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Abstract 

 

Atmospheric [CO2] has increased substantially in recent decades and will continue to do so, 

whereas the availability of phosphorus (P) is limited and unlikely to increase in the future. P 

is a non-renewable resource, and it is essential to every form of life. P is a key plant nutrient 

controlling the responsiveness of photosynthesis to [CO2]. Increases in [CO2] typically 

results in increased biomass through stimulation of net photosynthesis, and hence enhance 

the demand for P uptake. However, most soils contain low concentrations of available P. 

Therefore, low P is one of the major growth-limiting factors for plants in many agricultural 

and natural ecosystems. The adaptive responses of plants to [CO2] and P availability 

encompass alterations at morphological, physiological, biochemical and molecular levels. In 

general low P reduces growth, whereas high [CO2] enhances it particularly in C3 plants. 

Photosynthetic capacity is often enhanced under high [CO2] with sufficient P supply 

through modulation of enzyme activities involved in carbon fixation such as ribulose-1,5-

bisphosphate carboxylase/oxygenase (Rubisco). However, high [CO2] with low P 

availability results in enhanced dry matter partitioning toward roots. Alterations in below-

ground processes including root morphology, exudation and mycorrhizal association are 

influenced by [CO2] and P availability. Under high P availability, elevated [CO2] improves 

the uptake of P from soil. In contrast, under low P availability, high [CO2] mainly improves 

the efficiency with which plants produce biomass per unit P.  At molecular level, the spatio-

temporal regulation of genes involved in plant adaptation to low P and high [CO2] has been 

studied individually in various plant species. Genome-wide expression profiling of high 

[CO2] grown plants revealed hormonal regulation of biomass accumulation through 

complex transcriptional networks. Similarly, differential transcriptional regulatory networks 

are involved in P-limitation responses in plants. Analysis of expression patterns of some 

typical P-limitation induced genes under high [CO2] suggests that long-term exposure of 
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plants to high [CO2] would have a tendency to stimulate similar transcriptional responses as 

observed under P-limitation. However, studies on the combined effect of high [CO2] and 

low P on gene expression are scarce. Such studies would provide insights into the 

development of P efficient crops in the context of anticipated increases in atmospheric 

[CO2]. 

 

Key words: Elevated CO2, Growth, Mycorrhiza, Phosphorus limitation, Photosynthesis, 

Root morphology, Root exudation, Transcriptional regulation 

 

Abbreviations: AM, arbuscular mycorrhiza;  Amax, maximum rate of photosynthesis; 

APase, acid phosphatase; [CO2], carbon dioxide concentration; EMH, external mycorrhizal 

hyphal density; FACE, free air CO2 enrichment; OTC, open top chambers; P, phosphorus; 

Pi, inorganic phosphate; PEPCase, phosphoenol pyruvate carboxylase; rbcS, Rubisco small 

subunit; RuBP, ribulose 1,5-bisphosphate; Rubisco, ribulose-1,5-bisphosphate 

carboxylase/oxygenase 
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Introduction 

 

Atmospheric concentrations of carbon dioxide [CO2] have increased dramatically 

from approximately 280 ppm in pre-industrial times to 400 ppm (IPCC, 2013), and will 

continue to rise due to burning of fossil fuels and changing land-use patterns. It is projected 

that by the middle of this century, [CO2] would surpass 550 ppm (Meehl et al., 2006). Many 

experiments have been carried out to study the responses of plants to high [CO2] at various 

levels ranging from the ecosystem to the genome (e.g. Ainsworth and Long 2005; Luo et al., 

2006; Teng et al., 2006; Niu et al., 2011; Dieleman et al., 2012; AbdElgawad et al., 2014; 

Zinta et al., 2014). Such studies revealed that elevated [CO2] increases plant growth and 

crop yield by the stimulation of carboxylation and suppression of oxygenation activity of 

ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) particularly in C3 plants, 

whereas the effects are marginal in C4 plants because Rubisco is already saturated at 

ambient [CO2] (reviewed by Bowes 1991; Ghannoum et al., 2003; Feng et al., 2014). 

However, over longer periods of exposure to high [CO2], the growth responses of plants 

depend on water and nutrient availability (Ceulemans and Mousseau 1994; Oren et al., 

2001; Li et al., 2007; Norby et al., 2010). The acquisition of mineral nutrients by roots and 

root symbionts depends primarily on the carbohydrate status of the plant as a whole. The 

process of root initiation, growth and maintenance and nutrient uptake require a supply of 

fixed carbon. It is estimated that 10 to 50% of assimilated carbon is respired by the roots, 

with greater fractions being respired during nutrient shortage (Werf and Nagel, 1996). Vicca 

et al. (2012) estimated that nutrient-limited forests allocate 20% more of their annual 

photosynthates to root symbionts than fertile forests possibly favouring the efficient 

acquisition and uptake of nutrients. Other studies have shown that plant growth rates under 

sub-optimal nutrient supply are usually enhanced by high [CO2] during early growth stages 

(Pal et al., 2005; Pandey et al., 2015), but these enhanced growth rates cannot be sustained 
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in the long-term unless sufficient nutrients are provided (Drake et al., 1997; Kirschbaum, 

2011). Consequently, nutrient availability is clearly a key determinant of plant responses to 

high [CO2], yet many issues remain unresolved. 

Among mineral nutrients, P is expected to become limited in both natural and 

agricultural ecosystems (Peñuelas et al., 2013; Obersteiner et al., 2013). P directly controls 

the responsiveness of photosynthesis to [CO2], plays a vital role in the formation of high 

energy bonds and membrane phospholipids, and is an integral component of several 

metabolic reactions and signal transduction pathways (Duff et al., 1989). Availability of soil 

P to plants is often limited due to its strong bonding in insoluble forms. In response to 

persistent P deficiency, many plants develop potential adaptive mechanisms at 

morphological, physiological, biochemical and molecular levels to overcome P deficiency 

(reviewed by Lopez-Arredondo et al., 2014). Such adaptive mechanisms include changes in 

root architecture (Bates and Lynch, 2000), enhanced secretion of organic acids (Singh and 

Pandey, 2003; Pandey et al., 2013), and increased activity of acid phosphatases (Qiu et al., 

2014), ribonucleases (RNase) (Duff et al., 1994), inorganic phosphate (Pi) transporters and 

phosphoenolpyruvate carboxylases (PEPCase) (Raghothama, 1999). This complex network 

of mechanisms enhances P uptake in plants under P-limitation. Besides, elevated [CO2] has 

been reported to enhance P uptake in plants (Cure et al., 1998; Niu et al., 2013; Pandey et 

al., 2015). Because the carbon status of plants determines their potential investment in P 

acquisition, and P status influences plant photosynthesis and growth rate, a multitude of 

interactions exist between the cycles of these elements. Studying these interactions is 

important as, globally, plants are increasingly exposed to high [CO2] and, in many areas, 

also to decreasing P availability (Peñuelas et al., 2013). In this review, an overview of the 

interactive effects of high [CO2] and P is presented at physiological, biochemical and 

molecular levels.  
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1. P limitation effects on plants 

 

Phosphorus is an essential macronutrient often limiting plant growth (Peñuelas et al., 

2013). In Africa, imbalanced P nutrition has been found to already limit the food production 

by 10%, with further reductions up to 40% projected by the end of this century in response 

to the declining soil P stocks (Velde et al., 2014). Reduced photosynthesis is a likely 

mechanism that may contribute to the reduced growth and yields under P limitation. 

Reductions in photosynthetic efficiency under P stress have been reported in various crops 

such as barley and spinach (Foyer and Spencer, 1986), soybean (Lauer et al., 1989), maize 

(Usuda, 1995), wheat (Rodríguez et al., 1998), pigeon pea (Fujita et al., 2004) and rice 

(Wissuwa et al., 2005). 

During metabolic reactions, large amounts of phosphate (Pi) are regenerated and re-

translocated to the stroma within the chloroplast as demonstrated in Fig. 1 A. This maintains 

Pi homeostasis during carbon fixation via Calvin cycle, as one molecule of Pi is required for 

every three molecules of CO2 fixed in the form of triose phosphate (Stitt and Quick, 1989). 

Several enzymes of ‘bypass’ reactions are up-regulated under severe P limitation (Palma et 

al., 2000). These P limitation-induced ‘bypass’ reactions help in maintaining glycolytic flux 

and vacuolar pH when the cytosolic levels of adenylates and Pi are very low. These 

reactions conserve ATP and recycle Pi, and help plants to survive under P stress by 

circumventing ATP-limited reactions. Lower cytosolic Pi concentration also negatively 

affects the Calvin cycle, either by altering the levels of phosphorylated intermediates (Duff 

et al., 1989) or by modulating the activity of enzymes involved in photosynthesis 

(Theodorou et al., 1992; Theodorou and Plaxton, 1996; Palma et al., 2000).  

Leaf Pi concentration affects biomass production through altering photosynthetic 

rates (Fig. 1 B). However, contrasting views exist on the impact of altered photosynthetic 

efficiency on biomass accumulation under P deficiency. Low biomass accumulation under P 
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stress may be due to either reduced photosynthesis (source limitation) (Wissuwa et al., 

2005) or accumulation of assimilates that cannot be utilized for growth (sink limitation) 

(Fredeen et al., 1989). Plénet et al. (2000) confirmed that the growth reduction in maize 

under P deficiency occurred before the decline in photosynthesis, suggesting that low P 

availability has a direct effect on growth through sink limitation. Other experimental 

evidence also suggests that leaf growth of P-deficient plants was not limited by 

carbohydrate supply to growing tissues (Fredeen et al., 1989; Rodrı́guez et al., 2000). 

However, source limitation of growth may not only occur through reduced photosynthesis; 

plant growth may also be reduced under low P availability because of increased assimilate 

as well as energy investment in P acquisition systems, thereby imposing a source limitation 

on plant growth. For example, increased production and exudation of organic acids and 

increased carbon allocation to mycorrhizal symbionts are well-known plant responses to P 

limitation (Neumann and Romheld, 1999; Pandey et al., 2005a; Pearse et al., 2006; Pandey 

et al., 2013; Pandey et al., 2014) that may reduce plant growth even at constant 

photosynthesis (as summarised in Fig. 1 B).  

Limited P supply not only leads to shifts in metabolism and physiology, but it also 

induces morphological changes in plants. For instance, limited P supply inhibits leaf growth 

which consequently results in overall plant growth reduction (Fredeen et al., 1989; Jeschke 

et al., 1996; Nielsen et al., 1998; Rodríguez et al., 1998; Mollier and Pellerin 1999; Chiera 

et al., 2002). These reductions are the consequence of lower rates of leaf initiation, less 

dividing cells, as well as reduced leaf expansion (Rodríguez et al., 1998; Rodrı́guez et al., 

2000; Plénet et al., 2000; Chiera et al., 2002; Assuero et al., 2004) (Fig. 1 B). Secondary 

responses to P stress include change in the hydraulic conductivity of roots, and the resulting 

lower water potential may be a major reason for the reduced cell expansion in leaves (Radin 

and Eidenbock, 1984). Other possible reasons for the P limitation-induced growth inhibition 

could be lower cytokinin contents or decreased cell wall elasticity (Ei-D et al., 1979; 
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Horgan and Wareing, 1980). These results indicate that P play a key role in the regulation of 

morphogenetic and leaf expansion processes. 

Finally, one of the prominent effects of P limitation is that it favours root growth 

more than shoot growth. Increasing root-shoot ratio and enhancing the total root surface 

area favours thorough soil exploration and subsequent P capture. The organic and insoluble 

P forms present in the soil is converted to soluble by phosphatase enzyme or organic acids 

respectively exuded into the rhizosphere which is then taken up by Pi transporters (Fig. 2 

A). Modification of root system architecture under P limitation, as presented in Fig. 2 C, 

further enhances soil P uptake, for example, by increased growth of lateral roots and by 

stimulating secondary root branching at the expense of primary roots (Chevalier et al., 2003; 

Reymond et al., 2006; Péret et al., 2011). Also the development of ‘proteoid’ roots, special 

structures in certain plant families that release large amounts of organic acids, has been 

attributed to P-deficiency (Adams et al., 2002). Another adaptive strategy in response to P 

deficiency is increased root hair length and density, which increases total root surface area 

at minimal carbon cost to improve P uptake (Ma et al., 2001; Lynch and Brown, 2001; 

Gahoonia and Nielsen, 2003; Gahoonia and Nielsen, 2004). In comparison to the structural 

adaptations listed above, an even more carbon-efficient strategy to acquire higher amounts 

of P is to promote mycorrhizal symbioses (Pandey et al., 2005a). The role of mycorrhizae 

and plant growth promoting rhizobacteria in improving crop productivity under P limitation 

was reviewed by Nadeem et al. (2014) (Fig. 2 B). 

 

2. High [CO2] effects on plants 

 

Increases in [CO2] influence the overall growth, especially of C3 plants, mainly for 

two reasons. First, the present atmospheric [CO2] is not enough to saturate the primary 

carboxylation sites in Rubisco during photosynthesis, while high [CO2] increases the 
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velocity of carboxylation. Secondly, [CO2] competitively inhibits oxygenase reactions, 

thereby suppressing photorespiration (Laing et al., 1974; Jordan and Ogren, 1981). 

Consistently, leaf photosynthetic rates were increased under elevated [CO2] in various C3 

and C4 species, however, lesser stimulation was observed in C4 plants (Ainsworth and 

Rogers, 2007). This little benefit of high [CO2] in the photosynthesis of C4 plants could be 

inferred by the fact that C4 plants have less Rubisco protein relative to C3 plants (Wong 

1979; Schmitt and Edwards 1981; Ghannoum et al., 1997), and their photosynthesis is 

almost saturated under current atmospheric [CO2]. Similarly different functional groups 

respond differentially to high [CO2]. For instance, herbaceous dicots shows higher 

photosynthetic rate (31%) than monocots (12%) (Poorter and Navas, 2003). The influence 

of high [CO2] on other enzymes such as ADP-Glucose pyrophosphorylase, sucrose 

phosphate synthase, rubisco activase and PEPCase, in regulating carbon assimilation has 

also been studied. Increased activities of these enzymes resulted in higher levels of non-

structural carbohydrates including glucose, sucrose, fructose and starch (Makino and Mae, 

1999; Davey et al., 2006; Fukayama et al., 2009; Ribeiro et al., 2012; AbdElgawad et al., 

2014). The availability of additional photosynthates facilitates plants to grow faster under 

high [CO2]. The increased rate of leaf expansion results in higher leaf area, leaf area ratio, 

relative growth rate and specific leaf area (Uprety et al., 2002; Pandey et al., 2009). 

Faster growth necessitates increased uptake rates of water and nutrients explaining 

why elevated [CO2] typically stimulates below-ground growth. Increases in root biomass, 

volume, surface area, fine and extra fine roots and mycorrhizal colonization have been 

reported in several plant species at high [CO2] (Ceulemans et al., 1999; Pandey et al., 2009; 

Reddy et al., 2010). Meta-analysis on mycorrhizal dynamics under nutrient fertilization 

showed increase in mycorrhizal abundance by 47% under high [CO2] (Treseder, 2004). A 

general perception is that high [CO2] would elicit a shift in carbon allocation in favour of 

below-ground organs and processes (reviewed by Madhu and Hatfield, 2013), thereby 
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increasing the root-to-shoot ratio (Ceulemans and Mousseau, 1994; Rogers et al., 1996; 

Pritchard et al., 1999; Rogers et al., 1999). However, some studies reported decreased root-

to-shoot ratio (Salsman et al.,1999; McMaster et al., 1999) in response to high [CO2] while 

others did not observe any significant effect (Mo et al., 1992; Ferris and Taylor, 1993; 

Chaudhuri et al.,1990; Obrist and Arnone, 2003).  

Increase in carbon allocation to below-ground growth would also enhance exudation 

of carbon-containing compounds in the rhizosphere. At molecular level, high [CO2] 

enhances the expression of genes encoding enzymes of tricarboxylic acid (TCA) cycle 

(Ainsworth et al., 2006), which may result in higher exudation rates of organic acids 

(Johnson et al., 1996). The root-to-shoot partitioning of carbon is hormonally regulated with 

abscisic acid (Salsman et al., 1999) and gibberellins playing an important role (Ribeiro et 

al., 2012). To get a mechanistic view on the role of hormones in controlling carbon 

allocation towards root growth, more detailed experiments are, however, needed.  

High [CO2] not only impacts plant growth through accelerated photosynthesis and 

altered carbon allocation, but also causes ultra-structural modifications (Hao et al., 2013). 

Maize leaves exposed to high [CO2] showed a reduction in the number of epidermal cells, 

whereas the stomatal index was increased (Driscoll et al., 2006). Increased lengths of 

stomata and guard cells were observed in rice plants grown at elevated [CO2] (Uprety et al., 

2002). Increases in the number of mitochondria per unit cell area and higher amounts of 

stroma thylakoid relative to grana membranes were found in the leaves of trees grown at 

high [CO2] (Griffin et al., 2001). These cellular and ultra-structural alterations in leaves 

reflect a major shift in plant metabolism and energy balance that might explain enhanced 

plant productivity in response to elevated atmospheric [CO2]. 

Besides influencing plant growth, high [CO2] is also found to mitigate the negative 

impact of various abiotic stresses (e.g. heat and drought), partly by up-regulating the 

antioxidant defence metabolism, as well as by reducing photorespiration thereby lowering 
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oxidative pressure (Farfan-Vignolo and Asard, 2012; Naudts et al., 2014; Zinta et al., 2014). 

Therefore, stress-mitigating effect of high [CO2] is likely to become increasingly relevant 

for plant growth in the face of global changes. 

 

3. Interactive effects of P and high [CO2] 

 

Rising atmospheric [CO2] is not paralleled by an increase in P inputs (Peñuelas et 

al., 2013). High [CO2] typically stimulates growth, whereas P limitation reduces plant 

productivity. Thus, the fertilizing effect of high [CO2] is strongly dependent on the 

availability of P to sustain the accelerated primary metabolic processes. This suggests that 

plants growing under high [CO2] would have enhanced P requirements, potentially 

aggravating P deficiency in already P-depleted plants (Kogawara et al., 2006). Therefore, 

the interactions between atmospheric [CO2] and P availability (and requirement) are crucial 

to comprehend the sensitivity of various plant species to nutrient management under current 

and future [CO2] environments. Here, we discuss the interactive effects of P and [CO2] on 

the above and below ground processes of plants. 

 

4.1 Photosynthetic responses to high [CO2] depend on P supply 

 

Phosphorous being a major constituent of nucleic acid (about 40-60% P in the cell), 

P deficiency affects RNA synthesis and protein synthesis, and thus inhibits metabolism 

including photosynthesis. Optimum photosynthesis requires 2.0-2.5 mM P is required in the 

chloroplast. Below this concentration, photosynthesis is totally inhibited (Marschner and 

Marschner, 2012). Phosphorus limitation inhibits photosynthesis due to reduction in 

carboxylation activity of Rubisco, regeneration of ribulose-1,5 bisphosphate (RuBP), and 

[CO2] diffusion across stomata and mesophyll (Jacob and Lawlor, 1991; Rodríguez et al., 
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1998; Fujita et al., 2004; Wissuwa et al., 2005; Singh et al., 2013). P limitation was also 

found to decrease the efficiency of energy transfer to the photosystem II (PSII) reaction 

centre and other chlorophyll fluorescence parameters (Singh and Reddy, 2014). The 

dependence of leaf photosynthetic rate to the leaf nitrogen is influenced by leaf P 

concentration. A cross biome analysis of 314 species revealed that leaf P limitation 

constrains the response of leaf photosynthetic rate to leaf nitrogen (Reich et al., 2009). As 

elevated CO2 is known to promote photosynthesis, at least in C3 plants, researchers have 

examined the ability of elevated CO2 to overcome the P limitation on photosynthesis in 

different plant species. In most cases, negative effects of P limitation on photosynthesis are 

often mitigated, to some extent, by high [CO2] (Imai and Nomura, 1992; Norisada et al., 

2006) due to elevated CO2-mediated reduction in the mesophyll and stomatal resistance to 

CO2 diffusion under P limitation as in case of cotton (Singh et al., 2013), and high [CO2]-

mediated enhancement in RuBP regeneration under P limitation as in case of white lupin 

(Campbell and Sage, 2006). Under conditions of low P supply, net photosynthesis/ 

photosynthetic capacity (Amax) is determined by the pool size of intermediary 

phosphorylated metabolites which again depends upon P availability. Thus, phosphorylation 

by ATP constitutes another important mechanism underlying the photosynthetic response 

under the combination of high [CO2] and P, because these energy-rich compounds modulate 

the activity of Rubisco. 

From the above discussion, it is evident that even under P limitation elevated CO2 

can enhance photosynthetic rate to some extent. However, the rate of enhancement of 

photosynthetic rate of plants under elevated CO2 depends upon P availability. Higher P 

supply under elevated [CO2] further enhances the photosynthetic rate (Duchein et al., 1993; 

Whitehead et al., 1997; Almeida et al., 1999). Thus, plants grown under high [CO2] require 

supra-optimal P levels than the plants grown under ambient [CO2]. In crops such as wheat, 

long-term exposure of plants to high [CO2] often leads to acclimation of photosynthesis i.e., 
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down-regulation of photosynthesis due to feedback inhibition (Drake et al., 1997; Chen et 

al., 2005; Pandurangam et al., 2006). Under these conditions, sufficient P supply may help 

regain the rate of photosynthesis due to increased Rubisco activation and RuBP regeneration 

(Brooks et al., 1988). High [CO2] increased the rate of photosynthesis in Trifolium 

subterraneum at higher P concentration (2.0 mM), whereas photosynthesis was inhibited 

when P supply was lower (Duchein et al., 1993). Similarly, high P level and high [CO2] 

stimulated photosynthesis in T. Repens under by 88% compared to the low P grown plants, 

where high [CO2] increased the rate of photosynthesis by 72% only (Almeida et al., 1999) 

(Table 1). The increased P demand of high [CO2] grown plants is, at least partly, because 

utilization of additional carbon assimilated at high [CO2] requires more energy and protein 

turnover.  

In summary, photosynthetic inhibition caused by limited P supply could be 

overcome by high [CO2] and photosynthetic down-regulation at high [CO2] could be 

reversed by increasing P supply. This could be due to the availability of sufficient P for 

supporting higher protein turnover and metabolic rates at elevated CO2, improvement in 

Rubisco activation, RuBP regeneration and overall energy requirement under the 

combination of high [CO2] and P. This implies that currently recommended P levels for 

different crops need to be reassessed. To harvest the benefit of elevated CO2, the P supply 

needs to be increased to enhance the yield and quality of crops in the future atmospheric 

conditions. 

 

4.2 Interactive effects of [CO2] and P supply on nutrient acquisition and use 

 

It is well known that nutrient availability controls plant growth and development. 

When mineral nutrients are scarce, plants either evolve strategies for improved nutrient 

acquisition from soil or utilize their internally available nutrients more efficiently. The 
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nutrient acquisition (uptake per unit root mass) and utilization (dry matter production per 

unit nutrient uptake) efficiencies of plants are therefore expected to be modified 

considerably under altered growth environments.  

High [CO2] and low P availability both stimulate root growth, and it is therefore, 

expected that their combination would lead to further enhancement of root growth traits 

(Fig. 2 C). However, there is sole report in L. albus, where high [CO2] and low P resulted in 

enhanced production of proteoid roots by four- to six-fold and an increase in the average 

length of lateral roots (Campbell and Sage, 2002) (Table 2). Most studies on plant species 

(including cotton, cereals, legumes such as Cicer arietinum, Pisum sativum and V. radiata) 

grown with or without P fertilization exhibited more variability in the response of root 

system to high [CO2], and did not show the expected enhancement of root growth (Prior et 

al., 2003; Jin et al., 2012; Pandey et al., 2015; Pandey, Unpublished). Therefore, interactive 

effects of [CO2] and P supply on root system remain inconclusive. 

 

4.2.1 High [CO2] enhances acid phosphatase activity under limited P supply 

 

Acid phosphatases (APases) are the enzymes responsible for hydrolyzing 

organically-bound P in the soil (Fig. 2 A). Secretion rates and activity of APases are 

generally increased under P stress conditions, however, reports on the effect of high [CO2] 

on root APases are limited. Additional carbon supply to the plants grown at high [CO2] is 

likely to provide energy and carbon necessary for increased synthesis of APase enzymes and 

their exudation by roots. High [CO2]-induced changes in APase activity are differentially 

regulated at various P levels (Fig. 2 C). For example, in wheat roots, increased APase 

activity at high [CO2] and P starvation was observed (Barrett et al., 1998; Milan and 

Pandey, Unpublished). Similarly, Arabidopsis plants supplied with low P under high [CO2] 

showed enhanced APase activity in both root and shoot, which was confirmed by increased 
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transcript levels of AtPAP2 (Niu et al., 2013). This enhanced AtPAP2 gene expression 

suggests that high [CO2] could elicit intracellular P remobilization during P deficiency. At 

molecular level, APase is transcriptionally regulated by internal Pi levels (Baldwin et al., 

2001). Therefore, increased APase activity at high [CO2] could be due to the reason that the 

plants growing under low P already have low tissue P concentration (Lefebvre et al., 1990), 

which is further reduced by increased carbohydrate synthesis at high [CO2]. 

On the other hand, there are reports on decrease in APase activity with increasing 

[CO2] and P fertilization in plants like T. repens (Almeida et al., 1999) and Ponderosa pine 

(Norisada et al., 2006). In contrast, no significant change in APase activity in L. albus under 

high [CO2] and high P supply was observed (Wasaki et al., 2003). This reduction in activity 

could be attributed to the higher concentration of P in root tissues. The concentration of P in 

the root is involved in controlling phosphatase activity (Noat et al., 1980; Dracup et al., 

1984). As a consequence, the higher concentration of root P under higher P supply seems to 

be responsible for the observed decrease in the APase activity. Such a reduction in the 

APase activity at high P and elevated [CO2] grown plants may be particularly 

disadvantageous as they would lack efficiency to uptake P from the soil. 

 

4.2.2 Differential response of organic acid exudation to P and [CO2]  

 

Root exudates, particularly low molecular weight (LMW) organic acids such as 

acetic, aconitic, citric, fumaric, gluconic, lactic, malic, oxalic and succinic acids, bring or 

keep the sparingly soluble P in solution and thus, improve its acquisition by plant roots 

(Uhde-Stone et al., 2003b) (Fig. 2 A, C). Induction of phosphoenolpyruvate carboxylase 

(PEPCase) activity in roots under low P leads to enhanced production of organic acids 

(Johnson et al., 1996). Data on the effect of high [CO2] at low versus high P level on the 

exudation of organic acids is inconsistent (Table 2, Fig. 2 C). Campbell and Sage (2002) 
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reported increased citrate exudation in L. albus when grown at high [CO2] and low P, but 

enhanced malate exudation when exposed to high [CO2] with sufficient P. Besides citrate 

and malate, increased exudation of oxalic acid was also detected in the rhizosphere of P. 

ponderosa in response to [CO2] enrichment irrespective of P concentrations supplied 

(Delucia et al., 1997). Similarly, a tendency for greater efflux of citrate per unit dry weight 

of root tips was reported in Danthonia richardsonii under high [CO2] irrespective of P 

treatment (Gifford et al., 1995). No consistent effect of high [CO2] or P supply on total 

carbon exudation from roots was detected in pine seedlings (Norby et al., 1987; Kogawara 

et al., 2006). 

Enhanced root exudation under high [CO2] and low P would depend on three factors: 

(i) increased root growth leading to higher root surface area, (ii) increased internal 

concentration of organic acids in root tissues due to higher PEPCase activity in roots, and 

(iii) enhanced expression of efflux-channels or organic anion transporters located at the 

plasma membrane. The interactive effect of [CO2] and P nutrition on root system remain 

inconclusive (discussed previously), on PEPCase activity in proteoid root suggests that high 

[CO2] had no effect on total PEPCase activity in either P-deficient or sufficient leaves 

(Campbell and Sage, 2006), and on organic anion transporters no studies have been carried 

out. However, a malate transporter (GmALMT1) identified from Glycine max was shown to 

be co-ordinately regulated by P stress, aluminum and low pH (Liang et al., 2013). With 

limited amount of data available on the interactive effect of [CO2] and P nutrition, root 

carbon exudation has fostered a great deal of speculation. It is not possible to conclude that 

high [CO2] would increase the rate of carbon exudation per unit root length or mass 

differently under high versus low P. 

 

4.2.3 Mycorrhizal colonization is enhanced under limited P supply and high [CO2] 
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Mycorrhiza is a symbiotic association between plant roots and fungi. The two 

common types of fungi involved in such association are arbuscular mycorrhizae (AM) and 

ectomycorrhizae (ECM). Mycorrhizae not only promote plant growth by providing 

necessary nutrients, but also help plants to cope with stressful environmental conditions 

(Nadeem et al., 2014). Fig. 2 B depicts that high [CO2] would indirectly enhance 

mycorrhizal growth because of increased carbon allocation to the roots due to higher 

photosynthetic rates, which may favour symbiotic relationships (Hodge 1996; Staddon and 

Fitter 1998; Treseder, 2004). Study conducted on temperate forest trees under free air CO2 

enrichment (FACE), reported a 14% increase in ECM root colonization (Garcia et al., 

2008). Similarly, meta-analysis on mycorrhizal dynamics under nutrient fertilization showed 

increase in mycorrhizal abundance by 47% under high [CO2] (Treseder, 2004). Recently, 

Jina et al. (2014) reported that wheat plants grown in a P sufficient soil under high [CO2] 

stimulated microbial biomass, which in turn immobilized more P and resulted in increased 

C efflux from the root systems. 

Since low soil P promotes AM colonization (Pandey et al., 2005a), it is expected that 

a combination of high [CO2] and limited P availability would further enhance AM fungus 

growth. Several studies have been conducted on AM as well as ECM root colonization in 

response to high [CO2] with or without P fertilization (Table 2, Fig 2 B, C). For example, in 

citrus species, colonization by AM fungi increased growth, net CO2 assimilation rate and 

nutrient uptake at high [CO2] and limited P supply (Syvertsen and Graham, 1999). 

Moreover, high [CO2] also tends to stimulate the root colonization by ECM fungi (Norby et 

al., 1987; O’Neill et al., 1987). In Quercus alba seedlings, there was 47% increase in ECM 

colonization when grown in nutrient poor soil with high [CO2] as compared to ambient 

[CO2] (Norby et al., 1987). Similarly, P. densiflora seedlings inoculated with ECM fungi, 

increased P supply and reduced the ratio of extrametrical mycelium to root biomass under 

ambient [CO2], but not at high [CO2] (Kogawara et al., 2006).  
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Plants grown at high P under elevated [CO2] resulted in four-fold increase in starch 

accumulation in leaves, while no significant increase in starch content in roots was noticed 

as compared to non-mycorrhizal plants (Syvertsen and Graham, 1999). In another study 

performed in citrus species, high [CO2] negates the suppressive effect of high P supply on 

intra-radical colonization and vesicle development in cotton plants, which resulted in larger 

growth improvement under high [CO2] than non-mycorrhizal plants (Jifon et al., 2002). In 

contrast, Fitter et al. (2000) suggested that root colonization with AM fungi is little altered 

when plants grown at high [CO2]. Evidence also shows that in P. sativum, high [CO2] had 

little or no direct effect on external hyphal production and hyphal P uptake capacity 

indicating that enhanced carbon supply by plant does not alter growth or function of AM 

fungi (Gavito et al., 2002). Similarly, high [CO2] greatly reduced the percentage of root 

length colonized and total length of colonized root in T. repens and Plantago lanceolata 

(Staddon et al., 1999).  

In general, mycorrhizal growth can be enhanced by limited P supply and elevated 

[CO2], which consequently improves plant growth by a number of mechanisms such as 

regulation of nutrient uptake, production of enzymes (phosphatases). However, 

effectiveness of these responses also depends on the extent of association between AM and 

host plant as well as a number of soil and plant factors such as soil volume in pots, which 

influence root system growth and AM colonization. 

 

4.2.4 Influence of [CO2] on P uptake and utilization efficiency 

 

High [CO2] leads to enhanced P uptake to maintain stimulated growth and increased 

demand for P, but if the P supply is limited then the plant utilizes internal P judiciously to 

produce biomass thereby improving utilization efficiency. Cure et al. (1988) reported 

enhanced P uptake and utilization efficiency in the high [CO2] grown soybean plants, when 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

20 
 

compared to the ambient [CO2] (Fig. 1 B). In another study on soybean, Israel et al. (1990) 

also observed higher total P content under elevated [CO2]. While the P uptake efficiency in 

this study decreased by 28%, and utilization efficiency increased by 159% with high [CO2] 

under P stress (Israel et al., 1990). An increase in leaf tissue P concentration and total P 

uptake was observed in V. radiata grown in open top chambers with high [CO2] and 

sufficient P application (Pandey, Unpublished). Similarly, in cereal species, total P uptake 

was enhanced by 70% at sufficient P when grown at high [CO2] (Pandey et al., 2015). In the 

same study, P utilization efficiency increased by 26% at low P. 

Rice grown under FACE exhibited increased shoot P uptake by 33% in response to 

high [CO2], but this stimulation declined gradually with crop development. Imai and Adachi 

(1996) also found a reduced P utilization efficiency with increasing P levels in rice, but high 

[CO2] increased it by 26%. Apart from these reports, Sicher (2005) did not find any effect of 

[CO2] or P levels on uptake of P in barley (Fig. 1 B). Similarly, under high [CO2] the uptake 

of nitrogen, P and potassium in Agrostis capillaris did not increase proportionately with dry 

mass, irrespective of the level of nutrient supply, but the higher nutrient use efficiencies 

enabled plants to maintain their accelerated growth at high [CO2] (Newbery et al., 1995). 

Efficient utilization is achieved by effective internal P recycling and remobilization (Cruz-

Ramirez et al., 2006; Lin et al., 2009; Nilsson et al., 2010), which could be further induced 

by high [CO2]. Thus, it can be concluded that high [CO2] enhances uptake efficiency with 

sufficient P supply, but improves utilization efficiency under limited P supply. Efforts are 

needed to unravel the molecular mechanisms involving sensing and responding of plants to 

low P under [CO2] enrichment.  

 

4.3 Interactive effects of P and [CO2] on plant growth 
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Plant productivity depends on the net balance between photosynthesis and the 

carbon needs for maintenance and resource acquisition. In more fertile soils, less carbon is 

invested in root symbionts and in root exudation (Vicca et al., 2012). Consequently, a larger 

fraction of photosynthesis is used for dry matter production. Plant growth is therefore, likely 

to be stimulated more by the widespread high [CO2] induced increase in photosynthesis (see 

section 4) in sufficient P than under low P conditions (Ceulemans and Mousseau 1994; Oren 

et al., 2001; Table 1, Fig. 1 B). Together with high concentration of P, [CO2] enrichment 

resulted in more than two-fold increase in total dry matter production in L. albus (Campbell 

and Sage, 2002). Similarly, in soybean grown at high P availability, high [CO2] led to 

significant increases in root (88%), shoot (84%) and whole plant (85%) dry weight, while at 

low P concentration the growth stimulation was significantly less (Israel et al., 1990; Sa and 

Israel, 1998). In cotton and wheat plants, shoot biomass responded more to elevated [CO2] 

with higher rates of soil P application (Rogers et al., 1993), although the interactive effect of 

[CO2] and P was different in both species. Wheat responded to [CO2] enrichment already at 

the lowest P addition rate, while cotton responded only at higher P addition rates with 

significant interactive effects (Singh et al., 2013). This difference in response between 

species could be due to differences in the regulation of carbohydrate metabolism by P 

concentration in the cytoplasm (Pandurangam et al., 2006). But more likely it is attributable 

to the differences in carbon cost of P acquisition (uptake efficiency and transport costs) 

between these species. Changes in atmospheric [CO2] may also increase the critical P 

concentration i.e., the foliar P concentration required to achieve maximum productivity 

(Rogers et al., 1993). Therefore, at high [CO2], more P would be required to support 

maximum shoot growth, which can either be achieved by enhancing uptake efficiency under 

sufficient P supply or by improving utilization efficiency under limited P supply. 

Studies on Vigna radiata (Pandey et al., Unpublished) and cereal species (Pandey et 

al., 2015) revealed that high [CO2] enhanced biomass accumulation in plants grown with 
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sufficient P significantly more than in plants grown at low P indicating that [CO2] 

stimulation of biomass accumulation is dependent on P status. In cereal species and V. 

radiata, the increase in total biomass accumulation was more when plants were grown at 

high [CO2] as compared to ambient [CO2] with sufficient P. Similarly, enhanced biomass 

accumulation was observed in both plant species with high [CO2] and sufficient P than 

ambient [CO2]. However, the relative increase in biomass was 29% in cereal species and 9% 

in V. radiata under sufficient P concentration with high [CO2]. On the other hand, in rice no 

significant effect of [CO2] and P interactions on dry matter accumulation was found (Imai 

and Adachi, 1996), suggesting that this interaction effect might not be general.  

Apart from crop plants, studies on growth response of tree species have also 

revealed significantly larger increases in dry matter production at high [CO2] with greater P 

availability (Table 1). In Eucalyptus grandis, high [CO2] induced the greatest relative 

increase in growth rate at lowest P fertilizer levels, however, the absolute increase in dry 

matter in response to CO2 enrichment was greater with high P levels (Conroy et al., 1992). 

Contrary to this result, studies on Pinus radiata and P. caribaea to [CO2] enrichment 

showed little growth response at low P supply (Conroy et al., 1988; 1990). But with the 

increase in P fertilizer rate, maximum growth was attained suggesting that higher foliar P 

concentrations are required to realise the maximum growth potential of pines at high [CO2]. 

Difference in the responses of pines and eucalypts at low P may be due to the fact that 

eucalypts are adapted to low fertile soils and may therefore be more efficiently responding 

to high [CO2] at low P.  

Plants adapt to moderate nutrient stress by utilizing the additional assimilates 

produced by [CO2] enrichment primarily below ground. Increased root growth in response 

to nutrient deficiency allows plants to acquire nutrients more efficiently from the soil. 

Generally, P deficiency causes larger reductions in shoot than in root growth, thereby 

increasing root-to-shoot ratio (Pandey et al., 2005b; Hu et al., 2010). High [CO2] further 
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stimulates this shift by favouring increased biomass partitioning towards root leading to 

increased root-to-shoot growth as observed in soybean (Israel et al., 1990), V. radiata 

(Pandey, Unpublished) and cereal species (Pandey et al., 2015). On the other hand, in cotton 

and white lupin, low P and high [CO2] resulted in reduction of root-to-shoot growth 

(Campbell and Sage, 2002) while in Ponderosa pine, irrespective of soil P concentration a 

reduction in root-to-shoot ratio at high [CO2] was observed (Walker et al., 1995) (Table 1). 

All together it can be concluded that high [CO2] increases dry matter production under 

optimum P and enhances partitioning towards root under low P. 

 

4. Effect of P supply and high [CO2] on transcriptional responses  

 

With a goal to better understand the molecular processes involved in plant 

adaptation to P deficiency, spatio-temporal regulation of genes has been studied by 

microarray in shoots and roots of various plant species for short, medium and long-term P 

deprivation (Wu et al., 2003; Misson et al., 2005; Morcuende et al., 2007; Hammond et al., 

2011). Wu et al. (2003) reported differential gene expression patterns in leaves and roots of 

Arabidopsis in response to P starvation suggesting that plants use distinct adaptive strategies 

to cope with P stress by activating unique sets of genes in these organs. Also, temporal 

transcriptome analysis of plants to P-limitation revealed the expression of ‘early’ genes 

which mostly represent general stress responsive genes followed by the expression of ‘late’ 

genes which specifically respond to P deficiency (Fig. 3). Such P-responsive genes belong 

to various functional categories. For instance, Morcuende et al. (2007) reported that P-

limitation induced the expression of phosphate transporters, phosphatases, RNAses, 

carbohydrate metabolism genes, and caused reprogramming of lipid metabolism where 

galactolipid and sulfolipid synthesis genes were strongly induced. Such metabolic 

alterations may help plants acclimatize to P deficiency. Transcriptome analysis of rice roots 
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under P deficiency (Wasaki et al., 2003) showed up-regulation of genes related to 

glycolysis, alteration in lipid metabolism, modification of cell wall synthesis and changes in 

the metal responsive genes. Similarly, some glycolytic pathway related genes were induced 

in roots of L. albus under P starvation (Uhde-Stone et al., 2003a, b). In-depth study on 

molecular mechanisms defining the phosphate signalling pathway showed that Pup1-

specific protein kinase gene, PSTOL1 is involved in regulating root growth and architecture 

during early stages (Gamuyao et al., 2012).  Allele-specific markers for this gene have been 

reported recently (Pariasca-Tanaka et al., 2014).The systemic response to P starvation is 

carried through a complex signalling network which involves plant hormones (Nacry et al., 

2005; Pérez-Torres et al., 2008; Li et al., 2012), sugars (Karthikeyan et al., 2007) and nitric 

oxide (Wang et al., 2010), and collectively result in the altered carbohydrate distribution 

between roots and shoots. Moreover, transcription factors such as PHR1 (OsPHR1, 

OsPHR2, PvPHR1, ZmPHR1, TaPHR1), PTF1 (OsPTF1, ZmPTF1), MYB2P-1 

(OsMYB2P1), MYB62, WRKY (WRKY75, WRKY6), bHLH32 and ZAT6 are involved in 

the signalling network to regulate plant adaptation to P stress (Yi et al., 2005; Devaiah et al., 

2007a, b; Chen et al., 2007; Valdes-Lopez et al., 2008; Zhou et al., 2008; Devaiah et al., 

2009; Chen et al., 2009; Li et al., 2011; Dai et al., 2012; Wang et al., 2013). The post-

transcriptional regulation as well as long-distance signal is carried out by microRNAs, for 

instance miR399 maintain P homeostasis by regulating P transporter PHO2 (Bari et al., 

2006; Aung et al., 2006; Lin et al., 2008; Pant et al., 2008). Although the molecular 

components of P stress signalling in plants has been identified, the overall pathway is still 

poorly understood and requires further investigation. 

Similarly, large number of studies on genome-wide expression profiling of plants 

grown under high [CO2] have been carried out (Li et al., 2008;  Leakey et al., 2009; Cseke 

et al., 2009; Wei et al., 2013). Ribeiro et al. (2013) showed that high [CO2] promote plant 

growth via a complex transcriptional network. It is proposed that high [CO2] stimulates 
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biomass accumulation in a GA-independent manner by regulating the expression of growth-

related genes (Ribeiro et al., 2012). Few reports involving transcript (Ainsworth et al., 2006; 

Tallis et al., 2010) and protein (Bokhari et al., 2007; Qiu et al., 2008) profiling of various 

plants to high [CO2] showed differential expression of genes and proteins respectively, 

indicating that the responses of plants to high [CO2] are species-specific. Molecular and 

genomic responses of plants to high [CO2] and interactive effects of [CO2] with other 

environmental stresses viz. Ozone (Miyazaki et al., 2004; Kontunen-Soppela et al., 2010; 

Gillespie et al., 2012), salinity (Kanani et al., 2010), drought (Allen et al., 2011; Sicher et 

al., 2012), high temperature (Madan et al., 2012) and combined heat and drought (Zinta et 

al., 2014) have been carried out, whereas studies elucidating the interactive effects of P 

stress and high [CO2] on gene expression patterns are not available.  

A sole study on P-deficient Arabidopsis grown under high [CO2] and fed on nitrate-

N showed increased root surface area and root-to-shoot ratio. Molecular dissection of this 

response revealed that in P-deficient plants, high [CO2] enhanced the expression of 

transcription factors as well as P transporter genes including AtPHO1, AtPHO2, AtPHR1 

and AtPHT1 in roots (Niu et al., 2013). The transcript abundance of AtPHO1 in roots and 

AtPHO2 and AtPAP2 in shoots under high [CO2] is indicative of internal P recycling 

between shoots and roots during the onset of P starvation.  Since the data on response of 

genes to the interactive effects of P starvation and high [CO2] are scarce, we analysed the 

expression patterns of typical P-responsive genes of Arabidopsis under high [CO2] using 

Genevestigator V3 as presented in Fig. 4. Analyses revealed that short-term exposure of 

plants to high [CO2] did not show any significant effect on the expression pattern of P stress 

responsive genes. However, long-term exposure to high [CO2] resulted in the up-regulation 

of four out of 22 genes belonging to purple acid phosphatase (PAP) family while there was 

no significant influence on phosphate transporters (PHT). Differential regulation of genes 

involved in carbohydrate metabolism such as amylase (AMY), sucrose phosphate synthase 
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(SPS), sucrose phosphatase (SPP) and sucrose synthase (SUSY) was also observed. Genes 

belonging to AMY (AT4G15210) and SPS (AT5G11110 and AT4G10120) families were 

highly expressed under high [CO2] and P starvation. Similarly, high [CO2] is found to 

induce expression of a few genes involved in P remobilization under P starvation such as 

mono-galactosyldiacyl glycerol synthase (MGDS) and sulfoquinovosyldiacyl glycerol 

synthase (SQD). The induction of genes belonging to PAP, MGDS and SQD families under 

high [CO2] is suggestive of an efficient internal scavenging, recycling and remobilization of 

P resulting in its efficient utilization under P stress. Thus, this data (Fig. 4) indeed shows 

that long-term exposure to high [CO2] have a tendency to stimulate similar transcriptional 

responses as observed under P limitation. To better understand the interactive effects of P 

limitation and high [CO2], genome-wide transcriptional studies is a prerequisite. At least, it 

will be interesting to see how typical P starvation-induced genes respond to a combination 

of P-limitation and high [CO2].  

 

5. Conclusions and future perspectives  

 

The high usage of P fertilizers for increasing plant productivity and the continued rise 

in atmospheric [CO2] have caused human-induced imbalances in P across the globe 

(Peñuelas et al., 2013). High [CO2] enhances plant growth but P limitation causes reduction 

in growth, particularly in shoot. However, both these environmental factors when applied 

individually enhance root growth and exudation, and increase mycorrhizal association. 

Although the individual effects of high [CO2] or P stress have been widely studied, but their 

interactive effects on plant growth are still poorly understood. The overall decrease in plant 

growth due to low P could be partially overcome by high [CO2], at least during initial 

growth stage. This is mainly due to the influence of high [CO2] on Rubisco activation, 

RuBP regeneration capacity and reduction in resistance to CO2 diffusion across stomata and 
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mesophyll. Conversely, the growth stimulation at high [CO2] further increases the demand 

for P. Long-term exposure of plants to high [CO2] resulting in photosynthetic acclimation is 

overcome by increased supply of P. The reason being assimilation of additional carbon at 

high [CO2] requires more energy in the form of ATP, also the energy rich compounds 

modulates Rubisco activity. Changes in below ground processes under high [CO2] and P 

stress include enhanced root growth, increased secretion of APase enzymes and organic 

acids and increased colonization with mycorrhizal fungi. These adaptations may lead to 

improved P uptake under high [CO2], only if sufficient P is available in the soil. Internal P 

recycling, scavenging and remobilization result in more efficient P utilization under P stress. 

High [CO2] may strengthen these processes as several P stress responsive genes like PAPs, 

RNS, MGDS and SQD, involved in P recycling are up-regulated under high [CO2]. We 

believe that future research on the interactive effects of high [CO2] and P should take 

following points into account: 

 

1. Different species respond differentially to high [CO2]. Species-comparisons e.g. C3, 

C4, monocots and dicots are needed to better understand the interactive effects of 

high [CO2] and P-limitation. 

 

2. High [CO2] ameliorate some of the negative effects of P limitation during early 

growth stages. However, to sustain growth optimum P is required. The mechanisms 

underlying this buffering effect of high [CO2] needs to be explored further. 

Moreover, ontogenetic effects of plants should also be taken into consideration. 

 

3. P is an important structural constituent of cell membranes in the form of 

phospholipids. P limitation alters membrane composition, such that non-phosphorus 

membrane lipids including monogalactosyl diacylglycerol (MGDG) and 
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sulfoquinovosyl diacylglycerol (SQDG) substitute phospholipids. As cell 

membranes are the first barrier to encounter any kind of abiotic stress, therefore, 

studies evaluating the membrane lipid compositional changes under different P 

levels and high [CO2] are required. Such studies will provide insight into plant 

responses to future increases in atmospheric [CO2] and soil P depletion. 

 

4. Although reports on genome-wide transcription profiling of plants under P stress or 

high [CO2] are available, but studies to demonstrate their interactive effects at gene, 

protein or metabolic levels are lacking. More research in the area of ‘omics’ 

including transcriptomics, proteomics and metabolomics is warranted to quantify the 

effects of high [CO2] under low P availability. Moreover, temporal profiling (short 

vs long-term) would provide a deeper understanding on the plant stress responses. 

 

Acknowledgements 

 

RP, AA and VJ acknowledges grants from the in-house project [IARI:PPH:09:01(3)] and 

Department of Biotechnology (BT/PR11680/PBD/16/834/2008), Government of India. IAJ 

acknowledges support from the European Research Council through Synergy grant 610028, 

P-IMBALANCE. GZ acknowledges support from the University of Antwerp, Centre of 

Excellence “Eco”. We thank two anonymous reviewers and Dr. V. Chinnusamy for their 

constructive comments, which helped us to improve the manuscript. 

 

References  

 

AbdElgawad H, Peshev D, Zinta G, Van den Ende W, Janssens IA, Asard H. Climate 

extreme effects on the chemical composition of temperate grassland species under 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

29 
 

ambient and elevated CO2: A comparison of fructan and non-fructan accumulators. 

PLoS One 2014;9: DOI e92044. doi:10.1371/journal.pone.0092044. 

Adams MA, Bell TL, Pate JS. Phosphorus sources and availability modify growth and 

distribution of root clusters and nodules of native Australian legumes. Plant Cell 

Environ 2002;25:837–50. 

Ainsworth EA, Rogers A, Vodkin LO, Walter A, Schurr U. The effects of elevated CO2 

concentration on soybean gene expression. An analysis of growing and mature leaves. 

Plant Physiol 2006;142:135–47. 

Ainsworth EA, Rogers A. The response of photosynthesis and stomatal conductance to 

rising (CO2): mechanisms and environmental interactions. Plant Cell Environ 

2007;30:258-270. 

Ainsworth EA, Long SP. What have we learned from 15 years of free-air CO2 enrichment 

(FACE)? A meta-analytic review of the responses of photosynthesis, canopy 

properties and plant production to rising CO2. New Phytol 2005;165:351-71. 

Allen LH, Kakani VG, Vu JCV, Boote KJ. Elevated CO2 increases water use efficiency by 

sustaining photosynthesis of water-limited maize and sorghum. J Plant Physiol 

2011;168: 1909–18. 

Almeida JPF, Lüscher A, Frehner M, Oberson A, Nösberger J. Partitioning of P and the 

activity of root acid phosphatase in white clover (Trifolium repens L.) are modified by 

increased atmospheric CO2 and P fertilisation. Plant Soil 1999;210:159–66. 

Assuero SG, Mollier A, Pellerin S. The decrease in growth of phosphorus-deficient maize 

leaves is related to a lower cell production. Plant Cell Environ 2004;27:887–95.  

Aung K, Lin S-I, Wu C-C, Huang Y-T, Su C-L, Chiou T-J. PHO2, a phosphate 

overaccumulator, is caused by a nonsense mutation in a microRNA399 target gene. 

Plant Physiol 2006;141:1000–11. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

30 
 

Baldwin JC, Karthikeyan AS, Raghothama KG. LEPS2, a phosphorus starvation-induced 

novel acid phosphatase from tomato. Plant Physiol 2001;125:728–37. 

Bari R, Datt Pant B, Stitt M, Scheible W-R. PHO2, microRNA399, and PHR1 define a 

phosphate-signaling pathway in plants. Plant Physiol 2006;141:988–99. 

Barrett DJ, Gifford RM. Acclimation of photosynthesis and growth by cotton to elevated 

CO2: interactions with severe phosphate deficiency and restricted rooting volume. 

Aust J Plant Physiol 1995;22:955-63. 

Barrett DJ, Richardson AE, Gifford RM. Elevated atmospheric CO2 concentrations increase 

wheat root phosphatase activity when growth is limited by phosphorus. Aust J Plant 

Physiol 1998;25:87-93. 

Bates TR, Lynch JP. Plant growth and phosphorus accumulation of wild type and two root 

hair mutants of Arabidopsis thaliana (Brassicaceae). Am J Bot 2000;87:958–63.  

Bokhari SA, Wan X-Y, Yang YW, Zhou L, Tang WL, Liu JY. Proteomic response of rice 

seedling leaves to elevated CO2 levels. J Proteome Res 2007;6:4624–33. 

Bowes G. Growth at elevated CO2: photosynthetic responses mediated through Rubisco. 

Plant Cell Environ 1991;14:795–806.  

Brooks A, Woo KC, Wong SC. Effects of phosphorus nutrition on the response of 

photosynthesis to CO2 and O2, activation of ribulose bisphosphate carboxylase and 

amounts of ribulose bisphosphate and 3-phosphoglycerate in spinach leaves. Photosyn 

Res 1988;15:133-141. 

Campbell CD, Sage RE. Interactions between the effects of atmospheric CO2 content and P 

nutrition on photosynthesis in white lupin (Lupinus albus L.). Plant Cell Environ 

2006;29:844–53. 

Campbell CD, Sage RF. Interactions between atmospheric CO2 concentration and 

phosphorus nutrition on the formation of proteoid roots in white lupin (Lupinus albus 

L.). Plant Cell Environ 2002;25:1051–9. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

31 
 

Chen GY, Yong ZH, Liao Y, Zhang DY, Chen Y, Zhang HB, et al. Photosynthetic 

acclimation in rice leaves to free-air CO2 enrichment related to both ribulose-1,5-

bisphosphate carboxylation limitation and ribulose-1,5-bisphosphate regeneration 

limitation. Plant Cell Physiol 2005;46:1036–45.  

Chen ZH, Nimmo GA, Jenkins GI, Nimmo HG. BHLH32 modulates several biochemical 

and morphological processes that respond to Pi starvation in Arabidopsis. Biochem J 

2007;405:191–8. 

Chen YF, Li LQ, Xu Q, Kong YH, Wang H, Wu WH. The WRKY6 transcription factor 

modulates PHOSPHATE1 expression in response to low Pi stress in Arabidopsis. Plant 

Cell 2009;21:3554–66. 

Chevalier F, Pata M,  Nacry P, Doumas P, Rossignol M. Effects of phosphate availability on 

the root system architecture: large-scale analysis of the natural variation between 

Arabidopsis accessions. Plant Cell Environ 2003;26:1839–50. 

Chiera J, Thomas J, Rufty T. Leaf initiation and development in soybean under phosphorus 

stress. J Exp Bot 2002;53:473–81.  

Conroy JP, Küppers M, Küppers B, Virgona J, Barlow EWR. The influence of CO2 

enrichment, phosphorus deficiency and water stress on the growth, conductance and 

water use of Pinus radiate D. Don. Plant Cell Environ 1988;11:91–98. 

Conroy JP, Milham PJ, Barlow EWR. Effect of nitrogen and phosphorus availability on the 

growth response of Eucalyptus grandis to high CO2. Plant Cell Environ 1992;15:843–

47. 

Conroy JP, Milham PJ, Barlow EWR. Increases in phosphorus requirements for CO2-

enriched pine species. Plant Physiol 1990;92:977–82. 

Coupe S, Palmer B, Lake J, Overy S, Oxborough K, Woodward F, Gray J, Quick W. 

Systemic signalling of environmental cues in Arabidopsis leaves. J Exp Bot 2006;57: 

329-41. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

32 
 

Cruz-Ramırez A, Oropeza-Aburto A, Razo-Hernandez F, Ramırez-Chavez E, Herrera-

Estrella L. Phospholipase DZ2 plays an important role in extra plastidic galactolipid 

biosynthesis and phosphate recycling in Arabidopsis roots. Proc Natl Acad Sci USA 

2006;103:6765–70. 

Cseke LJ, Tsai CJ, Rogers A, Nelsen MP, White HL, Karnosky DF, et al. Transcriptomic 

comparison in the leaves of two aspen genotypes having similar carbon assimilation 

rates but different partitioning patterns under elevated CO2. New Phytol  

2009;182:891–911. 

Ceulemans R, Mousseau M. Effects of elevated atmospheric CO2 on woody plants. New 

Phytol 1994;127: 425–446.  

Ceulemans R, Janssens IA, Jach ME. Effects of CO2 enrichment on trees and forests: 

 lessons to be learned in view of future ecosystem studies. Ann Bot 1999; 84 (5): 

 577-90. 

Chaudhuri UN, Kirkham MB, Kanemasu ET. Root growth of winter wheat under elevated 

carbon dioxide and drought. Crop Sci 1990;30:853–57. 

Cure JD, Rufty TW, Israel DW. Phosphorus stress effects on growth and seed yield of non-

nodulated soybean exposed to elevated carbon dioxide. Agron J 1988;80:897–902. 

Dai X, Wang Y, Yang A, Zhang W-H. OsMYB2P-1, an R2R3 MYB transcription factor, is 

involved in the regulation of phosphate-starvation responses and root architecture in 

rice. Plant Physiol 2012;159:169–83. 

Davey PA, Olcer H, Zakhleniuk O, Bernacchi CJ, Calfapietra C, Long SP, et al. Can fast-

growing plantation trees escape biochemical down-regulation of photosynthesis when 

grown throughout their complete production cycle in the open air under elevated 

carbon dioxide? Plant Cell Environ 2006;29:1235–44.  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

33 
 

Delucia EH, Callaway RM, Thomas EM, Schlesinger WH. Mechanisms of phosphorus 

acquisition for ponderosa pine seedlings under high CO2 and temperature. Ann Bot 

1997;79:111–20. 

Devaiah BN, Karthikeyan AS, Raghothama KG. WRKY75 transcription factor is a 

modulator of phosphate acquisition and root development in Arabidopsis. Plant 

Physiol 2007a;143:1789–801. 

Devaiah BN, Nagarajan VK, Raghothama KG. Phosphate homeostasis and root 

development in Arabidopsis are synchronized by the zinc finger transcription factor 

ZAT6. Plant Physiol 2007b;145:147–59. 

Devaiah BN, Madhuvanthi R, Karthikeyan AS, Raghothama KG. Phosphate starvation 

responses and gibberellic acid biosynthesis are regulated by the MYB62 transcription 

factor in Arabidopsis. Mol Plant 2009;2:43–58. 

Dieleman WIJ, Vicca S, Dijkstra F A, Hagedorn F, Hovenden MJ, Larsen KS, et al. Simple 

additive effects are rare: a quantitative review of plant biomass and soil process 

responses to combined manipulations of CO2 and temperature. Global Change Biol 

2012;18:2681–93.  

Dracup M N H, Barret-Lennard E G, Greenway H and Robson A D. Effect of phosphorus 

deficiency on phosphatase activity of cell walls from roots of subterranean clover. J 

Exp Bot 1984; 35: 466–480. 

Drake BG, Gonzalez-Meler MA, Long SP. More efficient plants: a consequence of rising 

atmospheric CO2? Ann Rev Plant Physiol Plant Mol Biol 1997;48:609–39.  

Driscoll SP, Prins A, Olmos E, Kunert KJ, Foyer CH. Specification of adaxial and abaxial 

stomata, epidermal structure and photosynthesis to CO2 enrichment in maize leaves. J 

Exp Bot 2006;57:381–90.  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

34 
 

Duchein MC, Bonicel A, Betsche T. Photosynthetic net CO2 uptake and leaf phosphate 

concentrations in CO2 enriched clover (Trifolium subterraneum L) at 3 Levels of 

phosphate nutrition. J Exp Bot 1993;44:17–22. 

Duff SM, Moorhead GB, Lefebvre DD, Plaxton WC, Duchein MC. Phosphate starvation 

inducible bypasses of adenylate and phosphate dependent glycolytic enzymes in 

Brassica nigra suspension Cells. Plant Physiol 1989;90:1275–8.  

Duff SMG, Sarath G, Plaxton WC. The role of acid phosphatases in plant phosphorus 

metabolism. Physiol Plant 1994;90:791–800.  

Ei-D MSA, Salma A, Wareing PF. Effects of mineral nutrition on endogenous cytokinins in 

plants of sunflower (Helianthus annuus L.). J Exp Bot 1979; 30:971–81. 

Farfan-Vignolo ER, Asard H. Effect of elevated CO2 and temperature on the oxidative stress 

response to drought in Lolium perenne  L. and  Medicago sativa L. Plant Physiol 

Biochem 2012; 59: 55-62. 

Feng G-Q, Li Y, Cheng Z-M. Plant molecular and genomic responses to stresses in 

projected future CO2 environment. Crit Rev Plant Sci 2014;33: 238-49. 

Ferris R, Taylor G. Contrasting effects of elevated CO2 on the root and shoot growth of four 

native herbs commonly found in chalk grassland. New Phytol 1993;125:855–66. 

Fitter AH, HeinemeyerA, StaddonPL.The impact of elevated CO2 and global climate change 

on arbuscular mycorrhizas: a mycocentric approach. New Phytol 2000;147:179–87. 

Foyer C, Spencer C. The relationship between phosphate status and photosynthesis. 

Planta1986;167:369–75. 

Franco-Zorrilla JM, Valli A, Todesco M, Mateos I, Puga MI, Rubio-Somoza I, et al. Target 

mimicry provides a new mechanism for regulation of microRNA activity. Nat Genet 

2007;39:1033–7. 

Fredeen AL, Rao IM, Terry N. Influence of phosphorus nutrition on growth and carbon 

partitioning in Glycine max. Plant Physiol 1989;89:225–30.  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

35 
 

Fujita K, Kai Y, Takayanagi M, El-Shemy H, Adu-Gyamfi JJ, Mohapatra PK. Genotypic 

variability of pigeonpea in distribution of photosynthetic carbon at low phosphorus 

level. Plant Sci 2004;166:641–9.  

Fukayama H, Fukuda T, Masumoto C, Taniguchi Y, Sakai H, Cheng W, et al. Rice plant 

response to long term CO2 enrichment: gene expression profiling. Plant Sci 2009;177: 

203–10.  

Gahoonia TS, Nielsen NE. Phosphorus (P) uptake and growth of a root hairless barley 

mutant (bald root barley, brb) and wild type in low- and high-P soils. Plant Cell 

Environ 2003;26:1759–66. 

Gahoonia TS, Nielsen NE. Barley genotypes with long root hairs sustain high grain yields in 

low-P field. Plant Soil 2004;262:55–62. 

Gamuyao R, Chin JH, Pariasca-Tanaka J, Pesaresi P, Catausan S, Dalid C, et al. The protein 

kinase Pstol1 from traditional rice confers tolerance of phosphorus deficiency. Nature 

2012; 488:535-9. 

Garcia MLG, Di Massimo G, Manjon JL, Garcia-Canete J. Effect of Sphaerosporella 

brunnea mycorrhizas on mycorrhization of Quercus ilex × Tuber melanosporum . NZ 

J Crop Hort Sci 2008;36:153–158. 

Gavito ME, Bruhn D, Jakobsen I. Phosphorus uptake by arbuscular mycorrhizal hyphae 

does not increase when the host plant grows under atmospheric CO2 enrichment. New 

Phytol 2002;154:751–60. 

Ghannoum O, von Caemmerer S, Barlow EWR, Conroy JP. The effect of CO2 enrichment 

and irradiance on the growth, morphology and gas exchange of a C3 (Panicum laxum) 

and a C4 (Panicum antidotale) grass. Funct Plant Biol 1997;24:227–37. 

Ghannoum O, Conroy JP, Driscoll SP, Paul MJ, Foyer CH, Lawlor DW. Non-stomatal 

limitations are responsible for drought-induced photosynthetic inhibition in four 

C4 grasses. New Phytol 2003;159:835–44. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

36 
 

Gifford RM, Lutze JL, Barrett D. Global atmospheric change effects on terrestrial carbon 

sequestration: exploration with a global C- and N-cycle model (CQUESTN).  Plant 

Soil 1995;187:369–87. 

Gillespie KM, Xu F, Richter KT, McGrath JM, Markelz RJ, Ort DR, et al. Greater 

antioxidant and respiratory metabolism in field-grown soybean exposed to elevated O3 

under both ambient and elevated CO2. Plant Cell Environ 2012;35:169–84. 

Graham MA, Ram M, Lara M, Tesfaye M, Vance CP, Hernandez G. Identification of 

candidate phosphorus stress induced genes in Phaseolus vulgaris through clustering 

analysis across several plant species. Fun Plant Biol 2006;33:789–97. 

Griffin KL, Anderson OR, Gastrich MD, Lewis JD, Lin G, Schuster W, et al. Plant growth 

in elevated CO2 alters mitochondrial number and chloroplast fine structure. Proc Natl 

Acad Sci USA 2001;98:2473–8.  

Hammond JP, Bennett MJ, Bowen HC, Broadley MR, Eastwood DC, May ST, et al. 

Changes in gene expression in Arabidopsis shoots during phosphate starvation and the 

potential for developing smart plants. Plant Physiol 2003;132:578–96. 

Hammond JP, Broadley MR, Bowen HC, Spracklen WP, Hayden R, White PJ. Gene 

expression changes in phosphorus deficient potato (Solanum tuberosum L.) leaves and 

the potential for diagnostic gene expression markers. PLoS One 2011;6: e24606. 

doi:10.1371/journal.pone.0024606. 

Hao X, Li P, Feng Y, Han X, Gao J, Lin E, et al. Effects of fully open-air [CO2] elevation 

on leaf photosynthesis and ultrastructure of Isatis indigotica Fort. PLoS One 2013;8: 

e74600. doi:10.1371/journal.pone.0074600 

Hernandez G, Ramirez M, Valdes-Lopez O, Tesfaye M, Graham MA, Czechowski T, et al. 

Phosphorus stress in common bean: root transcript and metabolic responses. Plant 

Physiol 2007;144:752–67. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

37 
 

Hodge A. Impact of elevated CO2 on mycorrhizal associations and implications for plant 

growth. Biol Fertil Soils 1996; 4: 388-398. 

Horgan JM, Wareing PF. Cytokinins and the growth responses of seedlings of Betula 

pendula Roth. and Acer pseudoplatanus L. to nitrogen and phosphorus deficiency. J 

Exp Bot 1980; 31:525–32 

Hu YF, Ye XS, Shi L, Duan HY, Xu FS. Genotypic differences in root morphology and 

phosphorus uptake kinetics in Brassica napus under low phosphorus supply. J Plant 

Nutr 2010;33:889–901. 

Imai K, Adachi N. Effects of atmospheric partial pressure of CO2 and phosphorus nutrition 

on growth of young rice plants. Environ Contr Biol 1996;34:59–66. 

Imai K, Nomura M. Effects of phosphorus nutrition on gas exchanges of rice leaves at 

elevated atmospheric partial pressure of carbon dioxide. Proc Intern Symp on Global 

Change (IGBP), 27-29 March, Waseda Univ., Tokoyo, 1992; 573-78. 

IPCC. Summary for Policymakers. In: Stocker TF, Qin D, Plattner GK, Tignor M, Allen 

SK, Boschung J, et al. editors. Climate Change 2013: The Physical Science Basis. 

Contribution of Working Group I to the Fifth Assessment Report of the 

Intergovernmental Panel on Climate Change. Cambridge University Press, 

Cambridge, United Kingdom and New York, NY, USA; 2013. p. 1-28. 

Israel DW, Rufty TW, Cure JD. Nitrogen and phosphorus nutritional interactions in a CO2 

enriched environment. J Plant Nutr 1990;13:1419–33. 

Jacob J, Lawlor D. Stomatal and mesophyll limitations of photosynthesis in phosphate 

deficient sunflower, maize and wheat plants. J Exp Bot 1991;42:1003–11. 

Jeschke WD, Peuke A, Kirkby EA, Pate JS, Hartung W. Effects of P deficiency on the 

uptake, flows and utilization of C, N and H2O within intact plants of Ricinus 

communis L. J Exp Bot 1996;47:1737–54.  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

38 
 

Jifon JL, Graham JH, Drouillard DL, Syvertsen JP. Growth depression of mycorrhizal 

Citrus seedlings grown at high phosphorus supply is mitigated by elevated CO2. New 

Phytol 2002;153:133–42. 

Jina J, Tang C, Robertson A, Franks AE, Armstrong R, Sale P. Increased microbial activity 

contributes to phosphorus immobilization in the rhizosphere of wheat under elevated 

CO2. Soil Biol Biochem 2014; 75: 292–299 

Jin J, Tang C, Armstrong R, Sale P. Phosphorus supply enhances the response of legumes to 

elevated CO2 (FACE) in a phosphorus-deficient vertisol. Plant Soil 2012; 358:91–104. 

Johnson JF, Allan DL, Vance CP, Weiblen G. Root carbon dioxide fixation by phosphorus-

deficient Lupinus albus (contribution to organic acid exudation by proteoid roots). 

Plant Physiol 1996;112:19–30. 

Jordan DB, Ogren WL. Species variation in the specificity of ribulose bisphosphate 

carboxylase/oxygenase. Nature 1981;291:513–5. 

Kanani H, Dutta B, Klapa MI. Individual vs. combinatorial effect of elevated CO2 

conditions and salinity stress on Arabidopsis thaliana liquid cultures: comparing the 

early molecular response using time-series transcriptomic and metabolomic analyses. 

BMC Sys Biol 2010;4:177. 

Karthikeyan AS, Varadarajan DK, Jain A, Held MA, Carpita NC, Raghothama KG. 

Phosphate starvation responses are mediated by sugar signaling in Arabidopsis. Planta 

2007;225:907–18. 

Kirschbaum MUF. Does enhanced photosynthesis enhance growth? Lessons learned from 

CO2 enrichment studies. Plant Physiol 2011,155:117–24. 

Kogawara S, Norisada M, Tange T, Yagi H, Kojima K. Elevated atmospheric CO2 

concentration alters the effect of phosphate supply on growth of Japanese red pine 

(Pinus densiflora) seedlings. Tree Physiol 2006;26:25–33. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

39 
 

Kontunen-Soppela S, Parviainen J, Ruhanen H, Brosche M, Keinanen M, Thakur RC, et al. 

Gene expression responses of paper birch (Betula papyrifera) to elevated CO2 and O3 

during leaf maturation and senescence. Environ Pollut 2010;158:959–68. 

Laing WA, Ogren WL, Hageman RH. Regulation of soybean net photosynthetic CO2 

fixation by the interaction of CO2, O2, and ribulose 1,5-diphosphate carboxylase. Plant 

Physiol 1974;54:678–85. 

Lauer MJ, Pallardy SG, Blevins DG, Randall DD. Whole leaf carbon exchange 

characteristics of phosphate deficient soybeans (Glycine max L.). Plant Physiol 

1989;91:848–54.  

Leakey AD, Xu F, Gillespie KM, McGrath JM, Ainsworth EA, Ort DR. Genomic basis for 

stimulated respiration by plants growing under elevated carbon dioxide. Proc Natl 

Acad Sci USA 2009;106:3597–3602. 

Lefebvre DD, Duff SM, Fife CA, Julien-Inalsingh C, Plaxton WC. Response to phosphate 

deprivation in Brassica nigra suspension cells : enhancement of intracellular, cell 

surface, and secreted phosphatase activities compared to increases in Pi-absorption 

rate. Plant Physiol 1990;93:504–11. 

Lewis DL, Griffin KL, Thomas RB, Strain BR. Phosphorus supply affects the 

photosynthetic capacity of loblolly pine grown in elevated carbon dioxide. Tree 

Physiol 1994;14:1229–44. 

Li H, Shen J, Zhang F, Clairotte M, Drevon JJ, Cadre E, et al. Dynamics of phosphorus 

fractions in the rhizosphere of common bean (Phaseolus vulgaris L.) and durum 

wheat (Triticum turgidum durum L.) grown in monocropping and intercropping 

systems.  Plant Soil 2008; 312:139–50. 

Li J, Zhou J-M, Duan Z-Q. Effects of elevated CO2 concentration on growth and water 

usage of tomato seedlings under different ammonium/nitrate ratios. J Environ Sci 

(China) 2007;19:1100–7.  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

40 
 

Li Z, Gao Q, Liu Y, He C, Zhang X, Zhang J. Overexpression of transcription factor 

ZmPTF1 improves low phosphate tolerance of maize by regulating carbon metabolism 

and root growth. Planta 2011;233:1129–43. 

Li Z, Xu C, Li K, Yan S, Qu X, Zhang J. Phosphate starvation of maize inhibits lateral root 

formation and alters gene expression in the lateral root primordium zone. BMC Plant 

Biol 2012;12:89. 

Liang C, Piñeros MA, Tian J, Yao Z, Sun L, Liu J, et al. Low pH, aluminum, and 

phosphorus coordinately regulate malate exudation through GmALMT1 to improve 

soybean adaptation to acid soils. Plant Physiol 2013;161:1347–61. 

Lin SI, Chiang SF, Lin WY, Chen JW, Tseng CY, Wu PC, et al. Regulatory network of 

microRNA399 and PHO2 by systemic signaling. Plant Physiol 2008;147:732–46. 

Lin WY, Lin SI, Chiou TJ. Molecular regulators of phosphate homeostasis in plants. J Exp 

Bot  2009;60:1427–38. 

Lin W-D, Liao Y-Y, Yang TJ, Pan C-Y, Buckhout TJ, Schmidt W. Coexpression-based 

clustering of Arabidopsis root genes predicts functional modules in early phosphate 

deficiency signaling. Plant Physiol 2011; 155:1383-402. 

Lopez-Arredondo DL, Leyva-Gonzalez MA, Gonzalez-Morales SI, Lopez-Bucio J, Herrera-

Estrella L. Phosphate Nutrition: improving low-phosphate tolerance in crops. Ann Rev 

Plant Biol 2014;65:DOI 0.1146/annurev-arplant-050213-035949. 

Luo Y, Hui D, Zhang D. Elevated CO2 stimulates net accumulations of carbon and nitrogen 

in land ecosystems. Ecology 2006;87:53-63. 

Lynch JP, Brown KM. Topsoil foraging–an architectural adaptation of plants to low 

phosphorus. Plant Soil 2001;237: 225–37. 

Ma Z, Bielenberg G, Brown KM, Lynch JP. Regulation of root hair density by phosphorus 

availability in Arabidopsis thaliana. Plant Cell Environ 2001;24: 459–67. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

41 
 

Madan P, Jagadish SVK, Craufurd PQ, Fitzgerald M, Lafarge T, Wheeler TR. Effect of 

elevated CO2 and high temperature on seed-set and grain quality of rice. J Exp Bot 

2012;63:3843–52. 

Madhu M, Hatfield JL. Dynamics of plant root growth under increased atmospheric carbon 

dioxide. Agron J 2013;105:657–69.  

Makino A, Mae T. Photosynthesis and plant growth at elevated levels of CO2. Plant Cell 

Physiol 1999;40: 999-1006. 

Markelz RC, Vosseller LN, Leakey AD. Developmental stage specificity of transcriptional, 

biochemical and CO2 efflux responses of leaf dark respiration to growth of Arabidopsis 

thaliana at elevated [CO2]. Plant Cell Environ 2014;37:2542-52. 

Marschner H, Marschner P. Marschner's mineral nutrition of higher plants. 3rd ed. London ; 

Waltham, MA: Elsevier/Academic Press; 2012. 

McMaster GS, LeCain DR, Morgan JA, Aiguo L, Hendrix DL. Elevated CO2 increases 

wheat CER, leaf and tiller development, and shoot and root growth. J Agron Crop Sci 

1999;183:119–28. 

Meehl GA, Washington WM, Santer BD, Collins WD, Arblaster JM, Hu A, et al. Climate 

change projections for the twenty-first century and climate change commitment in the 

CCSM3.  J Climate 2006;19:2597–616. 

Misson J, Raghothama KG, Jain A, Jouhet J, Block MA, Bligny R, et al. A genome-wide 

transcriptional analysis using Arabidopsis thaliana affymetrix gene chips determined 

plant responses to phosphate deprivation. Proc Natl Acad Sci USA 2005;102:11934–

9. 

Miyazaki S, Fredricksen M, Hollis KC, Poroyko V, Shepley D, Galbraith DW, et al. 

Transcript expression profiles of Arabidopsis thaliana grown under controlled 

conditions and open-air elevated concentrations of CO2 and of O3. Field Crop Res 

2004;90:47–59. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

42 
 

Mo GD, Nie MB, Kirkham He H, Ballou LK, Caldwell FW, Kanemasu ET. Root and shoot 

weight in a tall grass prairie under elevated carbon dioxide. Environ Exp Bot 

1992;32:193–201. 

Mollier A, Pellerin S. Maize root system growth and development as influenced by 

phosphorus deficiency. J Exp Bot 1999;50:487–97.  

Morcuende R, Bari R, Gibon Y, Zheng W, Pant BD, Blasing O, et al. Genome-wide 

reprogramming of metabolism and regulatory networks of Arabidopsis in response to 

phosphorus. Plant Cell Environ 2007;30:85–112. 

Muller R, Morant M, Jarmer H, Nilsson L, Nielsen TH. Genome-wide analysis of the 

Arabidopsis leaf transcriptome reveals interaction of phosphate and sugar metabolism. 

Plant Physiol 2007;143:156–71. 

Nacry P, Canivenc G, Muller B, Azmi A, Van Onckelen H, Rossignol M, et al. A role for 

auxin redistribution in the responses of the root system architecture to phosphate 

starvation in Arabidopsis. Plant Physiol 2005;138:2061–74. 

Nadeem SM, Ahmad M, Zahir ZA, Javaid A, Ashraf M. The role of mycorrhizae and plant 

growth promoting rhizobacteria (PGPR) in improving crop productivity under 

stressful environments. Biotech Adv 2014; 32:429-48. 

Naudts K, Van den Berge J, Farfan E, Rose P, AbdElgawad H, Ceulemans R, Janssens I,  et 

al. Future climate alleviates stress impact on grassland productivity through altered 

antioxidant capacity. Environ Exp Bot 2014;99:150-158. 

Neumann G, Römheld V. Root excretion of carboxylic acids and protons in phosphorus-

deficient plants. Plant Soil 1999;211:121–30. 

Newbery RM, Wolfenden J, Mansfield TA, Harrison AF. Nitrogen, phosphorus and 

potassium uptake and demand in Agrostis capillaris: the influence of elevated CO2 

and nutrient supply. New Phytol 1995;130: 565–74.  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

43 
 

Nielsen TH, Krapp A, Roper-Schwarz U, Stitt M. The sugar-mediated regulation of genes 

encoding the small subunit of Rubisco and the regulatory subunit of ADP glucose 

pyrophosphorylase is modified by phosphate and nitrogen. Plant Cell Environ 

1998;21:443–54. 

Nilsson L, Muller R, Nielsen TH. Dissecting the plant transcriptome and the regulatory 

responses to phosphate deprivation. Physiol Plant 2010;139:129–43. 

Niu Y, Jin C, Jin G, Zhou Q, Lin X, Tang C, et al. Auxin modulates the enhanced 

development of root hairs in Arabidopsis thaliana (L.) Heynh under elevated CO2. 

Plant Cell Environ 2011;34:1304–17. 

Niu Y, Chai R, Dong H, Wang H, Tang C, Zhang Y. Effect of elevated CO2 on phosphorus 

nutrition of phosphate deficient Arabidopsis thaliana (L.) Heynh under different 

nitrogen forms. J Exp Bot 2013;64:355–67. 

Noat G, Crasnier M, Ricard J. Ionic control of acid phosphatase activity in plant cell walls. 

Plant Cell Environ 1980;3:225–229. 

Norby RJ, O’Neill EG, Hood WG, Luxmoore RJ. Carbon allocation, root exudation and 

mycorrhizal colonization of Pinus echinata seedlings grown under CO2 enrichment. 

Tree Physiol 1987;3:203–10. 

Norby RJ, Warren JM, Iversen CM, Medlyn BE, McMurtrie RE. CO2 enhancement of forest 

productivity constrained by limited nitrogen availability. Proc Natl Acad Sci USA 

2010;107:19368–73. 

Norisada M, Motoshige T, Kojima K, Tange T. Effects of phosphate supply and elevated 

CO2 on root acid phosphatase activity in Pinus densiflora seedlings. J Plant Nutr Soil 

Sci 2006;169:274–9. 

Obersteiner M, Peñuelas J, Ciais P, van der Velde M, Janssens IA. The phosphorus 

trilemma. Nat Geosci 2013;6:897-8. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

44 
 

Obrist D, Arnone JA. Increasing CO2 accelerates root growth and enhances water 

acquisition during early stages of development in Larrea tridentate. New Phytol 2003; 

159:175–84. 

Oren R, Ellsworth DS, Johnsen KH, Phillips N, Ewers BE, Maier C, et al. Soil fertility 

limits carbon sequestration by forest ecosystems in a CO2-enriched atmosphere. 

Nature 2001;6836:469-472. 

O’Neill EG, Luxmoore RJ, Norby RJ. Increases in mycorrhizal colonization and seedling 

growth in Pinus echinata and Quercus alba in an enriched CO2 atmosphere. Can J 

Forest Res 1987;17:878–83. 

Pal M, Rao LS, Jain V, Srivastava AC, Pandey R, et al. Effects of elevated CO2 and 

nitrogen on wheat growth and photosynthesis. Biol Plant 2005;49: 467-70. 

Palma DA, Blumwald E, Plaxton WC. Upregulation of vascular H(+)-translocating 

pyrophosphatase by phosphate starvation of Brassica napus (rapeseed) Suspension 

cell cultures. FEBS Lett 2000; 486:155-8. 

Pandey R, Singh B, Nair TVR. Impact of arbuscular-mycorrhizal fungi on phosphorus 

efficiency of wheat, rye, and triticale. J Plant Nutr 2005a;28:1867–76. 

Pandey R, Singh B, Nair TVR. Differences in phosphorus (P) use efficiency of wheat, rye 

and triticale under deficient and sufficient levels of P fertilization. Indian J Plant 

Physiol 2005b;10: 292–6. 

Pandey R, Chacko PM, Prasad KV, Pal M, Choudhary ML. Physiological characterization 

of two rose (Rosa hybridaL.) cultivars grown under different levels of CO2 

enrichment. J HortSci Biotech 2009;84:35–40. 

Pandey R, Krishnapriya V, Kishora N, Singh SB, Singh B. Shoot labelling with 14CO2: A 

technique for assessing total root carbon exudation under phosphorus stress. Ind J 

Plant Physiol 2013;18:252–62.  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

45 
 

Pandey R, Meena SK, Krishnapriya V, Ahmad A, Kishora N. Root carboxylate exudation 

capacity under phosphorus-stress does not improve grain yield in greengram. Plant Cell 

Rep 2014;33:919-28. 

Pandey R, Dubey KK, Ahmad A,Nilofar R, VermaR,Jain V, et al. Elevated CO2 improves 

growth and phosphorus utilization efficiency in cereal species under sub-optimal 

phosphorus supply. J Plant Nutr 2015;DOI: 10.1080/01904167.2014.983116. 

Pandurangam V, Sharma-Natu P, Sreekanth B, Ghildiyal MC. Photosynthetic acclimation to 

elevated CO2 in relation to Rubisco gene expression in three C3 species. Indian J Exp 

Biol 2006;44:408-15.  

Pant BD, Buhtz A, Kehr J, Scheible W-R. MicroRNA399 is a long-distance signal for the 

regulation of plant phosphate homeostasis. Plant J 2008;53:731–8. 

Pariasca-Tanaka J, Chin JH, Drame KN, Dalid C, Heuer S, Wissuwa M. A novel allele of 

the P-starvation tolerance gene OsPSTOL1 from African rice (Oryza glaberrima Steud) 

and its distribution in the genus Oryza. Theor Appl Genet 2014; DOI 10.1007/s00122-

014-2306-y. 

Pearse SJ, Veneklaas EJ, Cawthray GR, Bolland MDA, Lambers H. Carboxylate release of 

wheat, canola and 11 grain legume species as affected by phosphorus status.  Plant 

Soil 2006;288:127–39. 

Peñuelas J, Poulter B, Sardans J, Ciais P, van der Velde M, Bopp L, et al. Human-induced 

nitrogen–phosphorus imbalances alter natural and managed ecosystems across the 

globe. Nat Commun 2013;4:2934. 

Péret B, Clement M, Nussaume L, Desnos T. Root developmental adaptation to phosphate 

starvation: better safe than sorry. Trends Plant Sci 2011;16:442–50. 

Pérez-Torres CA, López-Bucio J, Cruz-Ramírez A, Ibarra-Laclette E, Dharmasiri S, Estelle 

M, et al. Phosphate availability alters lateral root development in Arabidopsis by 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

46 
 

modulating auxin sensitivity via a mechanism involving the TIR1 auxin receptor.  

Plant Cell  2008;20:3258–72. 

Plaxton WC, Tran HT. Metabolic adaptations of phosphate-starved plants. Plant Physiol 

2011;156:1006–15. 

Plénet D, Etchebest S, Mollier A, Pellerin S. Growth analysis of maize field crops under 

phosphorus deficiency. Plant Soil 2000;223:117–30.  

Poorter H, Navas M-L. Plant growth and competition at elevated CO2: on winners, losers 

and functional groups. New Phytol 2003;57: 175 – 198. 

Prior SA, Rogers HH, Mullins GL, Runion GB. The effects of elevated atmospheric CO2 

and soil P placement on cotton root deployment. Plant Soil 2003;255:179–87. 

Pritchard SG, Rogers HH, Prior SA, Peterson CM. Elevated CO2 and plant structure: A 

review. Global Change Biol 1999;5:807–37. 

Qiu QS, Huber JL, Booker FL, Jain V, Leakey ADB, Fiscus EL, et al. Increased protein 

carbonylation in leaves of Arabidopsis and soybean in response to elevated CO2. 

Photosynth Res 2008;97:155–66. 

Qiu H, Liu C, Yu T, Mei X, Wang G, Wang J, et al. Identification of QTL for acid 

phosphatase activity in root and rhizosphere soil of maize under low phosphorus stress. 

Euphytica 2014;197:133–43.  

Radin JW, Eidenbock MP. Hydraulic conductance as a factor limiting leaf expansion of 

phosphorus-deficient cotton plants. Plant Physiol 1984;75:372–7.  

Raghothama KG. Phosphate acquisition. Annu Rev Plant Physiol Plant Mol Biol 

1999;50:665–93.  

Reddy AR, Rasineni GK, Raghavendra AS. The impact of global elevated CO2 

concentration on photosynthesis and plant productivity. Curr Sci 2010;99:46–57. 

Reich PB, Oleksyn J, Wright IJ. Leaf phosphorus influences the photosynthesis–nitrogen 

relation: a cross-biome analysis of 314 species. Oecologia 2009; 160: 207-12. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

47 
 

Reymond M, Svistoonoff S, Loudet O, Nussaume L, Desnos T. Identification of QTL 

controlling root growth response to phosphate starvation in Arabidopsis thaliana. Plant 

Cell Environ 2006;29:115–25. 

Ribeiro DM, Araujo WL, Fernie AR, Schippers J, Mueller-Roeber B. Action of gibberellins 

on growth and metabolism of Arabidopsis thaliana plants associated with high 

concentration of carbon dioxide.  Plant Physiol 2012;60:1781-94. 

Ribeiro DM, Mueller-Roeber B, Schippers JHM. Promotion of growth by elevated carbon 

dioxide is coordinated through a flexible transcriptional network in Arabidopsis. Plant 

Signal Behav 2013;8:3–6. 

Rodrı́guez D, Andrade F, Goudriaan J. Does assimilate supply limit leaf expansion in wheat 

grown in the field under low phosphorus availability? Field Crop Res 2000;67:227–

38.  

Rodríguez D, Keltjens W, Goudriaan J. Plant leaf area expansion and assimilate production 

in wheat (Triticum aestivum L.) growing under low phosphorus conditions. Plant Soil 

1998;200:227–40.  

Rogers GS, Payne L, Milham P, Conroy JP. Nitrogen and phosphorus requirements of 

cotton and wheat under changing atmospheric CO2 concentrations. Plant Soil 

1993;155/156: 231–34. 

Rogers HH, Prior SA, Runion GB, Mitchell RJ. Root to shoot ratio of crops as influenced 

by CO2. Plant Soil 1996;187:229–48. 

Rogers HH, Runion GB, Prior SA, Torbert HA. Response of plants to elevated atmospheric 

CO2: Root growth, mineral nutrition, and soil carbon. In: Luo L, Mooney HA, editors, 

Carbon dioxide and environmental stress. Academic Press, San Diego, CA, 1999;215–

244. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

48 
 

Sa T, Israel D. Phosphorus deficiency affects the response of symbiotic N2 fixation and 

carbohydrate status in soybean to atmospheric CO2 enrichment. J Plant Nutr 1998; 

21:2208–18. 

Salsman KJ, Jordan DN, Smith SD, Neuman DS. Effect of atmospheric CO2 enrichment on 

root growth and carbohydrate allocation of Phaseolus spp. Int J Plant Sci 

1999;160,1075–181. 

Schmitt MR, Edwards GE. Photosynthetic capacity and nitrogen use efficiency of maize, 

wheat and rice: a comparison between C3 and C4 photosynthesis. J Exp Bot 

1981;32:459-66. 

Shin H, Shin HS, Chen R, Harrison MJ. Loss of At4 function impacts phosphate distribution 

between the roots and the shoots during phosphate starvation. Plant J 2006;45:712–26. 

Sicher RC. Interactive effects of inorganic phosphate nutrition and carbon dioxide 

enrichment on assimilate partitioning in barley roots. Physiol Plant 2005;123:219–26. 

Sicher RC, Barnaby JY. Impact of carbon dioxide enrichment on the responses of maize leaf 

transcripts and metabolites to water stress. Physiol Plant2012;3:238–53. 

Singh B, Pandey R. Differences in root exudation among phosphorus starved genotypes of 

maize and green gram and its relationship with phosphorus uptake. J Plant Nutr 

2003;26:2391–401.  

Singh SK, Badgujar G, Reddy VR, Fleisher DH, Bunce JA. Carbon dioxide diffusion  

across stomata and mesophyll and photo-biochemical processes as affected by growth  

CO2 and phosphorus nutrition in cotton. J Plant Physiol 2013; 170:801-13   

Singh SK, Reddy VR. Combined effects of phosphorus nutrition and elevated carbon 

dioxide concentration on chlorophyll fluorescence, photosynthesis, and nutrient 

efficiency of cotton. J Plant Nutr Soil Sci 2014; 177: 892–902. 

Staddon PL, Fitter AH. Does elevated atmospheric carbon dioxide affect arbuscular 

mycorrhizas? Trends Ecol Evol 1998;11:455–8. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

49 
 

Staddon PL, Fitter AH, Graves JD. Effect of elevated atmospheric CO2 on mycorrhizal 

colonization, external mycorrhizal hyphal production and phosphorus inflow in 

Plantago lanceolata and Trifolium repens in association with the arbuscular 

mycorrhizal fungus Glomus mosseae. Global Change Biol 1999;5:347–58. 

Stefanovic A, Ribot C, Rouached H, Wang Y, Chong J, Belbahri L, et al. Members of the 

PHO1 gene family show limited functional redundancy in phosphate transfer to the 

shoot, and are regulated by phosphate deficiency via distinct pathways. Plant J 

2007;50:982–94. 

Stitt M, Quick WP. Photosynthetic carbon partitioning: its regulation and possibilities for 

manipulation. Physiol Plant 1989;77:633–41.  

Stöcklin J, Schweizer K, Körner C. Effects of elevated CO2 and phosphorus addition on 

productivity and community composition of intact monoliths from calcareous 

grassland. Oecologia 1998;116:50–6. 

Svistoonoff S, Creff A, Reymond M, Sigoillot-Claude C, Ricaud L, Blanchet A, et al. Root 

tip contact with low-phosphate media reprograms plant root architecture. Nat Genet 

2007;39:792–6. 

Syvertsen JP, Graham JH. Phosphorus supply and arbuscular mycorrhizas increase growth 

and net gas exchange responses of two Citrus spp. grown at elevated [CO2]. Plant Soil 

1999;208:209–19. 

Tallis MJ, Lin Y, Rogers A, Zhang J, Street NR, Miglietta F, et al. The transcriptome of 

Populus in elevated CO2 reveals increased anthocyanin biosynthesis during delayed 

autumnal senescence. New Phytol 2010;186:415–28. 

Tang J, Chen J, Chen X. Response of 12 weedy species to elevated CO2 in low-phosphorus-

availability soil. Ecol Res 2006;21:664–70. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

50 
 

Teng N, Wang J, Chen T, Wu X, Wang Y, Lin J. Elevated CO2 induces physiological, 

biochemical and structural changes in leaves of Arabidopsis thaliana. New Phytol 

2006;172:92–103.  

Theodorou ME, Cornel FA, Duff SM, Plaxton WC. Phosphate starvation-inducible 

synthesis of the alpha-subunit of the pyrophosphate dependent phosphofructokinase in 

black mustard suspension cells. J Biol Chem 1992;267:21901–5. 

Theodorou ME, Plaxton WC. Purification and characterization of pyrophosphate-dependent 

phosphofructokinase from phosphate-starved Brassica nigra suspension cells. Plant 

Physiol 1996;112: 343–51. 

Tian J, Venkatachalam P, Liao H, Yan X, Raghothama K. Molecular cloning and 

characterization of phosphorus starvation responsive genes in common bean 

(Phaseolus vulgaris L.). Planta 2007;227:151–65. 

Treseder KK. A meta-analysis of mycorrhizal responses to nitrogen, phosphorus, and 

atmospheric CO2 in field studies. New Phytol 2004;164:347–55. 

Uhde-stone C, Zinn KE, Ramirez-ya M, Li A, Vance CP, Allan DL. Nylon filter arrays 

reveal differential gene expression in proteoid roots of white lupin in response to 

phosphorus deficiency. Plant Physiol 2003a;131:1064–79. 

Uhde-Stone C, Gilbert G, Johnson JMF, Litjens RE. Zinn K, Temple SJ, et al. Acclimation 

of white lupin to phosphorus deficiency involves enhanced expression of genes related 

to organic acid metabolism. Plant Soil 2003b;248:99–116. 

Uprety DC, Dwivedi N, Jain V, Mohan R. Effect of elevated carbon dioxide concentration 

on the stomatal parameters of rice cultivars. Photosynthetica 2002;40:315–19.  

Usuda H. Phosphate deficiency in maize.V. Mobilization of nitrogen and phosphorus within 

shoots of young plants and its relationship to senescence. Plant Cell Physiol 

1995;36:1041–9.  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

51 
 

Valdes-Lopez O, Hernandez G. Transcriptional regulation and signaling in phosphorus 

starvation: what about legumes? J Integr Plant Biol 2008;50:1213–22. 

Vicca S, Luyssaert S, Penuelas J, Campioli M, Chapin F, Ciais P, et al. Fertile forests 

produce biomass more efficiently. Ecol Lett 2012;15:520-26. 

Velde M, Folberth C, Balkovič J, Ciais P, Fritz S, Janssens IA, et al. African crop yield 

reductions due to increasingly unbalanced nitrogen and phosphorus consumption. 

Global Change Biol 2014;20:1278-88. 

Walker RF, Geisinger DR, Johnson DW, Ball JT. Enriched atmospheric CO2 and soil P 

effects on growth and ectomycorrhizal colonization of juvenile ponderosa pine.Forest 

Ecol Manag 1995;78:207–15. 

Wang BL, Tang XY, Cheng LY, Zhang AZ, Zhang WH, Zhang FS, et al. Nitric oxide is 

involved in phosphorus deficiency-induced cluster-root development and citrate 

exudation in white lupin. New Phytol 2010;187:1112–23. 

Wang J, Sun J, Miao J, Guo J, Shi Z, et al. A phosphate starvation response regulator Ta-

PHR1 is involved in phosphate signalling and increases grain yield in wheat. Ann Bot 

2013;111:1139–53. 

Wasaki J, Yonetani R, Kuroda S, Shinano T, Yazaki J, Fujii F, et al. Transcriptomic 

analysis of metabolic changes by phosphorus stress in rice plant roots. Plant Cell 

Environ 2003;26:1515–23. 

Wei H, Gou J, Yordanov Y, Zhang H, Thakur R, Jones W, et al. Global transcriptomic 

profiling of aspen trees under elevated CO2 to identify potential molecular 

mechanisms responsible for enhanced radial growth. J Plant Res 2013;126:305–20. 

Werf A, Nagel OW. Carbon allocation to shoots and roots in relation to nitrogen supply is 

mediated by cytokinins and sucrose: Opinion. Plant Soil 1996;185:21–32.  

Wissuwa M, Gamat G, Ismail AM. Is root growth under phosphorus deficiency affected by 

source or sink limitations? J Exp Bot 2005;56:1943–50. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

52 
 

Whitehead SJ, Caporn SJM, Press MC. Effects of elevated CO2, nitrogen and phosphorus on 

the growth and photosynthesis of two upland perennials: Calluna vulgaris and 

Pteridium aquilinum. New Phytol 1997;135:201-11. 

Woo J, MacPherson CR, Liu J, Wang H, Kiba T, Hannah MA, et al. The response and 

recovery of the Arabidopsis thaliana transcriptome to phosphate starvation. BMC 

Plant Biol 2012;12:62. 

Wong SC. Elevated atmospheric partial pressure of CO2 and plant growth. Interactions of 

nitrogen nutrition and photosynthetic capacity in C3 and C4 plants. Oecologia 

1979;44-68-74. 

Wu P, Ma L, Hou X, Wang M, Wu Y, Liu F, et al. Phosphate starvation triggers distinct 

alterations of genome expression in Arabidopsis roots and leaves. Plant Physiol 

2003;132:1260–71. 

Yi K, Wu Z, Zhou J, Du L, Guo L, Wu Y, et al. OsPTF1, a novel transcription factor 

involved in tolerance to phosphate starvation in rice. Plant Physiol 2005;138:2087–96. 

Zhou J, Jiao F, Wu Z, Li Y, Wang X, He X, et al. OsPHR2 is involved in phosphate-

starvation signaling and excessive phosphate accumulation in shoots of plants. Plant 

Physiol 2008;146:1673–86. 

Zinta G, AbElgawad H, Domagalska MA, Vergauwen L, Knapen D, Nijs I, Janssens IA, et 

al.  Physiological, biochemical and genome-wide transcriptional analysis reveals that 

elevated CO2 mitigates the impact of combined heat wave and drought stress in 

Arabidopsis thaliana at multiple organizational levels. Global Change Biol 

2014;20:3670-85. 

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

53 
 

Figure captions: 

 

Fig. 1.  Impact of P-limitation and high [CO2] on above ground processes in plants.  

(A) Effect of P-limitation on plant metabolism, and the processes indicated by asterisks 

depict metabolic adaptions to cope with P-stress (redrawn from Plaxton and Tran, 2011). 

Abbreviations: ADPGluc (ADP-Glucose); AGPase (ADP-glucose pyrophosphorylase); ATP 

(Adenosine triphosphate); CS (Citrate synthase); Fru6P (Fructose-6-phosphate); Glu1P 

(Glucose-1-phosphate); Gluc6P (Glucose-6-phosphate); H+-ATPase (H+-pumping ATPase); 

H+-PPiase (Inorganic pyrophosphate-dependent H+-pump); MDH (Malate dehydrogenase); 

Met-Pi (Mineral bond phosphate); NADP+ (Nicotinamide adenine dinucleotide phosphate); 

PAP-S (Secreted purple acid phosphatase); PAP-V (Vacuolar purple acid phosphatase); PEP 

(Phosphoenolpyruvate); PEPC (Phosphoenolpyruvate carboxylase); PGI (Phosphoglucose 

isomerase); PGM (Phosphoglucomutase);Pi (Phosphate); RNase (Ribonuclease); SS (Starch 

synthase); TPT (Triose phosphate transporter).   

B) The effect of P-limitation and its interaction with high [CO2] on various physiological 

traits studied on the above ground parts of plants. Upward and downward arrows indicate 

increase and decrease, respectively in the studied parameter while N.E. means ‘no effect’. 

Direction of arrows in the table is based on the studies of Conroy et al. (1986); Conroy et al. 

(1990); Lewis et al. (1994);  Barrett & Gifford (1995); Walker et al. (1995); Sa and Israel 

(1998);  Stocklin et al. (1998); Almeida et al. (1999); Almeida et al. (2000); Campbell and 

Sage (2002);  Prior et al. (2003); Sicher (2005); Campbell and Sage (2006); Norisada et al. 

(2006). 

 

Fig. 2. Influence of P-limitation and high [CO2] on below ground processes in plants.  
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(A) Describes the basic mechanism of P uptake by roots. Phosphate (Pi) is transported into 

the roots by high affinity Pi transporter, whereas carbon (C) is exuded as organic acids (e.g. 

malate and citrate). 

(B) Depicts nutrient exchange occurring in the rhizosphere between plant and fungi by 

mycorrhizal symbiosis. In this symbiotic association fungus is dependent on the plant for 

carbohydrates and helps plant to take mineral nutrients. Presence of extra [CO2] can also 

modify this exchange process. High [CO2] leads to increased fixation of C in plant, which in 

turn alters whole process and ultimately affect plant growth. Upward arrows indicate 

increase. (C) The effect of P-limitation and its interaction with high [CO2] on various 

physiological parameters studied on belowground part. Upward and downward arrows 

indicate increase and decrease, respectively in the studied parameter while N.E. means ‘no 

effect’. Direction of arrows in the table is based on the studies of Imai and Adachi (1996); 

DeLucia et al. (1997); Almeida et al. (1999); Campbell and Sage (2002); Jifon et al. (2002); 

Kogawara et al. (2006); Tang et al. (2006); Norisada et al. (2006). 

 

Fig. 3. Early and late responsive genes induced by P-limitation from different functional 

categories viz. (A) Transcription factors, (B) P transport and remobilization, (C) 

Phospholipids and anthocyanin biosynthesis, (D) Development and root architecture, (E) 

Stress and Defence and (F) Metabolism. These genes show overlap as well as specificity to 

short and long-term exposure to P-limitation. Figure was constructed from the data extracted 

from: Hammond et al.(2003); Uhde-Stone et al. (2003a); Uhde-stone et al. (2003b); Wu et 

al. (2003); Misson et al. (2005); Bari et al. (2006); Graham et al. (2006); Shin et al. (2006); 

Chen et al. (2007); Franco-Zorrilla et al. (2007); Hernandez et al. (2007); Muller et al. 

(2007); Stefanovic et al. (2007); Svistoonoff et al. (2007); Tian et al. (2007); Valdes-Lopez 

and Hernandez (2008).  
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Fig. 4. Heat maps representing expression patterns of typical P-limitation (-P; in root and 

shoot) induced genes, and their expression patterns under high [CO2] (+CO2; at short and 

long-term exposure) conditions in Arabidopsis thaliana. Heat map was constructed from the 

data obtained from Genevestigator database containing different experiments [Misson et al. 

(2005); Coupe et al. (2006); Li et al. (2009); Lin et al. (2011); Woo et al. (2012); (Markelz 

et al. (2014)]. Green and red colour in the heat map depicts down-regulation and up-

regulation of genes with respect to control, respectively. Abbreviations: PHT (Phosphate 

transporter); PAP (Purple acid phosphatase); RNS (Ribonuclease); AMY (Amylase); SPS 

(Sucrose phosphate synthase); SPP (Sucrose phosphatase); SUSY (Sucrose synthase); 

MGDS (Mono-galactosyldiacyl glycerol synthase);  SQD (Sulfoquinovosyl diacylglycerol 

synthase ). 
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Table 1 

Growth response of plants exposed to low and sufficient phosphorus under high [CO2]. “NE” depicts no effect; “-” depicts not measured  

 

Plant species Low P High P Ambient  CO2 
Elevated  

CO2 

Plant DW/biomass 

 

Photosynthesis 

 

Shoot/root ratio 

 
References 

Low P X 

CO2 

High P X 

CO2 

Low P X 

CO2 

High P X 

CO2 

Low P 

X CO2 

High P 

X CO2 

Pinus radiata  
4.4 mg/pot 

 

40 mg/pot 

 
330  µL/L 660  µL/L NE + 28% - 30% + 150% - - 

Conroy et al., 

(1986) 

Pinus radiata  600 µg/g 1800 µg/g 340  µL/L 660  µL/L  NE + 80% - - - - 
Conroy et al., 

(1990) 
Pinus radiata  600 µg/g 1800 µg/g 340  µL/L 660  µL/L NE + 114% + 18% + 50% - - 

Pinus caribaea 600 µg/g 1600 µg/g 340  µL/L 660  µL/L  NE + 140% - - - - 

Pinus taeda 0.083 mM  0.5 mM  35.5 Pa 71.0 Pa - + 40% - - - - 
Lewis et al., 

(1994) 

Pinus  ponderosa  18 µg/g soil 50 µg/g soil 350  µL/L 
525 and 700  

µL/L 

NE and + 

60% 

+ 28% and 

14% 
- - 

- 55 and 

17.5% 

- 40 and 

65% 

Walker et al., 

(1995) 

Glycine max 0.05 mM 1.0 mM 400   µL/L 800    µL/L NE + 83% - - - - 
Sa and Israel 

(1998) 

Bromus erectus None 1 g P /m
2
 /year 350   µL/L 600   µL/L - 17% - 23% - - - - 

Stöcklin et al., 

(1998) 

Mesophytic grasses None 1 g P /m
2
 /year 350   µL/L 600   µL/L + 25% + 15% - - - - 

Carex flacca None 1 g P /m
2
 /year 350   µL/L 600   µL/L +  230% + 178% - - - - 

Graminoids None 1 g P /m
2
 /year 350   µL/L 600   µL/L +  15% + 6.4% - - - - 

Forbs None 1 g P /m
2
 /year 350   µL/L 600   µL/L +  25% + 25% - - - - 

Legumes None 1 g P /m
2
 /year 350   µL/L 600   µL/L +  370% NE - - - - 

Trifolium repens 0.0027 mM 2 mM 35 Pa 70 Pa NE + 30% +72% +88% - - 
Almeida et al., 

(1999) 

Lupinus albus 0·69 µM 0·25 mM 410 µmol/ mol 750 µmol/ mol NE + 100% - - NE + 10.4% 
Campbell and 

Sage (2002) 

Hordeum vulgare  0.05 mM 1.0 mM 36±1 Pa 100±2 Pa + 30% + 24% - - - - Sicher (2005) 

Lupinus albus 0·69 µM 0·25 mM 400 µmol/ mol 750 µmol/ mol - - NE + 27% - 10% NE 
Campbell and 

Sage (2006) 

Pinus densiflora 0 
0.6 mM  OR  0.1 

mM  
400  µL/L 700  µL/L - 17% 

- 41% OR 

NE 
- 21.7% 

- 13.3% 

OR NE 
- - 

Norisada et al., 

(2006) 
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Gossypium hirsutum 
150 mg/kg 

soil 

2400 mg / kg soil 

 
360 µmol/ mol 720 µmol/mol +49% +51% - - - - 

Prior et al., 

(2003) 

Gossypium hirsutum  
2.1 mg P 

/plant 
18.2 mg P /plant 376 µL/L 935 µL/L NE +48% -35% -45% - - 

Barrett & 

Gifford (1995) 
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Table 2 

Root associated parameters of plants exposed to low and sufficient phosphorus under high [CO2]. “NE” depicts no effect; “-” depicts not measured  

 
Plant species 

  
Low P 

  
High P 

  
Ambient 

CO2 

Elevated 

CO2 

Mycorrhizal 

colonization 

Root Exudation Proteoid roots Acid Phosphotase References 

  

Low 

P×CO2 

High 

P×CO2 

Low 

P×CO2 

High 

P×CO2 

Low 

P×CO2 

High 

P×CO2 

Low 

P×CO2 

High 

P×CO2 

Oryza sativa 3 µM 300 µM 350 

µmol/mol 

700 

µmol/mol 

- - - - - - - Up Imai and Adachi 

(1996) 

Pinus  

ponderosa 

 - 0.34 M OR 

64 ppm 

350 

µmol/mol 

700 

µmol/mol 

- - - NE - - - - DeLucia et al., 

(1997) 

Trifolium 

subterraneum 

0.0027, 0.075 0.67, 2 mM 350 

µmol/mol 

700 

µmol/mol 

-  - - - - - Up Almeida et al., 

(1999) 

Citrus. sinensis    

  2 mM P  
36 Pa 24 h/ 

d 

70 Pa 24 h/ 

d 

- Down - - - - - -  Jifon et al., 

(2002) Citrus 

aurantium 

- Down - - - - - - 

Lupinus albus   

 

 

0.69 µM 
 

0.25 mM 

400 

µmol/mol 

750 

µmol/mol 

- 

 

- 

 

Up 

 

- - 

 

- 

 

- 

 

- 

 

Campbell and 

Sage (2002)  

Pinus 

densiflora 

0.02, 0.04, 

0.06 mM 

0.08, 0.1, 0.2 

mM 

350 

µmol/mol 

700 

µmol/mol 

- NE - - - - - - Kogawara et al., 

(2006) 

Lupinus albus 0.69 µM 0.25.mM 400 

µmol/mol 

750 

µmol/mol 

- - - - Up - - - Campbell and 

Sage (2002) 

Plantago 

virginica  

6.27 µg/g soil 

  

  

  

  

  

  

  

  

  

  

350±30 

µmol/mol 

700±30 

µmol/mol 

Up - - - - - - - 

Tang et al.,  

(2006) 

Medicago 

lupulina 

Up - - - - - - - 

Lolium perenne  NE - - - - - - - 

Veronica 

didyma  

Up - - - - - - - 

Eleusine indica  Up - - - - - - - 

Setaria glauca  Up - - - - - - - 

Poa annua  NE - - - - - - - 

Kummerowia 

striata  

Up - - - - - - - 

Gnaphalium Up - - - - - - - 
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affine  

Avena fatua  NE - -  - - - - 

Pinus 

densiflora  

0.02, 0.04, 

0.06 mM 

0.08, 0.1,  

0.2 mM 

350 

µmol/mol 

700 

µmol/mol 

- - - Up - - - - Kogawara et al., 

(2005)  

 

 

 

 

 




