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Abstract 

A plastid localised terminal oxidase, PTox, was first described due to its role in chloroplast 

development, with plants lacking PTox producing white sectors on their leaves.  This 

phenotype is explained as being due to PTox playing a role in carotenoid biosynthesis, as a 

cofactor of phytoene desaturase.  Co-occurrence of PTox with a chloroplast localised NADPH 

dehydrogenase (NDH) has suggested the possibility of a functional respiratory pathway in 

plastids.   

Evidence has also be found that, in certain stress tolerant plant species, PTox can act as an 

electron acceptor from Photosystem II, making it a candidate for engineering stress-tolerant 

crops.  However attempts to induce such a pathway via overexpression of the PTox protein 

have to date failed.  Here we review the current understanding of PTox function in higher 

plants and discuss possible barriers to inducing PTox activity to improve stress tolerance. 
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Introduction 

Photosynthesis is central to both productivity and stress in plants, so achieving a balance 

between these processes will require an understanding of the compromises required in the 

photosynthetic apparatus (Murchie and Niyogi 2011).  In this review, we will present a brief 

introduction to the role of photosynthesis in stress responses and stress tolerance, before 

focusing on one protein, the plastid terminal oxidase (PTox) as a candidate for manipulating 

stress tolerance.  PTox, a plastoquinone oxidase, was first identified through its role early in 

leaf development (Carol et al. 1999; Wu et al. 1999), but it has more recently been reported 

as playing an important role in various stress tolerant species (Diaz et al. 2007; Stepien and 

Johnson 2009; Streb et al. 2005).  A number of excellent reviews of PTox have been 

published in recent years (Liszkay and Feilke 2016; e.g. Nawrocki et al. 2015; Sun and Wen 

2011) and it is not our intention here to provide a comprehensive account of all the known 

knowns of PTox structure and function.  Rather, we will focus on addressing the question – 

can PTox be used as a means to increase stress tolerance in crops?  There is a good 

theoretical basis to believe that this could work, but attempts so far to induce substantial 

PTox activity in new species have failed.  So what are the difficulties – the known unknowns 

– standing in our way? 

Photosynthesis is the key process which underlies productivity in plants.  It is the absorption 

of sunlight and the use of the energy to fix carbon that produces biomass and so, ultimately, 

yield of final product.  Whilst significant gains in yield have been achieved by improving the 

partitioning of photosynthate into final harvestable product, the harvest index, there is a 

growing recognition that further improvements in yield will require an increase in the 

achieved rate of photosynthesis (Murchie and Niyogi 2011; Murchie et al. 2009; Zhu et al. 



5 
 

2010).  We need to develop crops which can turn a larger proportion of incident light into 

biomass.  Worldwide, programmes such as the C4 rice projects are attempting to achieve 

this, taking traits from more productive plants and transferring them to less productive ones 

(Furbank et al. 2015; Leegood 2013). 

Photosynthesis is also central to any consideration of stress tolerance (Niyogi et al. 2007).  

The photosynthetic apparatus is usually in the frontline when a plant experiences sub-

optimal conditions.  Exposure to stresses such as extreme temperatures or drought result in 

a decrease in the efficiency of CO2 fixation.  When the efficiency of primary carbon fixation 

is reduced, for example due to stomatal closure or changes in enzyme activities, excess light 

energy can result in the production of reactive oxygen species (ROS).  ROS production is a 

key component of most, if not all, stress responses and can result in widespread, 

uncontrolled, damage to tissues, including destroying membranes and proteins and 

damaging DNA (Asada 2006; Foyer and Shigeoka 2011).  Controlling the light induced 

production of ROS is therefore an essential step in any strategy to increase stress tolerance. 

 

Known knowns in electron transport – regulation to avoid ROS production 

Photosynthesis represents one of the best understood systems in biology (Blankenship 

2014).  In addition to the basic reactions, we also know huge amounts about the regulation 

of light capture and electron transport.   Regulation of processes occurring in the thylakoid 

membrane is of central importance because, without it, ROS production would be 

uncontrolled.  There are two main primary processes which produce ROS: triplets of 

chlorophyll can interact with oxygen to form singlet excited oxygen; and oxygen can be 

reduced to form O2
-, superoxide (Asada 2006; Krieger-Liszkay et al. 2008).  Once formed, 
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those ROS can directly cause damage at their site of production, photoinhibition, or diffuse 

away to cause damage elsewhere. 

Chlorophyll triplets are formed from excited singlets, through a process of intersystem 

crossing, and the probability of this occurring depends primarily on the lifetime of those 

singlets (Krieger-Liszkay et al. 2008).  Preventing singlet oxygen production therefore 

requires the lifetime of excited singlets to be minimised.  In PSII, a process called high 

energy quenching, qE, plays a major role in ensuring that singlet lifetime is controlled under 

conditions where light is being absorbed in excess (Horton and Ruban 2005).  The extent of 

qE depends directly on the extent of the pH across the thylakoid membrane, as well as the 

presence of the xanthophyll zeaxanthin.  Chlorophyll triplets also result from charge 

recombination reactions in photosynthetic reaction centres (Krieger-Liszkay et al. 2008).  

Limiting the lifetime of unstabilised charge pairs in the two reaction centres therefore also 

plays an important role in preventing singlet oxygen formation.  In PSII, rapid re-reduction of 

the primary donor, P680, helps limit charge recombination, whilst, in PSI, the maintenance 

of an oxidised acceptor pool is probably more important.  The latter is primarily achieved by 

controlling the flow of electrons to the donor side of PSI, through a process termed 

photosynthetic control (see Johnson et al. 2014 for a recent review).  Photosynthetic control 

is exerted at the level of the cyt b6f complex, the activity of which is regulated in response to 

the redox poise of the stroma and the pH across the thylakoid membrane (Hald et al. 2007; 

Joliot and Johnson 2011) 

The production of superoxide in an oxygen rich atmosphere will depend on the 

concentration of species capable of reducing molecular oxygen.  These include, in particular, 

semiquinones associated with PSII and cyt b6f and reduced iron, in the FeS centres on the 
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acceptor side of PSI.  The redox state of the PSI acceptor side is controlled through 

regulation of cyt b6f, which, across most environmental conditions, is maintained as the 

slowest reaction in electron transport through regulatory processes involving pH and redox 

feedback control (Genty and Harbinson 1996; Ott et al. 1999).  This regulation, combined 

with the concerted reactions of the Q-cycle, minimise semiquinone formation and therefore 

superoxide production in the cyt b6f complex.  Failures of photosynthetic control can occur, 

for example, through mutations such as pgr5, a mutant which has been shown to be 

defective in cyclic electron flow (Munekage et al. 2002; Tikkanen et al. 2015), or naturally in 

cold sensitive plants, for example cucumber (Kim et al. 2001; Terashima et al. 1998), 

exposed to low temperature. In each of these examples, PSI is reduced under high light 

leading to ROS production.  This is manifest as a photoinhibition of PSI (Kim et al. 2001; 

Sonoike 2006; Terashima et al. 1998; Tikkanen et al. 2012).  Under most conditions in most 

plants though, photosynthetic control at the cyt b6f complex restricts electron flow to PSI 

preventing light-induced damage in that photosystem.   

Photosynthetic control at the level of cyt b6f restricts electron flow away from PSII, giving 

rise to a more reduced state of the plastoquinone (PQ) pool.  This increases the lifetime of 

reduced semiquinones, QA
-, in the PSII reaction centre, which can be linked both to singlet 

oxygen and superoxide production (Krieger-Liszkay et al. 2008; Zulfugarov et al. 2014).  The 

production rate of each of these is somewhat regulated by qE, reducing excitation capture 

under excess light.  Nevertheless, photoinhibition of PSII, which occurs at a significant rate 

even under optimal conditions, is one of the earliest signs of abiotic stress and represents a 

substantial metabolic cost to plants (Goh et al. 2012).  The D1 polypeptide is the protein 

with the fastest turnover in plants and requires complex mechanisms to replace (Murata et 
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al. 2007).  Preventing PSII photoinhibition has long been recognised as a route to increasing 

stress tolerance. 

An obvious route to limit PSII photoinhibition would be to prevent the over-reduction of the 

PQ pool.  Quinones are common features of electron transport chains and bind to and react 

with many different protein complexes.  In addition to PSII and cyt b6f in the thylakoid, PQ is 

also thought to be reduced by a complex, the NDH complex, having homology to 

mitochondrial complex I (Berger et al. 1993; Rumeau et al. 2007; Sazanov et al. 1995).  Given 

this homology, NDH is often described as an NADPH oxidase, however it maybe that 

reduced ferredoxin donates electrons directly to the complex (Yamamoto et al. 2011).  In 

mitochondrial respiration, quinones are also reduced by complex II, succinate 

dehydrogenase and oxidised by complex III, ubiquinone cytochrome c oxidoreductase.  In 

addition to these, it has also been found that plants, in common with some other groups of 

organisms, possess quinol oxidases capable of reducing oxygen to form water (Berthold and 

Stenmark 2003).  The best characterised is the alternative oxidase found in respiratory 

pathways, however a homologue of this, PTox, is found in the thylakoid membrane of all 

plants (Carol et al. 1999; McDonald et al. 2011; Nawrocki et al. 2015; Sun and Wen 2011; 

Wu et al. 1999).   

Biochemically, PTox has the potential to act as a safety valve for PSII, preventing over-

reduction of the PQ pool (Nawrocki et al. 2015; Sun and Wen 2011; Trouillard et al. 2012).  If 

uncontrolled though, it could also compete with assimilative electron transport, reducing 

the efficiency of photosynthesis.  Various attempts have been made to induce PTox as a 

substantial electron sink in different systems but so far all of these have failed (Heyno et al. 

2009; Rosso et al. 2006).  However, in a small number of extremophile plants, there is 



9 
 

evidence that PTox plays an important part in photoprotection (Stepien and Johnson 2009; 

Streb et al. 2005).  This suggests that there are important regulatory factors, known 

unknowns, which are preventing us from manipulating PTox activity in other species. 

 

Known knowns in PTox research. 

PTox is a nuclear-encoded plastid-localised plastoquinone (PQ)-O2 oxidoreductase 

(plastoquinol oxidase) ubiquitous in photosynthetic species. It was originally identified as 

the defective protein responsible for the variegated phenotype seen in the immutans and 

ghost mutants of Arabidopsis and tomato, respectively (Barr et al. 2004; Carol et al. 1999; 

Josse et al. 2000; Kuntz 2004). PTox shares sequence similarity with the alternative oxidase 

(AOX), found in the mitochondrion, and it was based on this similarity that PTox was first 

suggested to be able to divert the electron flow from PQ to O2, producing water (Josse et al. 

2003). In both enzymes, the sequences contain iron-binding motifs at their C-terminus, 

typical of Type II di-iron carboxylate proteins (Carol and Kuntz 2001). 

In most species, PTox is present as a single copy gene, although two copies are found in 

some cyanobacteria, red algae and green algae (Houille-Vernes et al. 2011; Wang et al. 

2009). In chloroplasts, PTox has been reported to be bound to the stromal lamellae of 

thylakoids and is modelled as an interfacial membrane protein, whose active site faces the 

stroma (Berthold et al. 2000; Joet et al. 2002; Lennon et al. 2003). 

 

Structure and mechanism of PTox 
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The genes for PTox and AOX have a prokaryotic origin with the former first evolving in 

cyanobacteria and the latter in protobacteria, as revealed by phylogenetic studies.  

Sequence conservation supports the theory that both oxidases evolved before 

endosymbiosis gave rise to mitochondria and chloroplasts and that these did not 

significantly change through eukaryote evolution (McDonald and Vanlerberghe 2006). Both 

PTox and AOX belong to the non-haem diiron carboxylate (DOX) protein class binding a 

coupled binuclear iron centre (Berthold et al. 2000; Berthold and Stenmark 2003). Based on 

high-resolution X-ray crystallography studies of the members of DOX family and sequence 

homology, PTox is predicted to contain four alpha helix domains extending from the 

thylakoid membrane into the stroma (Lennon et al. 2003) and encapsulating a di-iron 

centre, with the two iron atoms being ligated by six conserved histidine (His) and glutamate 

(Glu) residues. The significance of these residues was examined by site-directed 

mutagenesis of PTox in vitro and in planta showing that the six iron-binding sites are 

essential for enzymatic activity (Fu et al. 2005). The modelled PTox structure is similar to 

that of the mitochondrial alternative oxidase, with an additional conserved sixteen-amino 

acid sequence adjacent to the C-terminus, not present in AOX, corresponding precisely to 

the Exon 8 domain, which is necessary for both PTox activity and stability (Fu et al. 2005). 

PTox, on the other hand, lacks a dimerization domain (D-Domain) characteristic of AOX, 

which embeds a conserved cysteine residue responsible for homodimer formation via a 

disulphide bridge, suggesting that PTox does not dimerize and exists only as a monomer (Fu 

et al. 2005; McDonald et al. 2011). Surprisingly however, PTox dimers have been isolated 

from tobacco chloroplast overexpressing PTOX1 from green alga Chlamydomonas 

reinhardtii (Ahmad et al. 2012). Furthermore, a recombinant PTox from rice fused to the 

maltose-binding protein (MBP-PTOX) has been demonstrated to form a homo-tetramer 
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containing two non-haem irons per monomer (Yu et al. 2014) consistent with the motifs 

present in the crystal structure obtained for the mitochondrial AOX (Shiba et al. 2013).  Fu et 

al. (2009), determining the functional significance of further amino acid residues highly 

conserved between AOX and PTox, assessed using a mutagenesis approach, identified five 

additional sites (Leu-135, His-151, Tyr-212, Tyr-234, and Asp-295) essential for the in 

vitro and/or in planta PTox activity, residing in the regions of the mitochondrial alternative 

oxidase important for catalysis and substrate binding. Tyr-212, hypothesized to be involved 

in substrate binding in PTox corresponds to a short fifth alpha helix anchoring the enzyme to 

the thylakoid membrane. The fact that only a few amino acids of the proposed quinone-

binding site in AOX are conserved in PTox suggests flexibility between the substrate binding 

sites (Fu et al. 2009). Indeed, an in vitro PTox activity assay following the heterologous 

expression of the protein in Escherichia coli, revealed a cyanide-resistant O2 consumption 

and high substrate specificity, with the enzyme catalysing almost exclusively the oxidation of 

plastoquinone and neither ubiquinone, duroquinone, nor benzoquinone being able to 

substitute for PQ. At the same time, enzymatic activity of PTox is sensitive to well-known 

inhibitors of the mitochondrial AOX, such as n-octyl gallate or n-propyl gallate. Moreover, 

iron has been shown to be essential for the catalytic function of PTox and cannot be 

substituted by Cu2+, Zn2+, or Mn2+ (Josse et al. 2003).  

Role of PTox in leaf development. 

The variegated phenotype seen in the immutans and ghost mutants is thought to arise due 

to PTox playing critical role in the carotenoid biosynthesis in greening tissues (Barr et al. 

2004; Carol et al. 1999; Wu et al. 1999). These phenotypes are characterized by leaves 

consisting of green and white sectors, with the former containing the morphologically 
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normal and fully functional chloroplasts and the chloroplasts in the latter lacking pigments 

and organized lamellar structures. Furthermore, the bleached leaf sectors accumulate large 

amounts of the colourless carotenoid precursor phytoene (Carol et al. 1999). In addition to 

bleached leaves, PTox deficiency in the tomato ghost mutant leads to abnormally coloured 

flowers and fruit (Aluru and Rodermel 2004; Barr et al. 2004).  

Carotenoid synthesis in plastids involves the enzymes phytoene desaturase and -carotene 

desaturase, successively catalysing the conversion of the colourless phytoene to -carotene 

and then to lycopene, which is found abundantly in tomatoes and other red fruit and 

vegetables. Lycopene is also the precursor of the various carotenoids, such as β-carotene 

and xanthophylls, which play essential light harvesting and antioxidant roles in plants. The 

catalytic activity of both enzymes in the chloroplast requires oxidised PQ, which is reduced 

to form plastoquinol (PQH2). In mature chloroplasts, PQH2 can be reoxidised by cyt b6f 

complex, however in cells without mature chloroplasts (early in leaf development), PTox 

replaces this activity reoxidising PQH2 using O2 as an electron acceptor (Aluru and Rodermel 

2004; Carol and Kuntz 2001; Josse et al. 2000; See Fig. 1). Carotenoids, in addition to their 

light harvesting function, play an essential role as photoprotective components of the 

photosynthetic apparatus, protecting against photooxidation. Therefore, the phenotypes 

observed in the absence of the PTox activity are explained by an inability to reoxidise PQH2 

formed during the synthesis of carotenoids, leading to impaired carotenoid production and 

photobleaching of greening tissues early in development.  The white sectors arise from 

irreversible photooxidative damage at an early stage of chloroplast formation with 

individual cells losing the ability to form green chloroplasts (Carol et al. 1999).  
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In addition to a specific role in carotenoid synthesis, PTox is suggested to be critical for 

wider chloroplast biogenesis, with its activity modulating the redox poise of the developing 

photosynthetic apparatus and being essential for proper assembly of the organized 

thylakoid membrane structures in chloroplasts when exposed to high light during early 

development (Aluru et al. 2006; Foudree et al. 2012; Rosso et al. 2009). It is hypothesised 

that developing plastids have a threshold for tolerating excitation pressure. Gene 

inactivation in the immutans and ghost mutants negatively impacts photoprotection of the 

nascent organelle, by removing an electron sink downstream of the PQ pool. This results in 

photooxidative stress when excess excitation exceeds the capacity of an immature 

photosynthetic apparatus, so preventing the proper maturation of the developing 

chloroplasts (Foudree et al. 2012; Shahbazi et al. 2007).  Evidence that PTox functions in 

chloroplast development through preventing photooxidative damage, rather than being 

directly essential for normal biosynthetic reactions, comes from the observation that leaves 

of immutans developing under very low light can green normally (Aluru et al. 2001). 

 

Role of PTox in a chloroplast-localised respiration pathway (chlororespiration). 

The concept that chloroplasts are capable of light-independent electron transport, 

potentially allowing them to generate a pH and synthesise ATP in the dark, first arose from 

observations on algae (Bennoun 1982; Goedheer 1963), but the observation that the 

chloroplast genome encodes polypeptides showing homology with the mitochondrial 

complex I, NADH oxidase (NDH; Burrows et al. 1998) provided clear evidence for the 

machinery needed for this pathway (see Peltier and Cournac 2002 for a review).  Combined 

with NDH, the presence of PTox gives a viable functioning chlororespiratory pathway (Aluru 
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et al. 2006; Cournac et al. 2002; Peltier and Cournac 2002). For the purposes of this 

discussion, we regard chlororespiration as a linear electron flow from NADPH to oxygen, not 

involving any directly light-requiring reactions. 

Evidence for a functional oxygen reducing chlororespiratory pathway has come from 

experiments with cells of Chlamydomonas reinhardtii lacking PSI, where chlororespiratory 

O2 uptake was proposed to be due to a homolog of PTox (Cournac et al. 2000; See Fig. 1). 

However, it should be noted that Chlamydomonas chloroplast bears key differences to 

higher plant chloroplasts, including having a different thylakoid structure, with fewer grana, 

a different type of NDH complex to higher plants (Jans et al. 2008) and two homologues of 

PTox (Houille-Vernes et al. 2011) The homology of PTox to mitochondrial AOX and its 

functioning as a plastoquinol oxidase suggested that it might be involved in keeping the 

plastoquinone pool oxidised in the dark, to prevent the unnecessary activation of the 

photosynthesis regulatory mechanisms influencing the function of the photosynthetic 

apparatus in the light in response to PQ over-reduction.  Overexpression of Arabidopsis 

PTox in tobacco and the inhibitory effect of n-propyl gallate, an inhibitor of AOX, were used 

to show that PTox facilitates the re-oxidation of PQ in dark in higher plants (Joët et al. 2002). 

Consistent with the role of PTox in chlororespiration, a tobacco mutant lacking PSII showed 

a 10-fold increased stoichiometry of both PTox and the NDH complex relative to total leaf 

protein (Baena-González et al. 2003). The chlororespiratory activity of NDH and PTox have 

been shown to be stimulated in thylakoids, by heat and high light-treated oat plants (Quiles 

2006), suggesting that chlororespiration may be physiologically important under stress 

conditions. In contrast, PSI-deficient mutants of Arabidopsis thaliana demonstrated a low 

chlororespiratory capability and were unable to avoid over-reduction of the PQ pool 

(Haldrup et al. 2003). Furthermore, the results of a study on the effect of the low 
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temperature stress and high illumination in tropical plant Spathiphyllum wallisii indicated 

that the contribution of chlororespiration to photosynthetic electron flow is not relevant 

when the whole plant is chilled and another pathway, such as cyclic electron flow involving 

PGR5 polypeptide, may be more important. In contrast, in plants with only the stem being 

chilled and with PSII activity being strongly inhibited, chlororespiration, in combination with 

other pathways of the electron transfer, is probably essential (Segura and Quiles 2015).  

Although the precise role of chlororespiration remains obscure, it has suggested to function 

in regulating cyclic electron flow around PSI, with PTox activity, rather than directly 

compensating for an over-reduced PQ, being regarded a fine-tuning device, playing a role in 

modulating the transition from linear (LEF) to cyclic electron flow (CEF) and regulating the 

relative efficiency of LEF and CEF in plants (Rumeau et al. 2007; Trouillard et al. 2012). 

 

PTox as a safety valve for electron transport 

In addition to playing roles in early chloroplast development and possibly in 

chlororespiration, it has been suggested that PTox has the potential to act as a sink for 

electron transport, preventing photooxidative damage under stress conditions (Shahbazi et 

al. 2007). Although PTox is typically a minor component of the thylakoid membrane, with 

potential consumption of the total photosynthetic saturated electron transport 

consequently being thought to be very low, PTox can be induced under certain conditions, 

for example in tobacco antisense plants lacking catalase and ascorbate peroxidase (Rizhsky 

et al. 2002).  However, in these studies, no evidence for a substantial flux to PTox was 

presented.   
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If PTox were acting as an important sink for electron transport from PSII, we would expect 

to be able to measure oxygen-sensitive flux through PSII, using chlorophyll fluorescence.  

This flux would need however to be distinguished from flux through other oxygen sensitive 

reactions, notably the reduction of O2 by PSI in the Mehler reaction (Mehler 1951) and 

photorespiratory flux through Rubisco (Eckardt 2005).  Photorespiration can be suppressed 

using high concentrations of CO2, and under such conditions, Clarke and Johnson (2001) 

observed a significant O2 sensitivity of PSII electron transport in barley, increasing at high 

temperature, but no sensitivity of PSI.  This was explained as being due to an increase in 

cyclic electron flow, but is consistent with a possible PTox activity.  Evidence for an 

alternative oxidase-like activity was provided in leaves of the Antarctic grass Deschampsia 

antarctica, although no biochemical evidence for PTox was found (Perez-Torres et al. 2007). 

Streb et al. (2005) measured significant levels of PTox protein and presented indirect 

evidence for its activity in the high montane plant Ranunculus glacialis when acclimated to 

low temperature. More recent studies on this alpine species, with the electron flow to CO2 

assimilation, photorespiration and the Mehler reaction being blocked by inhibitor treatment 

and modulated growth conditions being applied, showed that leaves exposed to the full sun 

light, in contrast to shade-leaves, possessed markedly higher PTox content and were able to 

maintain higher electron flow and PQ oxidation (Laureau et al. 2013). The results suggest 

that PTox can act as a safety valve in R. glacialis under conditions where incident photon 

flux density (PFD) exceeds the growth PFD and under conditions where the plastoquinone 

pool is highly reduced.  

Further evidence for PTox functioning as a sink for electron transport from PSII was 

generated from studies on the closely-related plant species differing in the level of stress 
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tolerance. A study comparing acclimation to high irradiance and temperature in Brassica 

fruticulosa, a species from south-east Spain adapted to both heat and high light intensity in 

its natural habitat, with the widely cultivated agricultural species Brassica oleracea, revealed 

higher stress-induced expression of both NDH and PTox protein (Diaz et al. 2007).  In vitro 

assays of the activity of both proteins was presented, however evidence for significant flux 

from PSII under steady state conditions was not provided.   

In another study on members of the Brassicacae, we investigated the effects of salt stress 

on the regulation of photosynthesis in Arabidopsis thaliana and a salt-tolerant close relative 

Eutrema salsuginea (previously Thellungialla salsuginea or T. halophila, referred to here as 

‘Thellungiella’).  We observed in the latter a strong, salt induced up-regulation of PTox 

protein which correlated with the induction of a substantial oxygen sensitivity of PSII 

electron transport, not accompanied by sensitivity of PSI (Stepien and Johnson 2009).  

Furthermore, we showed that electron transport became sensitive to the PTox inhibitor n-

propyl gallate, whilst the O2 sensitive portion of electron transport was shown to be 

insensitive to the cyt b6f inhibitor DNP-INT.  By contrast, PTox expression in Arabidopsis was 

found to be insensitive to salt treatment and we found no evidence that it contributed to 

electron flux under steady state conditions.  Our data indicate that, in Thellungiella, PTox is 

able to support a rate of electron transport totalling up to 30% of total PSII flux, 

representing an important flux capable of preventing over-reduction of PSII under stress 

(Fig. 1).  

Increased PTox level was also observed in Lodgepole pine (Pinus contorta L.) when 

acclimated to winter cold (Savitch et al. 2010). Based on the correlation between the 

stimulation of PTox accumulation and the functional data from estimation of the absorbed 
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energy partitioning to various non-photochemical and photochemical pathways, it was 

suggested that PTox-mediated electron transport to oxygen is involved in the regulation of 

energy quenching and may play a significant role as an alternative electron sink. Shirao et al. 

(2013) noted, in a survey of different plants species, that electron flow to oxygen tends to 

be greater in gymnosperms than in angiosperms, though they were not able to show that 

this is specifically associated with PTox.  

In conclusion, there is clear evidence that PTox  does play a role as a significant sink for 

electron transport in some species under some conditions.  Where this occurs, there is 

evidence that it can contribute to mitigating against reduction of the PQ pool, so potentially 

helping to protect PSII from light-induced oxidative damage. 

 

Engineering PTox as a means to increase stress tolerance 

The need to ensure on-going food security in the face of changing climates is widely 

recognised as a major concern. If we were able to transfer the characteristics as PTox 

activity to crop species, it might be possible to significantly increase abiotic stress tolerance. 

PTox protein has been over-expressed in various systems (Cournac et al. 2002; Joët et al. 

2002; Rosso et al. 2006), however, whilst these studies have presented evidence for a low 

level of activity, there has been no indication for a substantial flow of electrons from PSII to 

oxygen under steady state photosynthesis, such as seen in Thellungiella and P. contorta. 

Rosso and co-workers (2006) who examined plants of Arabidopsis overexpressing native 

PTox with up to 16x wild type levels, failed to find evidence either that this acts as a 

significant sink for electrons or that it protects plants from high light stress. Importantly 

however, it was not demonstrated that the overexpressed PTox was catalytically active.  
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Joët et al. (2002) examined the effect of Arabidopsis PTox being overexpressed in tobacco 

leaves and were able to detect activity; however, no data were presented to indicate that 

PTox significantly affected steady-state electron transport. Other studies have found 

evidence for PTox acting as an electron sink, however this has only been under non 

equilibrium conditions and the estimated flux has always been very low (Cournac et al. 

2002).  These data suggest that PTox over-expression cannot be simply used to increase 

crop stress tolerance.  Worse, studies have demonstrated that, not only is the additional 

PTox failing to protect against stress, it is in fact increasing the production of ROS, acting as 

a pro-oxidant (Heyno et al. 2009).  

When Ptox was overexpressed in tobacco, lines showed an increased susceptibility to 

photoinhibition compared to the wild-type under high light conditions (Heyno et al. 2009). 

In contrast, the high level of PTox was able to protect against photoinhibition at low light. At 

the same time, the production of superoxide and hydroxyl radicals resolved by EPR spin-

trapping techniques was shown to be stimulated in the PTox overexpressor. It was proposed 

that ROS are produced by PTox during the reduction of O2 to H2O in a side reaction, either 

by the peroxide intermediates formation or by formation of various iron species (i.e. diferryl 

centre, divalent ferric-ferryl or differic iron site) together with a protein-derived radical. 

Furthermore, it was suggested that PTox can act as a safety valve under stress conditions 

only when tightly coupled with an efficient antioxidant system, detoxifying reactive oxygen 

species. Consistent with this idea, isolated thylakoids of Thellungiella expressing PTox have 

been reported to exhibit high levels of H2O2 production (Wiciarz et al. 2015).  However, the 

possibility that overexpressed protein is either not correctly assembled or not well 

integrated into the thylakoid membrane thus resulting in increased ROS generation was not 

completely ruled out (Heyno et al. 2009). 
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Further insight into equilibrium between the possible photoprotective and pro-oxidant PTox 

activities was provided from new in vitro studies. Biochemical analysis of PTox has been 

recently performed with the liposome-reconstituted PTox protein allowing investigation 

without any interference from the respiratory redox chain and using only a minimum of 

components, including purified peptide and quinone in free form or embedded into 

liposomal membranes (Yu et al. 2014). Recombinant PTox from rice fused to the maltose-

binding protein (MBP-PTOX) used in this study demonstrated high activity catalysing the 

complete O2 reduction to water over a wide range of decyl-plastoquinol (DPQH2) 

concentrations. The PTox-mediated generation of reactive oxygen species in the liposome 

model applied was shown to be [DPQH2]- and pH-dependent. At saturating substrate 

concentrations, PTox formed ROS at pH 8.0. In contrast, at a more acidic pH 6, PTox 

protected against photooxidation (Yu et al. 2014).  

The same MBP-PTOX peptide was subsequently studied in the photosystem II-enriched 

membranes containing the plastoquinone (PQ) pool to analyse PTox activity in 

photosynthetic electron transport (Feilke et al. 2014). The recombinant protein attached 

tightly to the thylakoid membrane fragments containing PSII and no PSI, resulting in an 

efficient PTox-mediated electron transfer from water at the donor side of PSII to oxygen. 

Thus PTox contributed to keeping the photosynthetic electron transport chain more 

oxidized; however, this was only observed at low light intensities indicating that PTox is not 

able to compete efficiently with the reduction of the PQ pool by PSII at higher light. Using 

this approach, Feilke and co-workers (2014) also confirmed that PTox generates ROS in side 

reaction under conditions when the availability of the substrate is limited. In addition, the 

authors proposed PTox as a potential actor with the possible role in the chloroplast 



21 
 

retrograde signalling pathways, since both the redox state of the PQ pool and ROS may act 

as signals in process of acclimation (Pfannschmidt et al. 2009; Suzuki et al. 2012). 

Known Unknowns in PTox research. 

Biochemically, we know that PTox has the potential to act as a sink for electrons coming 

from PSII into the PQ pool (Feilke et al. 2014).  Based on studies of certain extremophile 

plants, there is strong evidence that PTox is in fact used in this way in some species (Stepien 

and Johnson 2009; Streb et al. 2005).  However, our attempts at overexpressing PTox to 

induce a substantive electron sink, indeed, there is evidence that the overexpressed protein 

acts as a pro-oxidant when present at high concentrations (Heyno et al. 2009; Rosso et al. 

2006).  Such observations have lead some authors to suggest that PTox is unable to act as a 

significant electron sink.  So, we can conclude that, whilst PTox offers potential as a route 

for increasing stress tolerance in sensitive plants, our current ability to induce activity is 

insufficient to achieve this.  This probably reflects our incomplete understanding of PTox 

function.  To conclude this review, we attempt to identify possible barriers to producing 

plants with activity of PTox as an efficient electron sink from PSII. 

If PTox is to play a photoprotective role, it needs to be able to accept electrons from 

reduced plastoquinone.  This is primarily produced by PSII.  PSII is partitioned into the 

appressed regions of the thylakoid membranes (Anderson and Andersson 1988; Pribil et al. 

2014).  Work examining the diffusion of plastoquinone in this membrane has shown that 

this is highly restricted (Kirchhoff et al. 2002; Tremmel et al. 2003).  Therefore, to have a 

significant activity as a direct PSII acceptor, PTox would need to be localised in the thylakoid 

grana, in the closely appressed regions of the membrane.  Models of PTox structure and 

studies on its localisation suggest that it is localised on the stromal face of the thylakoid 



22 
 

membrane, in the non-appressed stromal lamellae (Lennon et al. 2003).  How therefore can 

electrons get from PSII to PTox? 

One suggestion would be that the current information about the localisation of PTox is 

incorrect or incomplete – the protein is not localised in the stromal lamellae but is closer to 

PSII, either co-localised with PSI in the grana margins or indeed in the appressed 

membranes (Fig. 1).  Differences might occur in the localisation between species, due to 

differences in the sequence of the PTox however, the Thellungiella and Arabidopsis 

sequences show a high degree of homology, with no obvious differences that may give rise 

to alternate targeting.   

Estimates of the normal spacing between appressed membrane suggest that there is a very 

close association between membrane faces, possibly <3nm (Hinshaw and Miller 1989).  

Penetration of this protein into the appressed faces of the grana would require a significant 

disturbance of this structure and is unlikely to occur spontaneously.  Therefore it is likely 

that, if this localisation is occurring in plants which show significant PSII > Ptox electron 

transport, there are cofactors required.  It is possible therefore that correct targeting of 

PTox requires the expression of additional proteins, required either to catalyse post-

translational modifications (e.g phosphorylation or reduction of disulphide bridges) or to act 

as chaperones or otherwise mediate targeting. 

Although initial studies showed that PTox is tightly bound to the thylakoid membrane 

(Lennon et al. 2003), recent work by Feilke and colleagues (Feilke et al. 2015; Feilke et al. 

2014) has provided clear evidence  that the binding of PTox to the thylakoid membrane is a 

more dynamic process, with pH being a key factor controlling the association of 

Chlamydomonas reinhardtii PTOX1 with the thylakoid, when expressed in tobacco.  This 
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difference in apparent behaviour may reflect differences in the proteins from 

Chlamydomonas and tobacco, or may reflect differences in the experimental conditions 

used between the studies.  Generation of a pH results in swelling of thylakoids which may 

perturb the structure of the thylakoid stacks, potentially making these more accessible to 

PTox.  The binding in response to alkaline pH is consistent with an activation of PTox under 

conditions where high light gives rise to a pH gradient across the thylakoid membrane.  Our 

previous work (Stepien and Johnson 2009) indicated that PTox activity is only prominent 

under conditions where linear electron transport, via PSI, is saturated.  This could be 

explained by a pH-dependent activation step.  On the other hand, we were able to observe 

PTox activity in the presence of an inhibitor of the cyt b6f complex, even though this 

effectively inhibits the generation of a pH.   

Migration of PTox from the grana to the stroma will be difficult due the appression of 

membrane surfaces.  Alternatively, if PTox were in the lumen, migration to the thylakoid 

stacks would be facilitated (Fig. 1).  However, there are no known lumen targeting motifs in 

the PTox sequence and published experimental supports a stromal localisation (Lennon et 

al. 2003). 

Given the above discussion, it seems that heterologous expression of a significant direct PSII 

> PTox electron transport in crop plants will require a better understanding of the targeting 

of PTox.  The alternative possible pathway, which might function in stress tolerant plants, 

involves chlororespiration (Diaz et al. 2007; See Fig. 1).  Under conditions where reducing 

power is being produced in excess by linear electron transport, there is a potential for this 

to be oxidised by the thylakoid NDH complex, with PQH2 being produced and then 

reoxidised by PTox, in competition with cyt b6f, all within the stromal lamellae.  This 
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pathway would involve activity of both PSI and PSII, which speaks against this being the 

pathway occurring in, for example, Thellungiella.  Nevertheless, if it were possible to 

engineer the up-regulation of both NDH and PTox in a plant, it may be possible to induce a 

pathway with the potential to function in photoprotection. 

Conclusion 

In conclusion, we suggest that although PTox is a strong candidate for manipulation to 

improve stress tolerance in sensitive plants, our understanding of the functioning of this 

protein remains a barrier to achieving this.  Simple approaches, involving the over-

expression of a single PTox gene are not adequate.  Other factors are clearly required to 

transfer this activity to new species.  Over the relatively short time period since this protein 

was first described, we have obtained a significant understanding of PTox structure and 

function and our understanding of its regulation and targeting is starting to make significant 

progress, such that we can be optimistic that an understanding of additional factors will 

soon be achieved. 
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Figure legend 

Figure 1: Summary of possible pathways involving Plastid Terminal Oxidase (PTox).  PTox is 

thought to act as a plastoquinol (PQH2) oxidase, reoxidising plastoquinone reduced during 

carotenoid biosynthesis early in chloroplast development (A).  Failure of this pathway gives 

rise to variegated leaves (IMMUTANS of ghost phenotype).  Flow of electrons from PSI to 

the NAD dehydrogenase-like complex NDH, via ferredoxin (Fd) and then onto 

plastoquinone, which is then oxidised by PTox, results in a “chlororespiration” pathway (B), 

which may operate under non photosynthetic conditions but has the potential also to act as 

a sink for excess reductant from Photosystem (PS)I.  PTox may also act as an electron 

acceptor from PSII, with PTox either penetrating the appressed membranes in the grana 

stacks (C) or conceivably being transferred to the thylakoid lumen (D).  Activity of the PTox 

may be regulated via the reversible binding of PTox to the membrane (E) or migration of 

PTox within the membrane, mediated by unknown co-factors or post translational 

modifications. 
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