.

P700 measurements
Redox changes in P700 were monitored through absorbance changes 
at 810 nm (relative to a reference wavelength of 870 nm to control for 
plastocyanin and other signal contamination) under saturating single 
turnover flashes superimposed over steady far red light, as described in 
Losciale et al. (2008) with the exception that the signal was calibrated 
by a signal change corresponding to 0.1% change in transmission under 
steady-state far red light to yield a (calibrated) change in transmittance, 
△Tc. This signal was then converted to absorbance units, △A, accord-
ing to the Beer–Lambert law, △A = log10(1 + △Tc) (see Supplementary 
Methods for derivation, available at JXB online).The value of △A is 
directly proportional to the concentration of P700+ and the maximum 
absorbance achieved immediately after the saturating flash, △Amax, is 
proportional to the total amount of photo-oxidizable P700, assuming the 
measuring beam path length remains relatively constant.

Leaf absorbance and response of oxygen evolution to irradiance
Oxygen evolution rates were measured on leaf discs in a water-jacketed 
(23  °C) gas-phase oxygen electrode chamber (LD2/3 chamber with 
an S1 silver-platinum electrode disc, Hansatech, England), the top 
window of which was modified for insertion of a 4 cm2 fibre optic 
bundle which provided actinic light and allowed measurement of chlo-
rophyll fluorescence via the Walz PAM 101 system described above. 
Actinic light was provided by a 100 W xenon projector lamp with an 
infrared filter, with intensity controlled by neutral density filters. The 
spectrum of this source, measured with a spectroradiometer (LI-1800, 
LI-COR, USA), showed a peak intensity at 590 nm, and intensity at 
wavelengths greater than 700 nm was 15% of that between 400 and 
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700 nm. The absorbance of each leaf measured was determined with a 
spectroradiometer and leaf integrating sphere (LI-1800-12).

Leaf pieces of approximately 3 cm2 were placed into the darkened 
oxygen electrode chamber with a pad dampened with 1M NaHCO3 (pH 
9) to provide a CO2 concentration of approximately 10  mmol mol–1 
(Chow et al., 1989). The oxygen electrode was calibrated by injecting 
1 ml of air into the chamber then allowed to stabilize for 5 min. The 
slope of the electrode voltage over time in the dark was taken to be the 
baseline associated with mitochondrial respiration and any instrumental 
drift, and all gross oxygen evolution rates were determined relative to it. 
Irradiance was increased stepwise to the maximum, allowing 5 min for 
stabilization at each of the following incident irradiances: 0, 25, 50, 115, 
200, 300, 430, 500, 800, 1000, and 1450 µmol quanta m–2 s–1. Quantum 
yields were calculated from the average increase in oxygen evolution 
per absorbed quanta between 0 and 115 µmol quanta m–2 s–1 incident 
irradiance. Maximum oxygen evolution rates were determined from the 
average of the rate measured at the three highest incident light irradi-
ances, 800, 1000, and 1450 µmol quanta m–2 s–1. Gross oxygen evolu-
tion rates (Eogross) were fit to the following empirical model (Ögren and 
Evans, 1993; von Caemmerer, 2000):

where EOmax is the maximum gross oxygen evolution rate, Iabs the irradi-
ance absorbed by the leaf and  the curvature factor. The leaf quantum 
yield for oxygen evolution, ΦO, is dependent on both the intrinsic PSII 
quantum efficiency and the distribution of excitation energy between 
PSII and PSI, X. The model was fitted using the least squares method to 
find values for EOmax, , and ΦO.

Linear chloroplast electron transport rate from PSII calculated from 
chlorophyll fluorescence, Jf, is given by:

where ΦPSII is the quantum yield from chlorophyll fluorescence (Genty 
et al., 1989) and X is the ratio of quanta absorbed by PSII to quanta 
absorbed by the leaf (Maxwell and Johnson, 2000).

By substituting the linear electron transport rate calculated from oxy-
gen evolution (assuming four electrons per molecular oxygen), Joxygen, 
for Jf and rearranging Equation 2, an estimate of the partitioning of 
quanta to PSII can be obtained from the combination of chlorophyll 
fluorescence and oxygen electrode measurements:

This calculation for X is a comparison between electron transport rates 
calculated from oxygen evolution and from chlorophyll fluorescence.

Microscopy
Representative leaves were cut into pieces of approximately 1–2 × 3–4 mm 
and embedded in Araldyte 502 similarly to the method of Pengelly 
et  al. (2010). Sections for light microscopy were cut from embedded 
leaf pieces at 0.5 mm thickness using glass knives on an ultramicrotome 
(Ultracut E, Leica, Austria), stained with toluidine blue, and heat-fixed to 
glass slides. Sections were viewed through light microscope (Axioskop, 
Zeiss, Germany) and images captured on a high-resolution CCD cam-
era (Flex, Spot Imaging, USA). Chloroplast number per palisade cell 
and number of cell layers were counted manually for three regions per 
section, using ×200 and ×400 magnification respectively. Leaf thickness 
was determined on three regions per ×200 image using ImageJ software 
(NIH, USA). These measurements were repeated on three independent 

leaves for both WT and low PsbO plants. The average value per section 
was used for statistical analysis.

Thin sections of approximately 90 nm were cut from the upper pali-
sade layer of leaves using an ultramicrotome and stained with uranyl 
acetate and lead citrate. The sections were viewed in a transmission 
electron microscope (H7000, Hitachi, USA) at 75 kV and digital images 
captured with a CCD camera (13C, Scientific Instruments and Applica-
tions, USA).

Statistical treatments
Linear and non-linear relationships were fit in Origin (v7.03, OriginLab 
Corporation, USA) using a least-squares method with a chi-squared tol-
erance of 5 × 10–50. Correlation coefficients and Student’s t-tests were 
calculated performed using Statistica (v6.0, StatSoft, USA).

Results

Anti-psbO phenotype

Total leaf PsbO protein content of T2 progeny of transgenic PsbO 
antisense lines was determined from band intensity on a Western 
blot relative to a dilution series of a standard extract from wild-
type plants. Wild-type (WT) leaves varied in PsbO content from 
60 to 130% of the reference extract (Fig. 1). Transgenic T2 lines 
exhibited a wider range, down to approximately 25% in lines 8 
and 15. Functional (i.e. oxygen producing) PSII content, deter-
mined on fresh leaf discs from the oxygen yield per single turn-
over flash method, decreased almost in direct proportion with 
decreasing PsbO content (Fig. 1A). Photosystem II content in 
the lowest transgenic plants measured was around 0.3 µmol m–2, 
approximately 27% of that measured in WT plants.

High-resolution gel electrophoresis and immunoblotting was 
performed separately to the above-mentioned Western blots to 
determine the relative change in the amount of the two PsbO 
isoforms in the plants with lowest PsbO contents (Fig. 1B). 
The antisense effect was most evident on the PsbO1 isoform 
compared to PsbO2. The proportion of the total PsbO content 
accounted for by the PsbO1 isoform was reduced from 59 to 43% 
(P  =  0.0001, Fig. 1C). The PsbO2 band was not significantly 
different (P = 0.49) in plants with reduced total PsbO content. 
Given that these gels were loaded on a chlorophyll basis, this 
indicates that the PsbO2 change was in proportion to leaf chlo-
rophyll content and thus also decreased on a per area basis (see 
below). Semiquantitative PCR using primers specific for psbO1 
and psbO2 indicated that there was repression of mRNA for both 
isoforms relative to an 18S control in the lowest PsbO plants 
(Supplementary Fig. S1).

The two T2 lines with the greatest reductions in PsbO content, 
lines 8 and 15, exhibited a low FV/FM phenotype (Fig. 2A) and 
small size (Fig. 3A, B). The low FV/FM phenotype in these lines 
was related to both a decrease in FM and an increase in FO, and 
was not explainable by PSI signal interference or dark acclimation 
time (data not shown). Other lines showing moderate reductions 
in PsbO content (lines 5, 7, and 16) exhibited no obvious FV/FM 
phenotype. This biphasic response of FV/FM was also evident when 
plotted against functional PSII (Fig. 2B). Chlorophyll fluorescence 
imaging demonstrated that this phenotype was consistent within 
a leaf and between leaves of different ages, indicating that the 
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antisense effects was ontogenetically stable (Supplementary Fig. 
S2). Plants exhibiting an FV/FM phenotype and less than 0.7 µmol 
m–2 functional PSII centres (corresponding to approximately 50% 
PsbO) were designated as ‘low PsbO’ plants.

Given low PsbO plants appeared smaller at maturity than WT 
(Fig. 3A, B), growth rate was estimated by using the top view of 

the photosynthetic area as a non-destructive approximation for 
total leaf area (Table 1). Under the growth conditions used, low 
PsbO plants were slightly smaller than WT plants at the begin-
ning of area measurements, and this difference was exacerbated 
over the 12 days of measurement such that relative rate of rosette 
area increase calculated from the top view of photosynthetic area 
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Fig. 1.  (A) Relationship between total leaf PsbO protein content and functional (oxygen-evolving) PSII centres for a number of 
independent T2 antisense PsbO lines (r2 = 0.79, P < 0.0001). PsbO protein content was determined on a leaf area basis through Western 
blotting relative to a dilution series of a WT standard extraction. Functional PSII was determined from oxygen yield per single turnover flash 
(see Materials and Methods). (B) Resolution of the two PsbO isoforms from isolated thylakoids of a WT and two low PsbO transgenic 
lines. Gels were loaded on a chlorophyll basis (note from Table 1 that the chlorophyll content per leaf area in low PsbO plants is around 
half that of WT). The PsbO line 8 sample was run on the same gel but not on the adjacent lane. (C) The proportion of the total PsbO band 
intensity accounted for by the PsbO1 isoform. Shown are the averages and standard errors for three biological replicates of WT (mean 
PSII content 1.11 µmol m–2) and low PsbO (lines #8 and #15, mean PSII content 0.47 µmol m–2). ***, significant difference (P = 0.0001).

Fig. 2.  Changes in the dark adapted maximum quantum yield from chlorophyll fluorescence (FV/FM) on the basis of PsbO protein 
content determined by Western blot (A) and on the basis of functional PSII content determined by the oxygen yield from single turnover 
flashes (B). The two data sets partially overlap but not all plants that had PsbO content measured were subsequently measured for 
functional PSII centres, and vice versa.



Fig. 3.  Examples of phenotypic differences between WT (A, C, E, G) and low PsbO (B, D, F, H) plants: (A, B) growth differences, (C, D) 
transverse leaf sections (magnification ×200), (E–H) chloroplasts from palisade cells. Refer to Table 1 for quantifications from microscopy 
images. Bars, 200 µm (C, D), 2 µm (E, F), 0.4 µm (G, H) (this figure is available in colour at JXB online).
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Table 1.  Growth parameters and leaf characteristics of wild-type and low PsbO plants

Wild-type plants all have greater than 0.9 µmol m–2 functional PSII centres and plants with low PsbO have less than 0.6 µmol m–2 functional 
PSII centres. Average relative growth rate (RGR) over the course of the growth experiment was calculated by fitting an exponential to the data 
points of each individual plant. Initial surface area refers to that at the start of growth measurements (10 days after transfer from sucrose-
supplemented growth media to soil) and final surface area that after a further 12 days (i.e. 22 days after transfer to soil). LMA, Leaf mass per 
area; △A, absorbance proportional to P700 content, assuming the 810 nm measuring beam path length is constant between samples; Adaxial 
absorptance, absorptance to the xenon projector lamp used as the actinic source for light response measurements.

Wild type Low PsbO  

PMean ± SE n Mean ± SE n

Relative rate of rosette area increase (m2 m–2 day–1) 0.19 ± 0.00 5 0.13 ± 0.01 7 <0.0001
Initial surface area (cm2) 3.29 ± 0.16 5 2.08 ± 0.38 7 0.0037
Final surface area (cm2) 30.81 ± 0.84 5 9.34 ± 2.55 7 <0.0001
LMA dry (g m–2) 16.9 ± 1.2 5 13.4 ± 0.4 6 0.0130
LMA fresh (g m–2) 258 ± 18 5 196 ± 9 6 0.0101
Leaf dry mass/fresh mass 0.066 ± 0.001 5 0.070 ± 0.003 6 0.1893
Leaf thickness of fixed sections (µm) 214 ± 19 3 154 ± 10 3 0.04808
Leaf transverse cell layers 8.42 ± 0.22 3 7.50 ± 0.52 3 0.1802
Grana per chloroplast 34.5 ± 2.0 3 28.8 ± 0.7 3 0.0562
Thylakoid layers per grana 4.87 ± 0.14 3 5.66 ± 0.17 3 0.0236
Chl a (µmol m–2) 309 ± 9 9 156 ± 8 8 <0.0001
Chl b (µmol m–2) 79 ± 2 9 51 ± 3 8 <0.0001
Chl a/b 3.9 ± 0.1 9 3.1 ± 0.1 8 <0.0001
∆Amax (absorbance units × 103) 4.3 ± 0.2 6 2.5 ± 0.2 7 0.0001
Adaxial absorptance 0.76 ± 0.01 7 0.73 ± 0.01 9 0.0216

was reduced by one-third in these transgenics. Dry leaf mass per 
area was 21% lower in the low PsbO plants compared to WT, but 
leaf dry mass per fresh mass did not change.

Embedded leaf sections were 28% thinner in low PsbO plants 
compared to WT, though the number of transverse cell layers 
was not significantly different (Table 1 and Fig. 3C, D). Analysis 
of palisade chloroplasts showed that low PsbO mutants did not 
differ from WT in the number of grana stacks per chloroplast, 
but tended to have more thylakoid layers per granum (Table 1 
and Fig. 3E–H).

Photosynthetic proteins

The leaf content of proteins representing the major chloroplast elec-
tron transport complexes was quantified by Western blotting using 
the same WT standard extract used to quantify PsbO (Fig. 4). The 
core PSII subunit, PsbD (D2), decreased in parallel with PsbO con-
tent indicating the change in oxygen yield per single turnover flash 
was due to an absence of PSII centres (as opposed to assembled but 
non-functional centres). The PsaD protein of PSI also decreased, 
but only by approximately half this extent. A similar change was 
detected in maximum absorbance signal from P700+, △Amax. This 
parameter is proportional to photo-oxidizable P700 content and the 
change adds functional support to the finding of decreased PSI pro-
tein content (Table 1). While both PSII and PSI content was reduced 
on an area basis in low PsbO plants, the change in PSII was greater 
such that the ratio of PSII to PSI declined. No change was evident 
in the relative content per leaf area of the Rieske FeS protein of 
the cytochrome b6  f complex or the AtpC subunit of ATP synthase. 
The assumption is made that only proteins formed into complexes 
are sufficiently stable to be measured by Western blot. Therefore, 
the absence of essential component proteins should reflect the 
absence of the complex. Rubisco catalytic sites per leaf area were 
determined separately, via the binding of the radioactively labelled 

Fig. 4.  Relationship between PsbO leaf protein content and major 
proteins representing the key steps in photosynthesis. PsbD (PSII), 
PsaD (PSI), Rieske FeS (cytochrome b6 f ), and AtpC (ATP synthase) 
were determined by Western blotting. Total Rubisco catalytic sites 
was determined on a different set of plants by 14C-CABP binding. 
The ∆Amax parameter is proportional to total photo-oxidizable P700 
content per area. It is included to give physiological support to the 
change in PSI content indicated by PsaD. Solid lines indicate a 
statistically significant relationship: for PsbD the regression equation 
is y = 1.01x; for PsaD, y = 0.58 + 21.28; for ∆Amax, y = 0.02x + 
1.94; for Rubisco, y = 0.04x + 13.64. Note that the slope of the 
regression line for PsaD is approximately half of that for PsbD.
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inhibitor, [14C]CABP. There was no change in Rubisco content in 
transgenic plants until PsbO content was reduced below 40%. Con-
tents per unit leaf area of chlorophyll a and b were significantly less 
in the low PsbO plants, as was the chlorophyll a/b ratio (Table 1).

Cytochrome f content determined spectrophotometrically for 
a pooled leaf extract from four WT plants was 0.47 ± 0.07 µmol 
m–2. Given the lack of relationship between PsbO and Rieske 
FeS protein content, this value of cytochrome f was assumed to 
be consistent across the range of transgenics.

Blue native PAGE was performed to separate and visualize 
thylakoid membrane bound complexes in the native state. No 
major band shifts or missing/novel bands were evident in the low 
PsbO plants compared to the WT (Fig. 5). There was, however, 
an increase in the relative amount of LHCII not associated with 
a photosystem core. The sum of bands labelled LHCII assembly 
and LHCII trimer relative to the sum of all labelled bands for PsbO 
plants increased by 35% relative to WT. There was also a reduction 
in the sum of the PSII-LCHII supercomplexes compared to WT.

Photosynthetic physiology

The gross oxygen evolution rate in response to increasing irra-
diance was measured on leaf pieces with an oxygen electrode 
under saturating CO2 concentrations (Fig. 6). The quantum yield 
for oxygen evolution (the slope of the initial phase) decreased as 
PsbO content decreased, such that low PsbO plants exhibited a 
quantum yield 50% lower than the WT value of 0.10 oxygen per 
quantum (Fig. 7A). Maximum rates of oxygen evolution meas-
ured under saturating irradiances were independent of PsbO con-
tent, with a mean rate of 18.0 ± 0.8 µmol O2 m–2 s–1 (Fig. 7B). 
The combination of these characteristics meant that WT plants 
were light saturated at approximately 400 µmol quanta m–2 s–1, 

whereas low PsbO plants required between 600 and 800 µmol 
quanta m–2 s–1 to reach their maximum oxygen evolution rates.

Given that there was no change in the maximum oxygen evo-
lution rate per leaf area (under saturated light and CO2 condi-
tions), the maximum oxygen evolution rate per total functional 
PSII increased in the low PsbO transgenics (Fig. 8). By plot-
ting this parameter as a function of cytochrome b6  f to PSII ratio, 
a hyperbolic relationship was obtained which was consistent 
with data recalculated from previous studies on pea and spin-
ach (Evans, 1987b; Evans and Terashima, 1987; Terashima and 
Evans, 1988; Yamori et al., 2008).

Chlorophyll a fluorescence was measured concurrently with 
oxygen evolution rates. Consistent with measured oxygen evo-
lution rates, the PSII photochemical efficiency measured from 
chlorophyll fluorescence (ΦPSII, Genty et al., 1989) was lower in 
low PsbO plants compared to WT at low irradiance (at approxi-
mately 80  µmol quanta m–2 s–1, P < 0.0001), but at saturat-
ing irradiances no differences were evident (at approximately 
1050 µmol quanta m–2 s–1, P = 0.29; Fig. 9A). The quantum yield 
of non-photochemical quenching (ΦNPQ, Hendrickson et  al., 
2004) was slightly higher in the low PsbO relative to WT plants 
at irradiances below 400 µmol quanta m–2 s–1, but slightly lower 
than WT at higher irradiances (Fig. 9B). The quantum yield of 
fluorescence and constitutive thermal energy dissipation, Φf,D, 
was markedly higher in the low PsbO plants at all light intensi-
ties (Fig. 9C). While Φf,D increased with irradiance in the WT, 
in the transgenic plants it showed a decrease at light intensities 
above about 150  µmol quanta m–2 s–1. The fraction of ‘open’ 
PSII centres, qL (according to the shared antenna model of PSII, 
Kramer et al., 2004b), declined faster in the WT plants as irradi-
ance was increased and was lower compared to low PsbO plants 
at saturating irradiances (P < 0.0001; Fig. 9D). An estimated PSII 

Fig. 5.  Blue native polyacrylamide gel electrophoresis of isolated thylakoid membranes from a WT and a low PsbO plant. Gels were 
loaded on an equivalent chlorophyll basis (4 µg). The image shows the original Blue native gel and the same gel after further staining with 
Coomassie blue. Molecular weights are indicated with a High Molecular Weight Calibration Kit for native electrophoresis (GE Healthcare). 
Band identifications are taken from Järvi et al. (2011) (this figure is available in colour at JXB online).

4788  |  Dwyer et al.



to PSI light partitioning factor, X (Equation 3), can be obtained 
by combining fluorescence parameters with oxygen evolution 
rates (Fig. 9E). Wild-type plants varied around 0.5 at all irradi-
ances, whereas low PsbO plants varied from 0.4 at irradiances 
below 50 µmol quanta m–2 s–1 to 0.5 between 50 and 350 µmol 
quanta m–2 s–1, before increasing to 0.6 at irradiances greater than 
400 µmol quanta m–2 s–1. Measurements of chlorophyll fluores-
cence and photosynthetic O2 evolution gave qualitatively similar 
responses for photosynthetic electron transport to irradiance.

Discussion

Reduction in PsbO content leads to reduced PSII 
content and low quantum yield

The aim of this study was to gain a better understanding of the 
rate-limiting potential of photosystem II (PSII) in photosynthesis 
in vivo by creating transgenic A. thaliana plants with reductions 
in the total amount of PsbO proteins. Plants with 25–60% of 
wild-type PsbO protein levels were produced. Both PsbO iso-
forms were decreased on a leaf area basis, but the antisense had a 
greater effect on the more abundant PsbO1 isoform. PsbO2 was 
reduced to a lesser extent, in approximate proportion to reduc-
tions in chlorophyll content, and thus the PsbO1/PsbO2 ratio was 
altered in these plants (Fig. 1). Previous studies of A. thaliana 
mutants have shown that in the absence of one PsbO isoform, the 
other isoform tends to accumulate in compensation (Murakami 
et al., 2002, 2005; Lundin et al., 2007). Given that total PsbO 

Fig. 6.  Gross oxygen evolution per leaf area measured at 
approximately 1000 µbar CO2 for WT plants (>0.85 µmol m–2 
functional PSII centres, n = 5) and antisense mutants with low PSII 
functional centres (<0.6 µmol m–2, n = 8) PSII functional centres. 
Gross oxygen evolution rates were calculated relative to the signal 
drift in the dark, which was taken to be mitochondrial respiration. 
Solid lines are a fit of the average points to the model given in 
Equation 1. Model parameters for WT plants are EOmax = 19.25, 
 = 0.93, ΦO = 0.40. For low PsbO plants, 
 EOmax =19.56,  = 0.85, ΦO = 0.21.

Fig. 7.  Parameters from light response curves as a function of 
PSII functional centres. (A) The quantum yield for oxygen evolution, 
determined from the initial slope of light response curves. (B) The 
maximum rate of gross oxygen evolution, averaged from the three 
highest irradiances. There is a significant correlation between PSII 
functional centres and quantum yield (r2 = 0.67, P = 0.0001).

Fig. 8.  Maximum oxygen evolution rates per leaf PSII content 
as a function of the PSII to cytochrome b6f ratio, for Arabidopsis, 
spinach, and pea. Open symbols are values calculated from other 
studies which have measured maximum electron transport-limited 
photosynthetic rate at 25 °C, total PSII centres and cytochrome 
b6f content: spinach grown under various nitrogen nutrition 
(Evans and Terashima, 1987), irradiance (Terashima and Evans, 
1988), and temperature (Yamori et al., 2008); and pea grown 
under various irradiance (Evans, 1987b). For atrazine binding, 
measurements were converted to the equivalent functional PSII 
measurements obtained through flash yield, by dividing by 1.14 
(Chow and Anderson, 1987; Chow et al., 1989). For Yamori et al. 
(2008) PSII centres were estimated from the chlorophyll content 
and cytochrome f content taken from Yamori et al. (2005). The line 
is a fit to the Arabidopsis data only (r2 = 0.93).
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content in the antisense mutants was decreased to such a degree 
and with no hyper-accumulation of PsbO2 on either a chloro-
phyll or leaf area basis, it may be concluded that the antisense 
construct led to a decrease in expression of both PsbO isoforms 
(see also gene expression data in Supplementary Fig. S1).

Reductions to oxygen evolving (functional) PSII centres were 
almost directly proportional to reductions in total PsbO. Low 
PsbO mutants had less than a third of the wild-type content of PSII 
centres per unit leaf area. The amount of D2 protein of the PSII 
core was also reduced almost one to one with PsbO content (Fig. 
4). The D2 protein is the first building block for PSII assembly 
and is stable relative to the rapidly turned over D1 protein (Minai 
et al., 2006). Therefore the decrease in D2 amount indicates that 
the decrease in oxygen yield per single turnover flash was due to 
a simple absence of PSII centres, and there was not an accumula-
tion of assembled (or partly assembled) but non-functional PSII 
centres in the leaf. Blue native PAGE is consistent with this con-
clusion, as there were no band shifts or additional bands that might 
suggest the presence of unusually assembled PSII centres (Fig. 5).

The quantum yield of PSII gives a measure of the efficiency of 
the conversion of excitation energy into electron transport. Here 

the quantum yield was measured in two ways: through PSII photo-
chemical efficiency calculated from chlorophyll fluorescence and 
from the initial slope of a light response curve of oxygen evolu-
tion, ΦO (Figs. 2 and 6 and Equation 1). The reduction in quantum 
yield indicates a decrease in the functional efficiency of the PSII 
centres present in the leaves of low PsbO plants. This phenotype 
has been noted in plants with reduced PsbO1, but not in plants 
with reduced PsbO2 (Murakami et al., 2002, 2005; Lundin et al., 
2007), and here is also correlated with a decrease in PsbO1/PsbO2 
ratio, as demonstrated in Fig. 1. As growth irradiance (200 µmol 
quanta m–2 s–1) falls within the light limited region of the irradi-
ance response curves for both WT and low PsbO plants (Fig. 6), 
the difference in quantum yields would contribute to the 32% 
reduction in rosette expansion in low PsbO plants (Table 1).

Low PsbO plants have lower chlorophyll a/b ratios and 
reduced PSI content

One of the strengths of antisense techniques is that the protein or 
component of interest can often be targeted with minimal effects 
in other components and that a range of reductions in the target 

Fig. 9.  Fluorescence parameters measured concurrently with oxygen evolution rates. (A) The quantum yield of PSII, ΦPSII, given 
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F'O was calculated according to Oxborough and Baker (1997b). (E) An estimation of the proportion of absorbed irradiance used for 
water splitting at PSII, X, calculated according to Equation 3. The dashed line at 0.5 shows the expected value if PSII and PSI centres 
were using an equal proportion of the absorbed light.
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component can be achieved. Manipulating the stoichiometry of 
photosynthetic components in this way provide information as 
to how the complexes interact, colimit, and regulate (Furbank 
and Taylor, 1995; Raines, 2003). Despite the perturbation to 
PSII which is conceptually the first enzymatic step in photosyn-
thesis, low PsbO plants did not exhibit changes in the quantity of 
Rubisco or proteins representing ATP synthase and cytochrome 
b6  f (Fig. 4). The lack of change detected in cytochrome b6  f con-
tent is important given its position between PSII and PSI, its role 
as one of the important limiting steps to electron transport rate 
and that cytochrome b6  f content is highly regulated by growth 
irradiance (Anderson, 1992; Anderson et  al., 1988; Evans, 
1987b; Yamori et al., 2011b).

There were some significant pleiotropic changes in the 
photosynthetic biochemistry of low PsbO plants, however. 
Notably, a decrease in chlorophyll content, a decrease in the 
chlorophyll a/b ratio (Table 1) and a decrease in PSI content 
(Fig. 4). The reduction in PSI content was approximately half 
the extent of the reduction in PSII, and was in proportion to the 
overall decrease in chlorophyll content. Physiological meas-
urements of P700, the primary electron donor of PSI, although 
less marked, give qualitative support to this protein-based con-
clusion (Fig. 4). The quantitation of PSI from P700 absorbance 
is complicated by signal contamination from plastocyanin. 
This contamination was controlled with the dual-wavelength 
approach used here (see Methods), but could be further elimi-
nated by using a three-wavelength approach (Kirchhoff et al., 
2004). Photosystem II to PSI ratio is an important factor in 
determining photosynthetic efficiency (Kramer and Evans, 
2011) and leaves grown under light conditions that preferen-
tially excites one or the other photosystem will adjust the stoi-
chiometry of the two in order to maintain an effective linear 
electron transport and quantum yield under growth conditions 
(Chow et  al., 1990). The redox state of plastoquinone (PQ), 
the lipid-soluble electron carrier between PSII and cytochrome 
b6  f, appears to be a key regulatory signal for this adjust-
ment PSII to PSI ratio (Pfannschmidt et al., 1999; Allen and 
Pfannschmidt, 2000; Shimizu et al., 2010). It is intriguing in 
this case that PSI content was decreased while cytochrome b6  f 
remained unchanged.

Decreases in chlorophyll a/b ratio are generally driven by 
increased expression in the chlorophyll b-rich peripheral light 
harvesting complexes (LHC) per photosystem as an adaptive 
response to low light, increasing energy capture (Anderson et al., 
1988; Bailey et al., 2001) for a minimal protein investment (Evans, 
1987b). While reductions in PSII and PSI content would lower the 
chlorophyll a/b ratio (as the core pigments are mostly chlorophyll 
a), there may be additional changes to LHC expression driven by 
factors such as an altered redox state of the PQ pool. There was 
a reduction in LHC content per unit leaf area in the low PsbO 
plants, but LHC increased on a chlorophyll basis, as evidenced by 
the lower chlorophyll a/b ratio and increase in LHC complexes in 
the Blue native gel (Fig. 5). The reduction in quantum yield and 
high FO and Φf,D in the low PsbO plants suggest a decrease in the 
effectiveness of energy transfer from LHCs to PSII.

Increased chlorophyll a/b ratios, have also been noted in 
antisense plants with reduced ferredoxin content that leads to 
increased PQ reduction (Holtgrefe et  al., 2003). In contrast, 

this effect was not apparent in tobacco plants with reductions 
in the Rieske FeS protein of cytochrome b6  f, despite a highly 
reduced PQ pool, with the authors speculating that an interac-
tion between the PQ redox state and the missing cytochrome b6  f 
complex is required for regulation of peripheral light harvest-
ing complexes (Anderson et al., 1997). In the case of low PsbO 
plants, cytochrome b6  f content remained unchanged.

PSII capacity is not limiting to light-saturated electron 
transport rate

The oxygen evolution rate per total leaf PSII centres was cal-
culated by dividing the light- and CO2-saturated photosynthetic 
rates by the PSII functional centres determined by the single 
turnover flash method (Fig. 8). This gives a ‘PSII-normalized’ 
chloroplast electron transport rate under light-saturated condi-
tions. Altering the amount of functional PSII centres by antisense 
techniques produced a wide variation in this parameter in A. thal-
iana, from just 18 mol O2 (mol PSII)–1 s–1 in WT plants to over 
50 mol O2 (mol PSII)–1 s–1 in the low PsbO transgenics. As func-
tional PSII decreased to minimal values, there was no apparent 
plateau in PSII-normalized electron transport rate (Fig. 8), nor 
a decrease in maximum photosynthetic rate (Fig. 7). Low PsbO 
plants appear to maintain a greater proportion of ‘open’ PSII cen-
tres at high light, as determined by the chlorophyll fluorescence 
parameter, qL (Fig. 9D).

There was a hyperbolic relationship between oxygen evolu-
tion rate per PSII centre and PSII per unit cytochrome b6  f in 
A. thaliana (Fig. 8). This parameter was calculated (at 25  °C) 
for pea and spinach from previous studies where the leaf PSII 
to cytochrome b6  f ratio varied in response to light, nutrient, 
and growth temperature treatments (Evans, 1987b; Evans and 
Terashima, 1987; Terashima and Evans, 1988; Yamori et  al., 
2008). These species share the same hyperbolic relationship 
which can be written as Pmax/p = 1/(0.022 × p/f + 0.004), where 
Pmax is the maximum oxygen evolution rate, p is the PSII content, 
and f the cytochrome b6  f content (from the regression line in Fig. 
8). Rearrangement of the above equation gives:

P

f p

max . .
=

+

1
0 022 0 004

It is seen that Pmax decreases when either f or p decreases. How-
ever, since p is approximately twice as large as f in WT Arabidop-
sis, the first term in the denominator is more than 10-fold larger 
than the second term. This finding is consistent with cytochrome 
b6  f, rather than PSII, being the most rate-limiting step to light-
saturated chloroplast electron transport rates under moderate 
temperature conditions and therefore being a bottleneck in the 
light-saturated flow of electrons from PSII to PSI (Evans, 1988; 
Makino et al., 1994; Price et al., 1995, 1998; Yamori et al., 2010, 
2011b). At high light, electron transport from PSII is modulated by 
changing qL to match the maximum electron transport rate allowed 
by the amount of cytochrome b6  f.

This degree of insensitivity of maximum photosynthetic rate 
to PSII functional amount has been termed the ‘excess capacity’ 
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of PSII (Behrenfeld et al., 1998; Kaňa et al., 2002) relative to 
cytochrome b6  f at saturating light intensities. This study dem-
onstrates this without the requirement for photoinhibitory treat-
ments or herbicides to manipulate PSII functional centres.

Light-saturated PSII capacity has previously been studied 
using combinations of photoinhibition and herbicides to manipu-
late the number of active PSII centres in a leaf (Behrenfeld et al., 
1998; Lee et al., 1999; Kaňa et al., 2002). These studies found 
that PSII became rate limiting to maximum (light-saturated) 
photosynthetic rate with 40% (in detached capsicum leaves, Lee 
et al., 1999) to 50% (in phytoplankton assemblages, Behrenfeld 
et al., 1998; in green algae, Kaňa et al., 2002) deactivation. In 
this study PSII functional amount was decreased by 75% with-
out a measurable decrease in light- and CO2-saturated photosyn-
thetic rate. Using the results from capsicum leaves in Lee et al. 
(1999), the maximum oxygen evolution rate per remaining active 
PSII centre reaches before it becomes limiting is approximately 
25 mol O2 (mol PSII)–1 s–1, lower than this parameter achieved in 
low PsbO A. thaliana and lower than for spinach and pea meas-
ured under non-photoinhibitory conditions (Fig. 8, data calcu-
lated from Evans, 1987b; Evans and Terashima, 1987; Terashima 
and Evans, 1988; Yamori et al., 2008). A key difference between 
these approaches and the antisense approach used here is that 
low PsbO plants simply lack PSII centres, whereas under pho-
toinhibitory conditions it is likely that inactivated PSII centres 
accumulate in the thylakoid membrane. Kirchhoff et al. (2000) 
have demonstrated that diffusion of PQ can become a limiting 
factor to chloroplast electron transport rate due to the formation 
of microdomains in the thylakoid membrane preventing the free 
diffusion of reduced PQ from PSII to cytochrome b6  f. Therefore 
it is possible that photosynthesis after photoinhibition of PSII is 
not limited by the capacity of PSII itself, but by the PQ diffusion 
limitations in the thylakoid membrane caused by macromolecu-
lar crowding from inactive (non-reducing) PSII centres. The lack 
of inactivated PSII centres in the low PsbO plants allows PQ 
diffusion to proceed at normal levels, thus leaving chloroplast 
electron transport limited by cytochrome b6  f.

Conclusions

The most notable changes in the low PsbO plants were a decrease 
in the number of PSII centres per unit leaf area and lowered effi-
ciency of those PSII centres that remained. This reduced quantum 
yield under low irradiance, but maximum light-saturated photo-
synthetic rates were unchanged despite having fewer PSII centres 
per unit leaf area. The reduction in quantum yield is a likely expla-
nation for the reduced growth rate of low PsbO plants. A decrease 
in the number of PSII centres is not expected to lower quantum 
yield per se, so long as they are functional and the distribution of 
excitation energy between PSII and PSI is balanced (Kramer and 
Evans, 2011). There was more chlorophyll and LHCII content 
per PSII in low PsbO leaves, but it is not known how the different 
pigment protein complexes function together as effective anten-
nae to PSII. The observed decrease in PSII efficiency may be due 
to impaired transfer of excitation energy from the light harvesting 
pigments to the PSII reaction centre in low PsbO plants associ-
ated with the increase in chlorophyll and LHCII content per PSII.
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