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Abstract  

Life on Earth almost exclusively depends on the reduction of inorganic 

atmospheric carbon dioxide (CO2) into organic molecules, via photosynthesis. Ribulose- 

1, 5-bisphosphate carboxylase/oxygenase (Rubisco, EC 4.1.1.39) catalyzes the first 

irreversible enzymatic step of this process: the addition of CO2 to a 5-carbon molecule 

(ribulose-1, 5-bisphosphate, RuBP). Rubisco's abundance belies its kinetic shortcomings, 

which include a slow catalytic rate and a tendency to confuse its substrate, CO2, with O2. 

Biochemical and structural limitations constrain the evolution of the enzyme, but our 

understanding of the structure-function relationships of Rubisco is in its infancy 

In land plants and green algae, Rubisco is a multimer of eight large and small 

polypeptide subunits (LSu and SSu, respectively). Because it houses the catalytic site, the 

LSu has been widely researched and characterized. Conversely, the role and origin of the 

SSu is unclear, although its structure and molecular biology are both well characterized. 

In this thesis I explore the impact of an altered SSu complement on Rubisco activity and 

photosynthetic performance. In Chapter 1, I show that temperature-induced changes in 

Rubisco performance can have a significant impact on photosynthetic carbon gain. These 

changes are associated with altered rbcS gene expression in some species, and in chapter 

2 I demonstrate that the expression of two rbcS genes vary with growth temperature, but 

not CO2 in A. thaliana. In Chapter 3, I show that these changes in rbcS gene expression 

are associated with differences in SSu protein accumulation, and that changes in the SSu 

complement from warm-grown plants are associated with the production of a Rubisco 

that is more specific for CO2 at elevated growth temperatures.  In Chapter 4, using whole 
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plant gas-exchange, I show that SSu associated kinetic differences improve 

photosynthetic nitrogen use efficiency in the growth environment, likely by producing a 

more efficient enzyme. In total, this work characterizes the evolution of the genes, 

peptides, and function of the SSu of Rubisco, and will expand our understanding behind 

the evolution of the world’s most abundant enzyme. 
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Chapter 1 : Can phenotypic plasticity in Rubisco performance 
contribute to photosynthetic acclimation? 

This chapter has been published as: 
“Can phenotypic plasticity in Rubisco performance contribute to photosynthetic 
acclimation?” Cavanagh, AP., and Kubien, DS. (2014) Photosynthesis Research, 
119:203-214, DOI: 10.1007/s11120-013-9816-3  

 

 Abstract 
Photosynthetic acclimation varies among species, which likely reveals variations 

at the biochemical level in the pathways that constitute carbon assimilation and energy 

transfer. Local adaptation and phenotypic plasticity affect the environmental response of 

photosynthesis. Phenotypic plasticity allows for a wide array of responses from a single 

individual, encouraging fitness in a broad variety of environments. Rubisco catalyses the 

first enzymatic step of photosynthesis, and is thus central to life on Earth. The enzyme is 

well conserved, but there is habitat-dependent variation in kinetic parameters, indicating 

that local adaptation may occur. Here, I review evidence suggesting that land plants can 

adjust Rubisco’s intrinsic biochemical characteristics during acclimation. I show that this 

plasticity can theoretically improve CO2 assimilation; the effect is significant, but small 

relative to other acclimation responses. I conclude by discussing possible mechanisms 

that could account for biochemical plasticity in land plant Rubisco. 

1.1  Overview 

Oxygenic photosynthesis is the primary entry point for carbon and energy into the 

biosphere. The integration of biochemical pathways constrain the evolution of 
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photosynthesis, and the process is relatively conserved (Firn and Jones 2009). However, 

there is evidence of variation in key photosynthetic traits (Flood et al. 2011), likely due to 

selection in different environments. In predictable environments, selection favours 

individual phenotypes with the greatest fitness in a particular habitat, effectively fine-

tuning populations to their local environments (i.e. local adaptation) (Clausen et al. 1940, 

1948). By contrast, unpredictable environments can select for mechanisms that adjust the 

phenotype, enabling individuals to change their response to environmental variation, 

promoting fitness across a range of environments (Schlichting and Pigliucci 1993; 

Schlichting and Pigliucci 1995; Pigliucci and Schlichting 2006) 

Phenotypic plasticity is well-documented in traits that affect photosynthetic 

performance (Schlichting 1986; Schlichting 2002). Dramatic examples include the 

morphological and biochemical changes associated with sun or shade acclimation 

(Anderson et al. 1988; Evans 1988); growth temperature induced changes to the thermal 

optimum of photosynthesis (Slatyer 1977; Yamori et al. 2005; Sage et al. 2008); and the 

metabolic transitions in facultative CAM plants (Tallman et al. 1997; Adams et al. 1998; 

Davies and Griffiths 2005; Davies and Griffiths 2012). However, phenotypic plasticity in 

key biochemical pathways remains relatively unexplored. 

Rubisco (ribulose-1, 5-bisphosphate (RuBP) carboxylase/oxygenase, EC 4.1.1.39) 

catalyses the carboxylation of RuBP, the first irreversible enzymatic step of 

photosynthesis. The rate of CO2 assimilation directly depends on Rubisco performance. 

Selection imposes strict constraints on the enzyme (Savir et al. 2010) leading to a 
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conserved kinetic profile among land plants (Jordan and Ogren 1981; Tcherkez et al. 

2006). However, the kinetic parameters describing Rubisco function vary between 

species (Jordan and Ogren 1981; Yeoh et al. 1981; Bird et al. 1982; Jordan and Ogren 

1984b; Paul and Yeoh 1988; Delgado et al. 1995; Kubien et al. 2008), which may reflect 

adaptation to local environments (Delgado et al. 1995; Sage 2002; Savir et al. 2010). In 

addition, the expression of Rubisco-coding genes varies in response to the environment 

(Dedonder et al. 1993; Cheng et al. 1998; Yoon et al. 2001; Yamori et al. 2006b), 

suggesting selection for phenotypic plasticity.  

This review will examine the evidence that land plants adjust Rubisco 

performance during photosynthetic acclimation, and discuss possible mechanisms. Can 

the enzyme respond to environmental changes? Specifically, I will address: 1) the 

environmental response of Rubisco kinetic parameters; 2) the phenotypic plasticity of 

Rubisco kinetic parameters in response to environmental variation, and their role in 

photosynthetic acclimation; and 3) the structure-function relationships in Rubisco, and 

the potential role of an enzyme’s quaternary structure as an acclimation mechanism.               

1.2  Rubisco function: short-term biochemical responses 

In C3 plants, CO2 assimilation (A) involves three core processes: the carboxylation 

of RuBP by Rubisco; the regeneration of RuBP via the Calvin Cycle and thylakoid 

electron transport reactions; and the recycling of inorganic phosphate (Pi) during the 

consumption of triose phosphates (Farquhar et al. 1980; Sharkey 1985).  A is modelled as 



 

4 

 

 

 

the minimum rate of these three processes, and the limitation varies with environmental 

conditions. Under low-light or elevated CO2, A is limited by the rate of RuBP 

regeneration (i.e. RuBP-limited photosynthesis) (Farquhar et al. 1980). Under saturating 

light and sub-ambient CO2 levels (<40 Pa), the capacity of Rubisco to consume RuBP 

limits A (i.e. RuBP-saturated photosynthesis). As a result, Rubisco capacity (i.e. Vcmax) 

determines the initial slope of the response of net photosynthesis to intercellular CO2.   

Rubisco catalysis is a multistage process consisting of several single step 

chemical reactions and thus follows apparent Michaelis-Menten kinetics (Berry and 

Raison 1981; Cleland et al. 1998). Rubisco is a slow enzyme, with a catalytic turnover 

rate (kcat-CO2) of only a few reactions per second. Further, Rubisco is unable to distinguish 

completely between CO2 and O2 as substrates, and consequently catalyzes both the 

carboxylation and oxygenation of RuBP (Bowes et al. 1971; Jordan and Ogren 1984a; 

Tcherkez et al. 2006). Thus, photosynthetic efficiency depends on the relative specificity 

of Rubisco for CO2 versus O2 (Sc/o) (Laing et al. 1974), which is the ratio of the 

specificities for each reaction: 

ccatO2

ocatCO2

ocatO2

ccatCO2
c/o

/
/

Kk
Kk

Kk
KkS ==

  (eq. 1.1)
 

The molecular similarity of the two gasses forces Rubisco to compromise 

between speed and substrate specificity; a higher affinity for the transition state 

intermediate of the carboxylation of RuBP improves (i.e. increases) CO2/O2 specificity 

(Sc/o), but causes the intermediate to bind tightly, reducing kcat-CO2 (Tcherkez et al. 2006). 
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An inverse relationship between Rubisco Sc/o and kcat-CO2 is apparent across diverse 

lineages (Badger et al. 1998), and among closely related taxa (Jordan and Ogren 1981; 

Yeoh et al. 1981; Bird et al. 1982; Jordan and Ogren 1984b; Paul and Yeoh 1988; 

Delgado et al. 1995; Kubien and Sage 2008; Kubien et al. 2008), and in the immediate 

temperature response of Rubisco kcat-CO2 and Sc/o (Laing et al., 1974; Jordan and Ogren, 

1984). As temperature increases, the fraction of enzyme able to meet or exceed the 

activation energy (Ea) required for catalysis increases, and so kcat-CO2 increases (as does 

kcat-O2). However, because the Michaelis-Menten constant for O2 (Ko) has a lower Ea than 

that of CO2 (Kc), Sc/o declines as temperatures rise. Further, because the solubility of O2 

increases more with rising temperature than that of CO2, rising temperature results in a 

lower CO2/O2 in solution, for a given pCO2/pO2. The combination of these effects results 

in the ratio of carboxylation to oxygenation decreasing in vivo, as temperature increases, 

at a given pCO2/pO2 (Ku and Edwards 1977; von Caemmerer and Quick 2000). 

However, increasing pCO2/pO2 inhibits the oxygenase reaction, and enhances the 

substrate available for carboxylation, thus increasing kcat-CO2 and photosynthetic 

efficiency in vivo.  

1.3 Local Adaptation in Rubisco performance 

Our knowledge of the natural variation in Rubisco kinetic parameters among land 

plants is far from comprehensive, and few studies assess a full complement of intrinsic 

biochemical parameters (Badger and Collatz, 1977; Jordan and Ogren 1981; Jordan and 
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Ogren 1983; Rinehart et al. 1983; Brooks and Farquhar 1985; Gutteridge et al 1986; 

Keys 1986; Paul and Yeoh 1987; Parry et al 1989; Kent et al 1992; Kane et al. 1994; 

Delgado et al. 1995; Kent and Tomany 1995; Balaguer et al 1996; Uemura 1997; Bota et 

al. 2002; Galmes et al. 2005; Kubien et al. 2008). However, there is habitat-dependent 

variation in some Rubisco parameters (Delgado et al. 1995; Sage 2002; Galmes et al. 

2005; Mitchell et al. 2005), likely due to the different temperature and CO2 environments 

experienced by Rubisco in different climates. Rubisco from Tylosema esculentum 

(morama bean, a warm-climate species;) and wheat (a cold climate species) have the 

same Sc/o, but T. esculentum Rubisco has a 20% lower Kc when measured at 25 or 35˚C 

(Mitchell et al. 2005). C3 species from xeric environments have Sc/o that are more than 

6% higher than plants from more mesic habitats (Delgado et al. 1995; Galmes et al. 

2005). Last, species native to colder climates typically have a 40% faster kcat-CO2 than 

warm-native species, when measured at common temperatures (Sage 2002).  

These evolutionary changes in Rubisco biochemistry likely relate to CO2 levels. 

Tcherkez et al. (2006) suggest that species variation in Rubisco kinetic parameters 

reveals optimization to local gas concentrations and temperatures. Kc increases with 

temperature (Laing et al. 1974; Badger and Collatz, 1977; Monson et al., 1982). The CO2 

concentration required to saturate Rubisco catalytic sites thus declines at lower 

temperatures; the enzyme is essentially CO2 saturated below approximately 10°C, in the 

present atmosphere (see Figure 7 in Sage 2002). This situation should select for high kcat-

CO2, because higher Sc/o and lower Kc offer no advantage at CO2 saturation. Indeed, 
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Rubiscos from cool-habitat plants have a greater Kc than Rubiscos from warm-native 

species (von Caemmerer and Quick, 2000). By contrast, at high temperatures CO2 levels 

are below Kc, a situation that would increase the selection pressure for increased CO2 

affinity (i.e. lower Kc and higher Sc/o) in species native to warm environments. 

Exacerbating this, hot, arid environments are associated with stomatal closure, further 

reducing CO2 levels at the site of Rubisco. 

Galmes et al. (2005) found that Rubisco Sc/o varies with ecological characters (life 

habit and growth environment), but not phylogenetic relationship. Thus, in predictable 

environments, adjustments to Rubisco’s kinetic phenotype can improve performance and 

be an adaptive trait. However, rapidly changing environments alter local ecological 

landscapes, requiring a more sophisticated control of photosynthetic performance (Huner 

et al. 1998; Allakhverdiev et al. 2008). In these situations, selection should favour rapid 

acclimation responses (i.e. phenotypic plasticity), yet few studies have examined the 

direct role of Rubisco in short-term acclimation responses.  

1.4  Variation in Rubisco performance as an acclimation response 

Many C3 plants change the amount of Rubisco during CO2 and temperature 

acclimation. Elevated CO2 leads to one-sided RuBP-regeneration limitations of A; 

Rubisco expression is down-regulated (Leakey et al. 2009). Similarly, when grown at 

low temperatures plants often up-regulate Rubisco content, compensating for the intrinsic 

low-temperature decline in kcat-CO2 (Holaday et al. 1992; Hurry et al. 1994; Strand et al. 
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1999; Yamori et al. 2005). Conversely, at higher growth temperatures, Rubisco 

expression is often down-regulated (Badger et al. 1982; Strand et al. 1999; Yamori et al. 

2006b; Sage and Kubien 2007).  

Although there is far less data, it is also apparent that plants can alter Rubisco's 

kinetic properties in response to growth temperature. Rubisco from cold-grown (15/10oC, 

LT) Spinacia oleracea (spinach) has 5% higher Sc/o at 10°C than the enzyme from warm-

grown (30/25oC, HT) plants. When measured at 35°C, Sc/o is 11% greater in Rubisco 

from HT versus LT plants (Yamori et al. 2006b). Similarly, at low measurement 

temperatures (<10˚C), cold-hardened Secale cerale (winter rye) Rubisco Kc is 50% lower 

than non-hardened (25˚C grown) Rubisco; measured above 25˚C, Kc of the cold-hardened 

enzyme is double that of non-cold hardened Rubisco (Huner and Macdowall 1979). Vu et 

al. (1997) examined the effects of CO2 enrichment and increased temperature in Glycine 

max (soybean) and rice Rubisco. Under ambient CO2 (35 Pa), and measured at 25˚C, 

Rubisco kcat-CO2 in soybean grown at elevated temperatures (40/30˚C) is 22% higher than 

Rubisco from plants grown at 28/18˚C. In soybean, kcat-CO2 is 8% greater in plants grown 

at elevated CO2 (70 Pa) compared to ambient at all growth temperatures (Vu et al. 1997).  

Rubisco biochemical acclimation is not a universal response. Rubisco kcat-CO2 is 

unaffected by temperature or CO2 in rice (Vu et al. 1997), or by elevated CO2 in Citrus 

spp. (Vu et al. 2002). Likewise, kcat-CO2 is unaffected by growth temperature in the grasses 

Muhlenbergia glomerata, Calamagrostis canadensis (Kubien and Sage 2004), or 

Miscanthus×giganteus (Wang et al. 2008). Further, increased kcat-CO2 in soybean grown at 
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elevated growth temperature contradicts observations of increased Rubisco Sc/o in warm-

grown spinach (Yamori et al. 2006b) and decreased kcat-CO2 in warm-grown Arabidopsis 

thaliana (Cavanagh and Kubien, unpublished results).  

Warm-grown spinach plants produce a more thermo-stable Rubisco; in vitro 

activity (measured at 25oC) is 20% or 50% higher than in the enzyme from cold-grown 

plants, after 10 minute incubation at 60°C or 65°C, respectively (Yamori et al. 2006b). 

This difference in holoenzyme thermal stability implies physical differences between the 

warm and cold-grown Rubiscos, which may relate to their kinetic differences. Similarly, 

in cold-hardened Secale cerale (winter rye) the concentration of titratable sulfhydryl 

groups is 50% lower than in non-hardened plants. This suggests that cold-hardening may 

effect a more compact Rubisco (Huner and Macdowall 1978). Low growth temperatures 

alter the net charge, but not molecular weight, of winter rye Rubisco (Huner and 

Macdowall 1978), and these changes are associated with increased low temperature 

stability in vitro (Huner and Macdowall 1978). 

In a changing growth environment, plants may fine-tune Rubisco to acclimate to 

new environments by altering the enzyme’s thermal tolerance or kinetic properties. 

However, it is unclear whether the small range of kinetic variation observed during 

acclimation improves the rate of carbon assimilation and thus affects fitness. I examined 

the role of altered Rubisco performance by modelling the possible effect of growth 

temperature induced variation in spinach Rubisco Sc/o (Yamori et al. 2006b) on the rate of 

Rubisco-limited gross A (Figure 1.1, Appendix 1.1). I assigned the change in Sc/o to either 
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Kc, Ko, kcat-CO2, or solely to Γ* (the photorespiratory compensation point), by calculating 

what the parameter would be, given the Sc/o value reported by Yamori et al. (2006b), 

holding the other parameters constant (Jordan and Ogren 1984b). I compared the HT/LT 

ratio of Rubisco-limited A at both intercellular (Ci) and chloroplastic (Cc) CO2, to account 

for the effect of the temperature response of mesophyll conductance.  

The HT/LT ratio changes depending on the parameter assigned the observed 

difference in Sc/o. When only Γ* is allowed to vary, HT-A is 3% higher than LT-A at 

40˚C, whether A is calculated Ci (30 Pa) or at Cc (Figure 1.1a). If the Sc/o variation is 

assigned to kcat-CO2, HT-A is 15% greater than LT-A at 40˚C when based on Ci, and 8% 

greater when based on Cc (Figure 1.1b). Similarly, when Sc/o is assigned to Kc, HT 

Rubisco confers a 13% or 10% increase in A at 40˚C, considering Ci or Cc (Figure 1.1c). 

This advantage decreases to 5% when Sc/o variation is assigned to Ko, with little 

distinction between modelled responses using Ci or Cc (Figure 1.1d).  

At low temperatures, LT-Rubisco confers little advantage if carbon assimilation is 

modelled based on variable Γ* (Figure 1.1a). However, LT-A is 10% greater if the 

variation in Sc/o is controlled by kcat-CO2, and 3-5% greater than HT-A if the variation in 

Sc/o is controlled by Kc or Ko (Figure 1.1b-d). Accounting for mesophyll conductance 

changes the ratio of HT-A/LT-A slightly between 20-30˚C (Figure 1.1b-c), and minutely 

at very low temperatures (Figure 1.1a). The differences in the relative rate (HT/LT) of 

spinach photosynthesis are much smaller than predictions considering the relative 

advantage in A if tobacco Rubisco was replaced with the high Sc/o enzyme from 
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Limonium gibertii (Galmes et al. 2005). The predicted increases in A are 30, 26, or 16% 

if the change in Sc/o was caused by kcat-CO2, Kc, or Ko respectively, at 25oC (Galmes et al. 

2005). Although the predicted changes in CO2 assimilation are much smaller for HT and 

LT Rubiscos, differences in the relative rate of photosynthesis are not trivial, indicating 

that altered Rubisco Sc/o could convey a carbon-gain advantage during acclimation. 

Plasticity in Rubisco’s responses likely results from altered concentration of CO2 

at the site of carboxylation (Cc). However, Cc also depends on the balance between CO2 

fixation, resistance to CO2 flux between the air and the stroma, and respiratory and 

photorespiratory CO2 release in the mitochondria. Relating in vitro Rubisco biochemistry 

to in vivo performance requires an understanding of all three processes. Mesophyll 

conductance (gm) acclimates to growth temperature changes in spinach (Yamori et al. 

2006a). This acclimation response increases the relative advantage conferred by HT 

Rubisco on A when assimilation is modelled solely on variable Γ*, but does not 

substantively affect models based on the other parameters (Figure 1.2). Models 

accounting for changes in respiration (Rd) show a greater advantage (~20%) in HT net 

CO2 uptake at 40˚C (Figure 1.2), because growth at elevated temperatures suppresses Rd 

in spinach (Yamori et al. 2005). If A is determined using a model that accounts for 

acclimation responses of Rd, gm, and Rubisco content (site concentration), LT-A is greater 

than HT-A at all physiological temperatures, regardless of the parameter that controls the 

variation in Sc/o (Figure 1.2). This effect is predominately because growth at elevated 

temperatures reduces Rubisco by nearly 50% (Yamori et al. 2005). However, even with a 
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'complete' acclimation of carbon metabolism, effect of altered kinetics remains apparent, 

because the HT-A/LT-A ratio increases approximately 20% from 10-40oC (Figure 1.2). 

While other acclimation factors are clearly important in the temperature response of A, 

Rubisco kinetics can play a role in improving photosynthetic performance.   

1.5  Possible mechanisms for Rubisco acclimation 

Land plant Rubisco is composed of eight identical large subunits (LSu) encoded 

by the chloroplast rbcL gene, and eight small subunits (SSu) encoded in a nuclear rbcS 

multigene family (Berry-Lowe et al. 1982; Broglie et al. 1983; Dean et al. 1989). The 

resulting hexadecameric structure consists of four LSu dimers, capped by two sets of four 

SSu at each end (Knight et al. 1990). Rubisco's eight catalytic sites occur at the interface 

between large subunit dimers (Knight et al. 1990). The complexity of land plant Rubiscos 

make the enzyme ill-suited to common proteomic techniques (Mueller-Cajar and 

Whitney 2008), and we are only beginning to understand the structure-function 

relationships controlling Rubisco performance (Andersson and Backlund 2008). 

However, it is apparent that Rubisco kinetic parameters vary with structural changes. For 

example, phylogenetic comparisons of Rubiscos from C3 and C4 Flaveria species reveal 

two LSu residues associated with kinetic differences (Kapralov et al. 2011), and 

transplastomic manipulation demonstrates that a Met-309-Ile substitution on a C3 LSu 

confer C4 Rubisco catalytic properties (Whitney et al. 2011). This residue is far-removed 

from the catalytic site, indicating the complexity of the structure-function relationships 
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controlling the enzyme’s kinetic performance. Likewise, mutations far removed from the 

active site can alter holoenzyme stability and kinetic performance (Read and Tabita 

1992a; Spreitzer et al. 2001).  

Any plasticity of Rubisco kinetic parameters likely relates to changes at the 

structural level. Only one rbcL gene codes for land plant LSu in a given species, and 

since the resulting monocistronic transcript lacks introns no alternative mRNA’s can 

occur via alternate splicing; any plasticity is unlikely the result of changes to the primary 

LSu sequence. Rubisco is subject to a wide range of co- and post-translational 

modifications (Houtz et al. 1992; Houtz and Portis 2003; Houtz et al. 2008), including 

extensive N-terminal processing of both large and small subunits. Notably, the ~5kDa 

SSu transit peptide is removed by a stromal peptidase (Chau and Schmidt 1978; Richter 

and Lamppa 1998) and the α-amino group of Met1 in the mature SSu is methylated 

(Grimm et al. 1997). In all species, the LSu Met1 and Ser2 are removed and Pro3 is 

acetylated (Houtz et al. 1989), while Lys14 is trimethylated in a species dependent 

manner (Houtz et al. 1989, 1992). However, the functions of most post-translational LSu 

and SSu modifications remain ambiguous (Houtz et al. 2008). Low-temperature 

acclimation of rye decreases the number of Rubisco isozymes present on a 2D gel, 

compared to Rubisco from 25oC-grown plants (Huner and Hayden 1982). Isoelectric 

focussing of rye LSu, purified from 25oC grown plants, reveals isozyme with four 

isoelectric points (pI=6.9, 6.75, 6.6, 6.5), compared to two from cold-grown Rubisco 

(pI=6.75, 6.5) (Huner and Hayden 1982). This could be a result of altered post-
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translational modifications to Rubisco at different growth regimes. For example, 

phosphorylation replaces neutral hydroxyl groups with one or more negatively charged 

phosphates, changing the pKa of specific amino acid residues and thus the pI of the 

protein (Gianazza 1995; Greenbaum et al. 2003). It is possible that different 

environments induce distinct post-translational modifications, but this remains 

speculative.  

Charge differences on 2D gels could also occur if multiple isoforms of LSu exist, 

each with a distinct pI. However, in higher plants there is only one known isoform of the 

LSu. The rbcL gene is present in a single copy in the chloroplast genome, and is 

regulated at the transcriptional and post-transcriptional levels (Berry et al. 1985). 

Multiple transcription start sites are reported for rbcL genes in many species, but most 

land plants have one primary transcript (Palmer et al. 1982; Crossland et al. 1984; 

Poulsen 1984; Mullet et al. 1985), which is processed into a shorter form by nucleolytic 

degredation at the 5’ end of the transcript (Johnson et al. 2010). Any additional 

transcripts are most likely degradation intermediates or precursor peptides (Langridge 

1981; Crossland et al. 1984; Mullet et al. 1985), and may lack ribosome binding 

sequences, rendering translation impossible (Mehrotra et al. 2011). Thus, it is unlikely 

that expression changes in rbcL result in a variant form of Rubisco.  

In comparisons between taxa, the SSu is more divergent than the LSu, and is 

coded by 1 to 22 genes, depending on the organism in question (Berry-Lowe et al. 1982; 

Broglie et al. 1983; Dean et al. 1989; Sasanuma 2001; Kapralov et al. 2011). The role of 
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the SSu in enzyme catalysis remains unclear. When the Ssu’s are separated from the 

octamer of large subunits, the resulting Rubiscos are catalytically competent, although 

greatly impaired (Andrews 1988; Gutteridge 1991; Morell et al. 1997). In transplastomic 

tobacco plants, hybrid Rubiscos with tobacco SSu and LSu from Helianthus annuus 

(sunflower) or Lycopersicon esculentum (tomato) are kinetically similar to WT tobacco 

Rubisco (Sharwood et al. 2008; Zhang et al. 2011).  However, Rubisco containing SSu 

mutations, or hybrid Rubiscos with native LSu’s and foreign SSu's, often have altered 

holoenzyme stability and kinetic properties. Chimeric Rubisco with algal SSu and 

cyanobacterial LSu have reduced carboxylase activity, but almost 60% greater Sc/o 

relative to cyanobacteria Rubisco (Read and Tabita 1992b; Spreitzer et al. 2001; 

Spreitzer et al. 2005; Ishikawa et al. 2011). Similarly, Chlamydomonas reinhardtii 

mutants lacking the rbcS gene family transformed with SSu from spinach, Arabidopsis 

thaliana and Helianthus annuus (sunflower) display a 3-11% increase in Sc/o without 

compromising carboxylation (Genkov et al. 2011). Further, Rubisco from transgenic rice 

plants containing the SSu of Sorghum bicolor have kcat-CO2 1.3-1.5 times that of the native 

enzyme (Ishikawa et al. 2011). Thus, the SSu may make important contributions to the 

overall performance of Rubisco.  

RbcS gene expression changes with developmental stage, light level, CO2 

concentration, and growth temperature (Wanner and Gruissem 1991; Dedonder et al. 

1993; Cheng et al. 1998; Yoon et al. 2001). In Arabidopsis thaliana, long-term growth at 

100 Pa CO2 results in a 40% decrease in levels of Rubisco and rbcL, and a 60% decrease 
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in the level of rbcS transcript (Cheng et al. 1998). Twelve days after transfer from 

ambient (36 Pa) to elevated (100 Pa) CO2 conditions, total rbcS transcript abundance 

decreases more than 30% (Cheng et al. 1998). This response is coupled with a 30% 

reduction in Rubisco content, but only an 18% decline in rbcL mRNA (Cheng et al. 

1998). Expression and regulation of the LSu and SSu are coordinated (Khrebtukova and 

Spreitzer 1996; Rodermel et al. 1996; Izumi et al. 2012; Suzuki and Makino 2012), and 

reduced rbcS expression may be a mechanism for the coarse-control of Rubisco content 

at elevated CO2  (Moore et al. 1998; Moore et al. 1999). However, down-regulation of 

rbcS mRNA under elevated CO2 is also found in species that exhibit little or no reduction 

in Rubisco content (Cheng et al. 1998; Moore et al. 1998; Gesch et al. 2002).   

Interestingly, the relative expression of the four rbcS genes in A. thaliana changes 

with respect to growth environment (Cheng et al. 1998; Yoon et al. 2001). Plants grown 

at 100 Pa CO2 down-regulate rbcS-1A by 45%, and the three remaining genes by ~60% 

(Cheng et al. 1998), resulting in an apparent inverse relationship between rbcS-1A and 

rbcS-3B relative transcript abundance (Figure 1.3a). At ambient CO2 (36 Pa), rbcS-3B 

accounts for 42% of total rbcS transcripts, while rbcS-1A accounts for 32%. At elevated 

CO2, rbcS-1A accounts for 42% of total rbcS mRNA, while rbcS-3B accounts for 33% 

(Cheng et al. 1998). The proportion of rbcS-2B and rbcS-1B do not vary with CO2 

(Figure 1.3a).  

There is an analogous response of rbcS gene expression in response to growth 

temperature (Figure 1.3b). In plants grown at 30oC, rbcS-3B accounts for approximately 
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43% of total rbcS mRNA, whereas rbcS-1A accounts for 38% (Yoon et al. 2001). By 

contrast, in plants grown at 10oC rbcS-1A accounts for approximately 70% of rbcS 

transcript, but the -3B transcript accounts for only 15%. As in the response to CO2, 

expression of rbcS-1B and rbcS-2B remain unaltered. This effect is not genotype specific 

(Yoon et al. 2001), and is unlikely an experimental artefact, since Cheng et al. (1998) 

assayed mRNA levels with a Northern Blot, and Yoon et al. (2001) used a modified 

RACE (Rapid Amplification of cDNA Ends) assay.  

The rbcS responses to CO2 concentration and growth temperature are 

complimentary. At a constant partial pressure of CO2, increasing temperature reduces the 

ratio of CO2/O2 in solution, because the temperature responses of solubility differ 

between the two gases. Decreasing temperature has the opposite effect, effectively 

increasing the CO2/O2 ratio in solution, although the temperature response of gm affects 

this ratio in vivo (i.e. affects Ci) . The response of rbcS-3B and rbcS-1A to temperature 

and CO2 are thus qualitatively similar (Figure 1.3). Growth at low temperatures or high 

CO2 increases rbcS-1A expression. Conversely, growth at high temperatures or ambient 

CO2 increases rbcS-3B expression.  

The rbcS genes in A. thaliana are 95% similar, and most differences are found in 

the introns, resulting in peptides that are ~97% similar in amino acid sequence (Krebbers 

et al. 1988); the greatest dissimilarity is found between SSu-1A and SSu-3B. The 

peptides encoded by rbcS-1A and rbcS-3B differ by 13 residues, including a five amino 

acid insertion, unique to SSu-3B, in the loop between β-sheets A and B. This βA-βB loop 
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is the most divergent structural region among land plant Rubiscos (Spreitzer et al. 2001; 

Du et al. 2003; Spreitzer 2003), though like the rest of the SSu, its function has not yet 

been ascertained. In land plants and green algae, the βA-βB loops of four SSu's line the 

central solvent channel of the holoenzyme, encircling the opening, and extending 

between two neighbouring large subunits (Spreitzer 2003). The region is required for 

holoenzyme stability; cyanobacterial SSu can assemble with pea LSu only when the 10-

residue cyanobacterial βA-βB loop is replaced with a longer, 22-residue loop 

characteristic of land plants (Wasmann et al. 1989). Spreitzer et al. (2001) found that an 

Arg-71-Ala substitution caused a decrease in kcat-CO2 and an increase in Kc and Ko in C. 

reinhardtii Rubisco, resulting in an 8% decrease in Sc/o. It is thus apparent that the βA-βB 

region of the SSu can influence catalytic efficiency and substrate specificity, in addition 

to holoenzyme stability (Spreitzer et al. 2001; Karkehabadi et al. 2005; Andersson and 

Backlund 2008; Genkov and Spreitzer 2009).  

Altering the SSu complement of the L8S8 enzyme could produce different 

isoforms of Rubisco with slightly different thermal stabilities and kinetic properties. 

Slight structural changes can have far reaching impacts on kinetic performance (Spreitzer 

et al. 2001; Whitney et al. 2011) and enzyme regulation and stability (Wasmann et al. 

1989). The SSu length polymorphisms in A. thaliana SSu peptides suggest the tantalizing 

possibility that changes in the SSu composition of Rubisco could mediate kinetic 

differences. However, attempts to correlate protein abundance with mRNA level have 

met with variable success (Gygi et al. 1999; Greenbaum et al. 2002; Greenbaum et al. 



 

19 

 

 

 

2003). In yeast, mRNA levels can vary up to 20-fold, while corresponding protein levels 

remain stable (Gygi et al. 1999), and a meta-analysis of the relationship shows a weak 

correlation (i.e. r=0.66) (Greenbaum et al. 2003). However, mRNA expression levels 

correlate with levels of subunits within protein complexes (Jansen et al. 2002). Changes 

in rbcS gene expression must be compared to changes in SSu composition to assess the 

potential acclimation effects of an altered Rubisco subunit complement. However, this 

task is complicated by the sequence and structural similarity between Rubisco SSu that 

hinders common immunological approaches.  

1.6  Concluding Remarks 

Variation in Rubisco kinetic parameters among land plants suggests Rubisco 

performance is under selection (Kapralov and Filatov 2007; Christin et al. 2008; 

Kapralov et al. 2011), and I have outlined the evidence showing that growth environment 

can alter the relative expression of the Rubisco small subunit encoding genes and in vitro 

activity of the holoenzyme. Phenotypic plasticity of Rubisco biochemistry may contribute 

to the temperature and CO2 acclimation responses of photosynthesis. The evidence is 

admittedly limited, but whether this is a lack of an effect, or a lack of investigation, is 

uncertain. Moreover, the size of the effect is likely relatively modest. Our analysis of Sc/o 

changes during growth temperature acclimation suggests plausible direct photosynthetic 

effects of 5-15%, irrespective of any growth temperature effects on mesophyll 

conductance and thus stromal CO2 levels. This enhancement may provide adequate 
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selection pressure to favour mechanisms promoting plasticity in Rubisco performance, 

which are likely modulated through structural changes. 

Rubisco’s three-dimensional structure is a product of genetically determined 

amino acid sequences. Changing growth environments can alter the stability and 

conformation of the enzyme, which may account for altered kinetic performance. 

Changes to the SSu complement of L8S8 Rubisco, through altered rbcS gene expression, 

may have a stabilizing effect at elevated growth temperatures, giving a slight 

photosynthetic advantage. Presently this is speculative, and requires that changes in SSu 

composition accompany altered rbcS gene expression. Although constrained 

evolutionarily across autotrophic lineages, there is evidence of both local adaptation and 

phenotypic plasticity in the biochemical performance of Rubisco; the latter suggests a 

role for the enigmatic small subunit. 

The overall objective of this PhD research is to examine the gene and protein 

expression dynamics of the small subunit of Rubisco, and identify any associated effects 

on Rubisco performance. To achieve my objective, I first asked if rbcS gene expression 

responds to CO2, growth temperature, or some combination of the two? Chapter 2 

establishes the environmental cues for this response, and in Chapter 3, I explicitly 

compare changes in gene expression to associated changes in the protein structure and 

function of Rubisco. Finally, in Chapter 4, I assess the role of an altered SSu 

complement, and thus different Rubisco kinetic performance, on carbon-assimilation at 

the whole plant level.  
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1.7 Statement of Contribution to Research and Writing 

I designed the research questions and methodologies, and collected the data for 

this thesis with assistance and guidance from my supervisor Dr. David Kubien. I 

completed all of the data analysis and manuscript preparation for this project, with 

assistance, recommendations, and support from Dr. Kubien and Dr. Linley Jesson.  

The following chapters have been written as self-contained research papers. 

Consequently, there is inevitable repetition in the introduction and discussion of some 

chapters. Chapter 1 is based on a manuscript published by the journal Photosynthesis 

Research; its full citation is: “Cavanagh AP, Kubien DS, 2013, Can phenotypic plasticity 

in Rubisco performance contribute to photosynthetic acclimation? Photosynthesis 

Research 119:203-14”. My supervisor, Dr. Kubien, is a coauthor on this manuscript as he 

provided editorial comments on the manuscript, and assistance in modeling 

photosynthesis. Chapters 2, 3, and 4 are currently in preparation and will include my 

supervisor Dr. Kubien as a coauthor, as he assisted in experimental design and provided 

editorial comments throughout.  
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Figure 1.1. Modeled potential acclimation responses of Rubisco kinetic properties.  
I assigned the growth-temperature induced variation in spinach Rubisco Sc/o  (Yamori et 
al. 2006b their Figure 4), to the parameters describing Sc/o (see equation 1, Appendix I), 
by calculating what kcat-CO2 (panel b), Kc (c) or Ko (d) would be for a low- (LT) or high-
temperature (HT) Rubisco if the other parameters are constant.  In panel a, I assigned the 
Sc/o change to Γ*  only.  The blue and red lines are the ratios of HT/LT Rubisco-limited 
gross A, calculated at an intercellular CO2 of 30 Pa (blue line), or allowing for the 
mesophyll conductance of the spinach Rubisco (average of both HT and LT, red line, 
(Yamori et al. 2006a). Thus, the data represented by the blue and red lines allow only for 
acclimation of Rubisco. See Appendix 1.1 for a complete description. 
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Figure 1.2. Modeled potential acclimation responses of photosynthetic properties.  
Each calculation of net CO2 assimilation (An) includes the acclimation of Rubisco kinetic 
parameters (Figure 1), with additional acclimation terms. First, I accounted for mesophyll 
conductance (gm only, green line) using the HT or LT values reported for spinach 
(Yamori et al. 2006a); in this case I set Rd to 1 µmol m-2 s-1, and an activation energy (Ea) 
of 45 kJ mol-1. I then sequentially added the acclimation of Rd (blue line) and the growth-
temperature induced changes to the site concentration of Rubisco (red line) reported by 
(Yamori et al. 2005). All data were calculated based on stromal CO2 (e.g. Cc), assuming 
Ci=30 Pa. I set the LT Rubisco site concentration to 20 µmol m-2; the acclimated value 
for HT plants is 10.3 µmol m-2
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Figure 1.3. Responses of rbcS gene expression in A. thaliana to changes in a) CO2 
(Cheng et al. 1998) and b) growth temperature (Yoon et al. 2001). Gene specific 
expression is reported here as the fraction of total rbcS expression. 
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Appendix 1.1: Modeling Photosynthesis  

The modelling in Figure 1.1 reflects the acclimation of Rubisco Sc/o reported by 

Yamori et al. (2006b). The ratio of the two reaction efficiencies describes the relative 

CO2/O2 specificity of Rubisco (Sc/o): 

ccatO2

ocatCO2

ocatO2

ccatCO2
c/o

/
/

Kk
Kk

Kk
KkS ==

 (1.1.1) 

where kcatCO2 and kcatO2 represent the turnover capacity of carboxylation and 

oxygenation, respectively, and Kc and Ko are the Michaelis-Menten constants for CO2 and 

O2. The photorespiratory CO2 compensation point (Γ*) is: 

c/o

2

2
O*
S
p

=Γ
 (1.1.2) 

where pO2 is the partial pressure of O2 in the stroma (21 kPa).  

I determined the effect of altered spinach Sc/o (Yamori et al. 2006b) on Rubisco-

limited A: 

A= (1− Γ* /C)Vc − Rd = (1− Γ* /C) Vc maxC
C + 1+ pO2 / Ko( )Kc

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟
− Rd

   (1.1.3) 

where C is the level of CO2; Vc is the realised rate of carboxylation; Vcmax is the 

maximum rate of carboxylation (Vcmax = kcat-CO2 * site concentration * activation state); 

and Rd is the rate of non-photorespiratory mitochondrial respiration in the light. I 

assumed complete Rubisco activation. To incorporate mesophyll conductance, and hence 
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assess A at stromal CO2 (e.g. Cc), I followed the solution of Warren and Dryer (2006, 

their equation 6). 

I used the cubic equation reported by Yamori et al. (2006b, their Fig. 4) to 

calculate Sc/o for HT and LT Rubisco, and assigned this to kcat-CO2, Kc, or Ko, by re-

arranging equation 1.1, keeping the other parameters constant. I assumed that kcat-O2 = kcat-

CO2/4 (von Caemmerer 2000, p. 45). The 25oC values and Ea (Table 1.1.1) were from 

Jordan and Ogren (1984), and Kubien et al. (2008). Rubisco site concentration was 20 

µmol m-2, giving Vcmax of 60 µmol m-2 s-1 for the default kcat-CO2. I also calculated the 

effect of allowing the different Sc/o to affect Γ* only, keeping the other parameters 

constant for HT and LT leaves. 

I calculated the effect of Rubisco plasticity only, at Ci (e.g. infinite mesophyll 

conductance) and at Cc, with Rd =0 (e.g. gross A). I then calculated a more general 

acclimation potential, assigning HT and LT values for Rubisco content and Rd (Yamori et 

al. 2005, their Table 1 and Figure 2), and gm (Yamori et al. 2006a, their Figure 1) (Figure 

1.2). I left the site concentration for LT leaves at 20 µmol m-2; adjusting for the HT/LT 

Rubisco ratio reported by Yamori et al. (2005) gives an HT content of 10.3 µmol m-2, and 

thus a Vcmax of 33 µmol m-2 s-1 at 25oC.   
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Table A1.1. Model parameters and activation energies (Ea).  Spinach Rubisco parameters 
and Ea from Jordan and Ogren (1984) except kcat-CO2 (Kubien et al. 2008). Rd values and 
Ea were calculated from the data in Figure 1 of Yamori et al. (2005). The mesophyll 
conductance (gm) values in Figure 1d of Yamori et al. (2006a) were used empirically 
here; 5oC and 40oC values were extrapolated from the Yamori et al. data. 
 

Parameter	 Value at 25°C	
Ea	

(kJ mol-1)	

kcat-CO2 (s-1) 3.2 74.4 

Kc (Pa) 32.9 81.66 

Ko (kPa) 39.7 15.63 

Rd (µmol m-2 s-1) HT: 1.07  44.7 

 LT: 1.99 46.8 

gm (µmol m-2 s-1 Pa-1)  HT: 2.24  

 LT: 1.96  
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Chapter 2 : Does rbcS gene expression respond to growth temperature, 1 
CO2, or both? 2 

2.1 Introduction 3 

Rubisco catalyzes the carboxylation and oxygenation of ribulose-1, 5- 4 

bisphosphate (RuBP), initializing the photosynthetic and photorespiratory carbon 5 

pathways. Land plant Rubiscos consist of eight chloroplast encoded large subunits (LSu) 6 

and eight nuclear encoded small subunits (SSu). A single chloroplast gene (rbcL) codes 7 

for the LSu in a given species, while the rbcS genes that code for the SSu are more 8 

divergent, ranging from two copies in Chlamydomonas to 22 copies in several Flaveria 9 

species (Spreitzer, 2003; Kapralov, Kubien, et al., 2011). In Arabidopsis thaliana, the 10 

rbcS gene family comprises four members; two of these genes (rbcS1A and rbcS3B) are 11 

essential for plant function, while rbcS1B and rbcS2B appear to be redundant (Izumi et 12 

al., 2012).  13 

Many photosynthetic proteins exist in multigene families, in which the expression 14 

of certain genes is up- or down-regulated in response to changes in the growth 15 

environment (Green et al., 1991; Sinvany-Villalobo et al., 2004; Wobbe et al., 2008). For 16 

example, in Zea mays growth temperature alters the expression of individual genes that 17 

code for several chlorophyll binding proteins associated with PSII (light harvesting 18 

chlorophyll a/b binding proteins (Lchb); Caffarri et al. 2005). As a result, alternate 19 

isoforms of LHCII proteins accumulate at different levels depending on growth 20 

conditions, and this is associated with physiological changes that suggest that the changes 21 
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in gene expression and subsequent protein expression have an acclimation role (Caffarri 22 

et al., 2005). Similarly, Rubisco gene expression responds to changes in light, CO2, and 23 

growth temperature (Dedonder et al., 1993; Cheng et al., 1998; Yoon et al., 2001; 24 

Sawchuk et al., 2008). Typically, these responses involve changes to the total amount of 25 

rbcS mRNA produced, which correlates well with Rubisco production in many species 26 

(Moore et al., 1999). In Arabidopsis, gene specific expression within the rbcS family 27 

varies with both temperature and CO2 conditions; growth at low temperatures or high 28 

CO2 increases rbcS1A expression, while growth at high temperatures or ambient CO2 29 

decreases rbcS3B expression (detailed in Chapter 1; Yoon et al., 2001; Cheng et al., 30 

1998).  31 

 Variable rbcS gene expression may play a role in the plasticity of Rubisco’s 32 

response to changes in the environment, likely through an altered SSu complement in the 33 

holoenzyme (Cavanagh and Kubien, 2014). Discerning the nature and interaction 34 

between rbcS responses to temperature and CO2 is imperative because a) Rubisco 35 

performance in vivo depends on the concentration of CO2 at the site of carboxylation (i.e., 36 

Cc), and b) temperature changes the concentrations of CO2 and O2 in solution, because 37 

the Henry constants (which describe the solubility of gases) differ between the two 38 

Rubisco substrates. At a constant partial pressure of CO2, increasing temperature reduces 39 

the ratio of CO2/O2 in solution, because of differences in the temperature responses of O2 40 

and CO2 solubility (Figure 2.1; Ku and Edwards, 1977; Tenhunen et al., 1979; Sander, 41 

2015). The consequence is that the ratio of RuBP oxygenation/carboxylation increases as 42 
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temperature rises.  Decreasing temperature has the opposite effect, effectively increasing 43 

the CO2/O2 ratio in vivo, increasing the concentration of CO2 at the site of the chloroplast 44 

(Cc); photorespiration declines at lower temperatures. Considered this way, the rbcS 45 

expression responses to CO2 and temperature are qualitatively similar.  High CO2 and low 46 

growth temperature lead to increases in the expression of rbcS1A, while expression of 47 

rbcS3B increases in response to lower CO2 and elevated growth temperature (see Chapter 48 

1, Figure 1.3). However, it is not clear if these responses are independent and 49 

complementary, or if the genes are regulated by an interaction between temperature and 50 

CO2.  51 

The experiment presented in this work was designed to determine whether rbcS 52 

gene expression responds to CO2 concentration, growth temperature, or an interaction 53 

between them, using Arabidopsis grown in controlled environment cabinets. Yoon (2001) 54 

examined growth temperature induced changes to rbcS expression at ambient CO2, and 55 

Cheng et al. (1998) examined CO2 effects on expression at 20°C. Because elevated 56 

growth temperature effectively results in a lower Cc, I tested the hypothesis that the rbcS 57 

gene expression response to high temperature is actually a response to lower CO2 levels.  58 

I used a factorial design to test the effects of growth temperatures and CO2 levels on 59 

rbcS-1A and rbcS-3B gene expression. I also collected leaf material for biochemical 60 

analyses, including Rubisco content. This work explicitly compares the response of gene 61 

expression to temperature and CO2 using one common technique (i.e. RT-qPCR), where 62 

other work used two different approaches. 63 
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 65 

 66 

Figure 2.1. The temperature responses of O2 and CO2 solubility  67 

(A) The temperature responses of gas solubilities vary due to differences in the 68 
temperature response of the Henry constants for CO2 and O2. The temperature responses 69 
to each gas are modeled using Henry constants from Sander (2015), assuming partial 70 
pressures of CO2 and O2  of 45 Pa and 21 kPa, respectively. (B) At constant partial 71 
pressures of CO2  (45 Pa) and O2  (21 kPa), increasing temperature reduces the ratio of 72 
CO2/O2 in solution.    73 

A 

B 
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2.2 Methods 74 

2.2.1 Plant Growth and sampling 75 

I sowed Arabidopsis thaliana (Col-0) seeds in 578 mL pots filled with Promix. 76 

After 3 days stratification (4oC) seeds were germinated in uniform conditions of 450 ppm 77 

CO2, 20°C, and a 10-hr photoperiod at 300 µmol m-2 s-1 (PPFD) in a controlled 78 

environment chamber (PGM-20, Conviron, Winnipeg, Manitoba, Canada). I moved 79 

plants to experimental conditions after the first true leaves emerged (~1.5 weeks after 80 

germination). I watered plants to excess every two days (at 30°C), and every four days 81 

(10°C and 20°C) with a modified Hoagland’s nutrient solution (Hoagland and Arnon, 82 

1950). Since nitrogen availability can modify the effects of elevated temperature and CO2 83 

on plant performance (Stitt and Krapp, 1999), I normalized the nitrogen exposure by 84 

watering 30°C plants with a solution containing 8 mM total N, and used a 16 mM total N 85 

solution at 20oC and 10°C.   86 

2.2.2 Temperature and CO2 treatments 87 

I grew plants in combined treatments of 450 and 1000 ppm (the CO2 conditions 88 

studied by Cheng et al., 1998), under diurnal air temperatures of 10/8°C and 30/25°C 89 

(similar to the conditions studied by Yoon et al., 2001; Figure 2.2). I grew one cohort of 90 

plants at 20/18°C under both CO2 conditions to serve as a direct comparison to the results 91 

obtained by Cheng et al. (1998). The remaining CO2 and temperature treatments were 92 

applied as a complete factorial design in a pair of identical growth chambers (Conviron 93 



 

33 

 

 

 

PGM-20). Assuming an O2 partial pressure of 21 kPa, at 450 ppm CO2 the ratio of 94 

CO2/O2 in solution is 0.063 M M-1, 0.058 M M-1, and 0.054 M M-1 at 10°, 20°, and 30°C 95 

respectively. At 1000 ppm CO2, these ratios (from 10-30°C) are 0.14 M M-1, 0.13 M M-1, 96 

and 0.12 M M-1. These ratios ignore any in planta resistances to CO2. I repeated the 97 

growth experiment 3 times per treatment (i.e., grew three cohorts), varying between two 98 

chambers within each treatment (Table 2.1). I obtained leaf discs (1.1 cm2) from the 99 

fourth whorl of 5-6 week old plants (life stage 3.7-3.9; Boyes et al., 2001), froze them in 100 

liquid nitrogen, and stored them at -80oC until processing. I sampled 5 individual plants 101 

per chamber replication, for a total of 15 individuals per treatment.   102 

 103 

 104 

 105 

 106 

 107 
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 108 

Figure 2.2. Experimental design to test combinatorial effects of growth temperature and 109 
CO2 concentration.  110 

At 450 ppm CO2 the three growth temperatures mimic the experiment of Yoon et al. 111 
(2001).  At 20oC the two CO2 levels essentially repeat the experiment conducted by 112 
Cheng et al. (1998).  113 
 114 
 115 
 116 
 117 
 118 
 119 
 120 
 121 
 122 
 123 
 124 
 125 
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2.2.3 RNA extraction, cDNA synthesis and RT-qPCR analysis 126 

I extracted total RNA from leaf material from 5 individuals per experimental 127 

replicate using an RNeasy kit (Qiagen, Hilden, Germany) following the manufacturer's 128 

protocol, treated the RNA with DNase (Life Technologies, Carlsbad, CA, USA) and 129 

reverse transcribed 1 µg of RNA into cDNA using the Quantitec reverse transcription kit 130 

(Qiagen) according to the manufacturer's protocol. RNA concentration was determined 131 

spectrophotometrically, and RNA integrity was determined visually by 1.5% agarose gels 132 

stained with ethidium bromide.  133 

I added 1 µL of cDNA to a 10 µL reaction vessel containing 5 µL of SYBER 134 

master mix (KAPA Biosystems, Wilmington, MA, USA), and 200 nM of each forward 135 

and reverse primers. Real time quantification of PCR amplicons (RT-qPCR) was 136 

performed using a Rotor-Gene™ 6000 thermal cycler (Corbett Life Sciences, Sydney, 137 

NSW, Australia), using the following standard thermal profile for all reactions: 95°C for 138 

2 min., followed by 40 cycles of 95°C for 3 s, 58°C for 20 s, and 72°C for 2 s. Primers 139 

flanked regions in the 3’ UTR of each rbcS gene, using a common reverse primer for both 140 

rbcS-1A and rbcS-3B genes (Table 2.2). All known splice variants of rbcS-3B and rbcS- 141 

1A are represented in this target area. I confirmed product specificity visually by band 142 

presence/absence following agarose electrophoresis, and using dissociation curves with 143 

single peaks obtained for each reaction product. Additionally, I performed a more 144 

stringent test of primer specificity by sequencing a subset of amplified PCR products. I 145 

obtained an entire sequence of the amplicon, which I then used as a query in BLASTn. 146 
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The amplicon sequences matched the target genes nearly perfectly, except for poorly 147 

resolved bases (‘Ns’) and single base insertion/deletions at the 3’ and 5’ ends of the reads 148 

(see Appendix 2.1).  149 

To interpolate levels of gene expression, I used exogenous standard curves 150 

prepared in triplicate containing serial dilutions (101-109 copies µL-1) of each PCR target 151 

cloned into a plasmid (pGEM-T-Easy; Promega, Madison, WI, USA). All plasmid 152 

dilutions used for the standard curves amplified consistently, indicating a linear 153 

amplification range of at least six orders of magnitude, from 102 to 108 copies µL-1. I 154 

normalized their expression to a reference gene (AT1G13320; Protein phosphatase 2A 155 

Subunit A3 (PP2AA3), www.arabidopsis.org), which is stably expressed during 156 

temperature and CO2 fluctuations in A. thaliana (Czechowski et al., 2005). I included 157 

controls containing no template cDNA (NTC), or containing only RNA (no-RT), and 158 

neither crossed the quantification cycle threshold (Cq) for samples included in the 159 

analysis.   160 

2.2.4 Biochemical Analysis 161 

I determined the content of Rubisco, chlorophyll, and total soluble protein in two 162 

samples from each cohort (n=6/treatment).  I ground leaf tissue (1.1 cm2) in a ten-broek 163 

glass-in-glass homogenizer containing 3 mL of ice-cold extraction buffer (100 mM 164 

HEPES pH 7.6, 2 mM Na-EDTA, 5 mM MgCl2, 5 mM dithiothreitol [DTT], 10 mg mL-1 165 

polyvinyl polypyrrolidone, 2% (vol/vol) Tween-80, 2 mM NaH2PO4, 12 mM amino-n- 166 
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caproic acid, and 2 mM benzamidine) and 50 µL Protease Inhibitor Cocktail (Sigma 167 

P9599). I determined the chlorophyll content from this homogenate in 80% buffered 168 

acetone (Porra et al., 1989). The leaf homogenate was then centrifuged at 16 000 x g at 169 

4°C for 60 s, and I determined total soluble protein content from the supernatant, using a 170 

linearized form of the Bradford Assay with bovine serum albumin (BSA) as the standard 171 

(Bradford, 1976; Ernst and Zor, 2010). I determined Rubisco content in the soluble 172 

fraction using a [14C]carboxy-arabinitol bisphosphate (CABP)-binding assay, assuming 8 173 

binding sites per Rubisco (Kubien et al., 2011).  174 

2.2.5 Data Analysis  175 

Because cDNA amplifies by doubling, and copy number increases non-linearly, I 176 

log transformed mRNA copy number to homogenize variances. I examined CO2 and 177 

growth temperature effects on normalized mRNA levels and biochemical parameters 178 

using linear mixed-effects models within the R package nlme (Pinheiro et al., 2013; R 179 

Core Team, 2013). Mixed effects models test relationships between response variables 180 

and predictors when the data are grouped by one or more factors. These grouping factors 181 

are known as random effects, and, unlike fixed effects should alter the variance of the 182 

response variables, not the mean (see Pinheiro and Bates, 2000).  I treated growth 183 

temperature and CO2 concentration, as well as their interaction, as fixed effects.  I 184 

specified growth chamber (i.e., Chamber 1 or Chamber 2) and cohort growth date (i.e. 185 

plant date, Table 1) as random effects. This allows me to account for any slight variations 186 
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in microclimate between chambers, and to account for pseudoreplication by including 187 

covariance arising from repeated measures of the same cohort of plants in the model. I 188 

tested model fits by comparing the predicted values to fitted values (Appendix 2.2). The 189 

results of the mixed effects model are qualitatively similar to a conventional analysis (i.e. 190 

a linear model), but with slightly higher p-values and lower probability of type-I error 191 

rates (see Appendix 2.2).  192 

2.3 Results 193 

2.3.1 Growth Temperature and CO2 responses in A. thaliana: transcript 194 

abundance 195 

Total RNA concentration does not vary significantly with CO2 or growth 196 

temperature (Figure 2.3 a-b).  The expression of AT1G13320 (PP2AA3) remains stable 197 

across treatments (Figure 2.3 c-d), confirming its utility in normalization.  198 

The mRNA levels of rbcS1A and rbcS3B, and the ratio between them, vary with 199 

changes in growth temperature (rbcS1A: F2,18 = 4.4, p=0.028; rbcS3B: F2,18 =16.3, 200 

p=0.0001), but not CO2 (rbcS1A: F2,18 = 0.47, p = 0.50; rbcS3B: F2,18 = 0.12, p = 0.73; 201 

Table 2.3, Figures 2.4). At 30°C, expression of rbcS-3B is 51% greater than rbcS-1A 202 

expression under ambient CO2, and 41% greater than rbcS-1A expression under elevated 203 

CO2 conditions. At low growth temperatures rbcS-1A expression is 80% greater than 204 

rbcS-3B, regardless of CO2 concentration. Overall, there is a 27% reduction in total rbcS 205 

transcripts at 30°C compared to 10°C.  At 20°C, levels of rbcS-3B and rbcS-1A do not 206 
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significantly differ from expression levels in cold-grown plants at either CO2 207 

concentration, but are 62% lower or 63% greater than expression levels of the respective 208 

genes at 30°C (Figure 2.4).    209 

2.3.2 Growth Temperature and CO2 responses in A. thaliana: biochemical 210 

responses 211 

Cold-grown plants produce more Rubisco than warm-grown plants at both 212 

ambient and elevated CO2 conditions. Warm-grown plants have 40% less Rubisco than 213 

cold-grown plants under ambient CO2, but they have 29% less Rubisco in plants grown at 214 

elevated CO2. This difference in the growth-temperature effect on Rubisco content arises 215 

because there is no effect of elevated CO2 on the Rubisco content of warm-grown plants 216 

(CO2:Temperature interaction F1,7 = 16.9, p =0.0045; Figure 2.5 a-b, Table 2.4). When 217 

plants are grown at 20oC Rubisco production decreases from 12.2 ± 0.7 to 8.4 ± 0.3 µmol 218 

m-2 when plants are grown at elevated CO2.   219 

The average total soluble protein declines with growth temperature at both CO2 220 

treatments (Figure 2.5 c-d, Table 2.4). There is no difference in the total amount of 221 

chlorophyll between growth temperature (F1,7 = 0.11, p = 0.75). Plants grown at elevated 222 

CO2 appear to produce more total chlorophyll (Figure 2.5 e-f, Table 2.4), but the effect is 223 

not significant (F1,20 = 2.7, p = 0.15). Growth at elevated CO2 reduces the ratio of 224 

chlorophyll a/b by 14% in cold-grown plants, but has no effect on warm-grown plants. As 225 

a result, the ratio of chlorophyll a/b in warm-grown plants is 22% lower than cold grown 226 
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plants under ambient CO2 conditions, but when plants are grown under elevated CO2, 227 

there is no detected difference in the ratio of chlorophyll a/b produced by warm and cold- 228 

grown plants (CO2:Temperature interaction F1:20 = 14.6, p = 0.0065; Figure 2.5 g-h, Table 229 

2.4).  230 

 231 

 232 

 233 

 234 

 235 

 236 

 237 

 238 

 239 

 240 

 241 

 242 

 243 

 244 

 245 
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Table 2.1. Chamber conditions and germination dates for the cohorts included in this 247 
analysis.  248 

Average CO2 concentration and growth temperature were recorded weekly during the 249 
growth period using thermocouples and an infra-red gas analyzer (IRGA) (Licor-6400). 250 
Data represent the mean and standard deviation from 5-8 weeks, depending on the 251 
growing conditions.   252 
CO2 Concentration 
(ppm) 

Growth 
Temperature (°C) 

Chamber ID Plant Date 

496.4 (13.8)  9.93 (0.027) 2 May 30, 2014 
504.7 (16.5) 9.96 (0.031) 1 July 15, 2015 
427.5 (9.7) 10.20 (0.040) 1 August 13, 2014 
493.7 (4.8) 22.76 (0.171) 1 June 1, 2014 
491.2 (10.1) 30.11 (0.373) 1 May 3, 2014 
510.5 (11.6) 29.36 (0.120) 2 July 15, 2014 
488.3 (8.9) 29.87 (0.560) 2 August 13, 2014 
1073.5 (36.5) 10.37 (0.168) 1 January 24, 2014 
1022.3 (36.0) 9.91 (0.075) 2 March 21, 2014 
1072.9 (34.3) 9.40 (0.104) 1 September 4,2014 
1021.6 (32.9) 21.40 (0.102) 2 February 23, 2014 
1056.6 (35.0) 28.93 (1.012) 2 January 24, 2014 
1120.8 (34.5) 29.04 (0.190) 1 March 21, 2014 
1071.3 (37.8) 29.37 (0.406) 2 September 5,2014 

 253 
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Table 2.3. Analysis of variance table for the mixed effects model testing the impact of 
temperature and CO2 on the expression levels of rbcS-1A and rbcS-3B. 

 A comparison to conventional analysis can be found in Appendix 2.2 

 Effect Numerator df Denominator df F-value P 
rbcS-1A Temperature 2 18 4.3984 0.028 
 CO2  1 18 0.4707 0.5014 

 
Temperature: 
CO2  2 18 0.1134 0.8934 

 
 
rbcS-3B Temperature 2 18 16.321 0.0001 
 CO2  1 18 0.121 0.732 

 
Temperature: 
CO2  2 18 1.253 0.3093 
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Table 2.4. Analysis of variance testing for the mixed effects model testing the impact of 
growth temperature and CO2 concentration on photosynthetic parameters.  

A comparison to a conventional analysis can be found in Appendix 2.2. 

 Effect 
Numerator 
df 

Denominator 
df F-value P 

Rubisco 
content Temperature 1 7 102.9704 <0.0001 
 CO2  1 7 7.5169 0.0288 

 
Temperature: 
CO2  1 7 16.9847 0.0045 

Total 
Soluble 
Protein Temperature 1 7 0.00535 0.9437 
 CO2  1 7 1.81718 0.2196 

 
Temperature: 
CO2  1 7 0.0039 0.952 

Chlorophyll 
Content Temperature 1 7 0.1061 0.7541 
 CO2  1 7 2.6581 0.147 

 
Temperature: 
CO2  1 7 1.3959 0.2891 

Chlorophyll 
ab ratio Temperature 1 7 28.927 0.001 
 CO2  1 7 1.743 0.2283 

 
Temperature: 
CO2  1 7 14.641 0.0065 
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Figure 2.3. Total RNA concentration (a,b) and expression of the normalizing gene 
AT1G13320 (c,d) do not vary with temperature or CO2 (p>0.05; n=5, mean ± s.e). The 
box plot describes the middle 50% of the data, and within the box, a vertical line is drawn 
at the Q2, the median of the data set. The upper and lower whiskers represent scores 
outside the middle 50% of the data.  
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Figure 2.4. The response of rbcS genes to temperature at ambient (450 ppm) and elevated 
(1000 ppm) CO2. Gene expression responds to temperature (p<0.05) but not CO2 (p > 
0.05). Data represent means ( ± s.e., n=5). 
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Figure 2.5. Physiological parameters from cold-grown (10°C) and warm-grown (30°C) 
plants at ambient (450 ppm) and elevated (1000 ppm) CO2 conditions.  

Rubisco content (A,B), Total soluble protein  (C,D), and Chlorophyll content and ratio 
(E,H) were determined from two samples per growth chamber treatment (n=6).  
Significant differences were determined using a mixed effects model with temperature 
and CO2 as main effects, and letters on graph (a,b,c) indicate differences at p < 0.05. 
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2.1 Discussion 

In this chapter, I compared rbcS gene expression and leaf biochemistry in warm- 

and cold-grown A. thaliana at ambient (450 ppm) and elevated CO2 (1000 ppm). While 

CO2 appears to have little effect, growth temperature alters both Rubisco protein and 

gene expression; the mechanism behind this is not yet clear. Here, I discuss the Rubisco 

acclimation response to elevated CO2, and the role that the SSu gene expression plays in 

this response. The lack of coordination between the rbcS transcript abundance and 

Rubisco protein concentration in Arabidopsis thaliana suggests that the SSu may play a 

role beyond LSu regulation and aggregation.  

Elevated CO2 increases the rate of photosynthesis by increasing the carboxylation 

rate of Rubisco and inhibiting the competing oxygenation reaction (Laisk and Oja, 1974; 

Andrews and Lorimer, 1987; Drake et al., 1997). However, long-term growth of C3 plants 

at elevated CO2 invokes acclimation responses to balance nitrogen and other resources 

allocated to the photosynthetic reactions, particularly when plants are grown in pots 

instead of the field (Sage, 1990; Drake et al., 1997; Geiger et al., 1999; Long et al., 

2004). This often results in large declines in Rubisco protein, ranging from 15 to 60% 

(Drake et al., 1997; Cheng et al., 1998; Rogers and Humphries, 2000). In many species, 

Rubisco down-regulation at elevated CO2 is co-ordinated with significant decreases in the 

transcript levels of genes encoding the small (rbcS) and large (rbcL) subunits of Rubisco 

(Webber et al., 1994; Nie et al., 1995; van Oosten and Besford, 1995; Majeau and 

Coleman, 1996;  Moore et al., 1998b). However, this coordination between mRNA 

transcript and holoenzyme production may be species specific (Moore et al., 1998; Cheng 
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Moore and Seemann, 1998; Gesch et al., 1998). In a multi-species comparison, Moore et 

al. (1998b) found that long-term growth of different species at elevated CO2 led to 

increases in rbcS and rbcL transcript level, with no apparent change in Rubisco content; 

large decreases in transcript levels accompanying slight declines in Rubisco content; or 

slight decreases in transcript levels accompanying large declines in Rubisco content. Of 

the fifteen species observed, Arabidopsis was the only species to exhibit both a strong 

down-regulation of rbcS and rbcL mRNA and Rubisco content (Moore et al., 1998a,b). In 

the present study, when Arabidopsis plants are grown under elevated CO2 at 10° or 30°C, 

Rubisco content is 23% and 31% lower than plants grown at ambient CO2 (Table 2.4, 

Figure 2.5). However, I did not find an overall reduction in total rbcS mRNA (rbcS1A 

and rbcS3B) at elevated versus ambient CO2 at any growth temperature. This suggests 

that in Arabidopsis the control of Rubisco content is more complex than message 

availability as proposed by Cheng et al. (1998), involving perhaps multiple effects on 

subunit mRNA translation and protein turnover.  

Temperature acclimation of C3 plants often involves changes in the amount of 

Rubisco (Sage and Kubien, 2007). At temperatures below the thermal optima, Rubisco 

kcat-CO2 slows because a smaller fraction of enzymes have sufficient internal energy to 

meet the activation energy thresholds for catalysis (Horchachka and Somero, 2002), and 

plants compensate for this by increasing Rubisco production to maintain levels of 

carboxylation (Holaday et al. 1992; Hurry et al. 1994; Strand et al. 1999; Yamori et al. 

2005). At higher growth temperatures, Rubisco expression is often down-regulated, and 

declines in Rubisco activity can significantly repress photosynthesis (Badger et al. 1982; 
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Strand et al. 1999; Yamori et al. 2006b; Sage and Kubien 2007; Galmes et al., 2014). In 

Arabidopsis, growth temperature alters Rubisco concentration such that cold-grown 

plants produce 12% and 22% more Rubisco than 20°C or 30°C grown plants (Table 2.4; 

Figure 2.5). The mechanism underlying the down-regulation of Rubisco with increasing 

growth temperature is not clear.  

It is possible that the SSu may exert some control over rbcL transcription or 

translation, and thus Rubisco concentration (Moore et al., 1998, Suzuki and Makino, 

2012), but this has not been explicitly tested in growth temperature studies as it has been 

in CO2 acclimation studies. In rice, the availability of the SSu up-regulates rbcL 

transcription, but the relationship between rbcS and rbcL transcript abundance and 

Rubisco content is cultivar specific and the data is conflicting. Rubisco content declines 

with temperature, but mRNA levels have been reported as either 30% lower or 40% 

greater at elevated temperatures (Gesch et al., 2003; Suzuki and Makino, 2012). Suzuki 

and Makino (2012) found that differences in rbcL and rbcS mRNA were well correlated 

in both wild-type and anti-rbcS rice. I found no difference between total rbcS from 10°C 

compared to 20°C grown A. thaliana, but did find a decline at 30°C, consistent with 

decreased production of Rubisco in warm-grown plants (Figure 2.3 a-b). Further, in A. 

thaliana, the suppression of rbcS-1A and rbcS-3B results in decreases in rbcL and total 

rbcS mRNA levels, and Rubisco content, although the decline in rbcL mRNA level is 

smaller than declines observed in rice (Figure 3.2; Izumi et al., 2012). It is likely that 

transcriptional and translational mechanisms to control Rubisco synthesis differ between 

species, and feedback strategies (i.e. a response to reduced rbcS content, or to increased 
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rbcL content) may not be mutually exclusive (Rodermal et al., 1996; 1999). Thus, it is 

possible that overall decreases in rbcS gene expression are involved in the feedback 

regulation of rbcL and the LSu.  

It is likely that changes in Rubisco content are related to altered concentration of 

CO2 at the site of carboxylation (Cc). I assumed that elevated growth temperature would 

effectively result in a lower Cc, but Cc also depends on the balance between CO2 fixation, 

resistance to CO2 flux between the air and the stroma (mesophyll and stomatal 

conductances), and respiratory and photorespiratory CO2 release in the mitochondria. 

Mesophyll conductance (gm) acclimates to growth temperature changes in spinach and N. 

tabacum (Yamori et al. 2006a; Bernacchi et al., 2002; Walker et al., 2013), which may 

result in a different Cc than predicted from aqueous gas solubilities alone (Bernacchi et 

al., 2002). In A. thaliana the parameter seems to be temperature insensitive, though the 

effect of growth temperature has not been explicitly tested (Bunce 2008; Walker et al., 

2013). However, in A. thaliana leaf age and elevated CO2 can result in lower gm, and the 

size of the effect is genotype specific (Flexas et al., 2007; Tazoe et al., 2011). It is 

possible that a lower gm, due to growth conditions or leaf developmental age, effectively 

lowered the Cc realized in elevated CO2 conditions in this experiment, and could explain 

the lack of response in the Rubisco gene expression compared to Cheng et al. (1998).  

The differences between rbcS expression levels observed here and those reported 

by Cheng (1998) or Yoon (2001) may also arise from differences in methodologies and 

experimental design. While the availabilities of the nitrogen forms do not differ from the 

conditions studied previously (Cheng et al., 1998; Moore et al., 1998a), the average 
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weekly amount of nitrogen does. Here, plants were watered with a solution containing 

approximately 4X more nitrogen than Cheng et al. (1998), and Arabidopsis plants 

supplemented with nitrogen in the form of ammonium during growth at elevated CO2 are 

able to maintain their Rubisco content (Geiger et al., 1999; Jauregui et al., 2015). This 

also likely impact total soluble protein and chlorophyll content, which do not show the 

declines at elevated CO2 that were expected from earlier reports (Ainsworth and Long, 

2005).  More importantly, the experiment presented in this chapter was replicated with 

three cohorts (Table 2.1), and reflects the variation from five individual plants per 

replicate. Cheng (1998) repeated the experiment twice (also allowing for chamber 

effects), and pooled five individuals for the subsequent analysis (effectively, n=1). It is 

possible that the experiment reported here captures variation within a treatment that was 

present (but pooled) previously. Further, although quantification using a northern blot is 

advantageous in the sense that it can determine both the number of transcripts produced 

as well as the size of the transcript, RT-qPCR is more sensitive and can detect lower 

levels of gene expression, and amplicon size can be confirmed with subsequent gel 

electrophoresis (Dean et al., 2002). 

In Arabidopsis, it appears that growth temperature exerts a greater control over 

rbcS gene expression than does CO2 concentration. The role of the Rubisco SSu is not 

clear, but its expression is thought to be a mechanism for the coarse control of Rubisco 

content (Moore et al., 1998; Spreitzer, 2003; Kapralov et al., 2011; Suzuki and Makino, 

2012). The data presented in this chapter challenges this hypothesis. At elevated CO2, 

lowered Rubisco protein content is not associated with concomitant decreases in rbcS 
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transcript level. Further, cold growth temperatures result in 13% more Rubisco than 

plants grown at 20°C, but their rbcS expression levels do not differ. It is possible that 

decreased rbcS mRNA expression contributes to the down-regulation of the LSu in A. 

thaliana, but the effect of increased rbcS expression remains unclear. The differential 

expression of individual rbcS family members suggests that these members may regulate 

the structure or activity of Rubisco in vivo, but this remains speculative and has not been 

tested.  



 

 

 

 

54 

Appendix 2.1: Supplemental information for RT-qPCR  

Construction of gene specific standard curves 

I prepared gene specific standard curves in triplicate from known copy numbers 

of plasmids containing the target sequence of each primer set. I amplified gene fragments 

with PCR in a 25 µL reaction containing ThermoPol buffer (New England BioLabs, 

Ipswich, MA, USA), 0.2 nM dNTPs, 300 nM primers (both forward and reverse, Table 

S1) and 1.5U of Taq polymerase (New England BioLabs). Reaction conditions were as 

follows: 95°C for 2 min, 55°C for 30 s, 72°C for 4 min, followed by 36 cycles of 95°C 

for 30 s, 58°C for 30 s, and 72°C for 3 min. PCR products were sequenced (Robarts 

Research, The University of Western Ontario), and compared against the A. thaliana 

genome (BLAST- NCBI) to confirm product specificity (Figure A2.1.1-4). After 

visualizing PCR products on an agarose gel stained with SYBRSafe (Invitrogen), I 

pooled the reactions to add 100 µL of the PCR product to a QiaQuick spin filter 

membrane (Qiagen) to remove oligonucleotides and residual Taq polymerase.  

The products were subsequently cloned into the pGEMT-easy plasmid vector 

(Promega, Table 2.1.1) according to the manufacturer's instructions.  I identified 

successful transformants using blue white screening on ampicillin selective Luria-Bertani 

(LB) plates, and grew these cells overnight at 37°C in LB Broth.  I collected cells by 

centrifugation (5400xg for 10 min at 4°C), and extracted plasmid DNA (QIAprep® 

Miniprep plasmid DNA extraction kit, Qiagen).  I measured the relative concentration 

and purity of the DNA using a NanoVue Spectrophotometer (GE Healthcare Life 
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Sciences), and used both PCR and restriction enzyme digests (EcoR1; New England 

BioLabs) to verify the presence of the desired product in the vector (Figure A2.1.5).  

Because circular plasmids can supercoil and have a lower PCR efficiency than their 

linear counterparts, I linearized the plasmid DNA using NcoI (New England BioLabs). I 

determined the concentration of linear plasmids as: 

 

 

 

and generated serial dilutions of plasmids ranging from 101-109 copies per µL to 

construct  gene specific standard curves templates for RT-qPCR (Figures A2.1.6). To 

account for run-to-run variation, I included replicates of a known standard reaction in 

each run, and interpolated absolute levels of gene expression from the standard curve.  I 

performed quantitative PCR in 20 µL reaction volumes containing 10 m L KAPA™ 

SYBR® FAST qPCR Master Mix (2X) (KAPA Bioystems), 200nM of gene specific 

forward and reverse primers (Table A2.1.1), and 2 µL of cDNA. Real time quantification 

of amplicons was performed using a Rotor-Gene™ 6000 thermal cycler (Corbett Life 

Sciences, Sydney, NSW, Australia).  All reactions used the following standard thermal 

profile: 95°C for 2 min, followed by 40 cycles of 95°C for 3 s, 58°C for 20 s, and 72°C 

for 2 s.  To ensure product specificity, amplicon dissociation curves (i.e. melt curves) 

were obtained after 40 cycles by heating samples from 65°C to 95°C and products were 

visualized on a 1% agarose gel stained with SYBERSafe (Figure A2.1.7).      

 

plasmid concentration= (pDNA concentration)× (NA plasmids ⋅mol-1)
(plasmid length (bp)×660g ⋅mol-1 ⋅ bp-1)
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Table A2.1.1 A list of plasmids used in this work 

Strain or Plasmid Features Source 

Strain   

Escherichia coli JM-109 Cloning host Promega 

Plasmids   

pGEMT-easy Cloning vector, Ampr Promega 

pGEM-rbcS1A rbcS1A fragment from A. thaliana in pGEMT-

easy, Ampr 

This study 

pGEM-rbcS1B rbcS1B fragment from A. thaliana in pGEMT-

easy, Ampr 

This study 

pGEM-rbcS2B rbcS2B fragment from A. thaliana in pGEMT-

easy, Ampr 

This study 

pGEM-rbcS3B rbcS3B fragment from A. thaliana in pGEMT-

easy, Ampr 

This study 

pGEM-rbcL rbcL fragment from A. thaliana in pGEMT-

easy, Ampr 

This study 

pGEM-PP2AA3 AT1G13320 fragment from A. thaliana in 

pGEMT-easy, Ampr 

This study 
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Table A2.1.2 A list of primers used in this work. All rbcS primer pairs have a common 
forward primer (rbcSF).  All primers were designed using PRIMER3, and ordered from 
Sigma Primers. 

Gene Primer Sequence (5’-3’) Tm (°C) 

rbcS-F GGATCATCGGATTCGACAAC 64.2 

rbcS1A-R AATATGTCTCGCAAACCGGA 64.2 

rbcS1B-R GAGGAAACGATAGAAAAACAAACCT 63.2 

rbcS2B-R GAGGATAATTTAAAGGAGCCACAAT 63.0 

rbcS3B-R TAAATCAGACATTTGACAATCCGA 64.1 

rbcL-F GTGTTGGGTTCAAAGCTGGT 63.9 

rbcL-R CATCGGTCCACACAGTTGTC 64.2 

AT5G0829-F ATGAGGTGCTTGCGTCTGTT 63.7 

AT5G0829-R TCCTTGAGAGCCCAGTTGAT 63.7 

AT1G13320 F TAACGTGGCCAAAATGATGC 65.7 

AT1G13320R GTTCTCCACAACCGCTTGGT 66.2 
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Figure A2.1.1: PCR amplified products were sequenced using both forward and reverse 
primers (rbcS-F & rbcS-3B), and sequence files (Query) compared and aligned with the 
A. thaliana genome (Sbjct) resulted in unique matches on the rbcS-3B gene.  
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Figure A2.2.2: PCR amplified products were sequenced using both forward and reverse 
primers (rbcS-F & rbcS-2B), and sequence files (Query) compared and aligned with the 
A. thaliana genome (Sbjct) resulted in unique matches on the rbcS-2B gene 
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Figure A2.1.3: PCR amplified products were sequenced using both forward and reverse 
primers (rbcS-F & rbcS-1B), and sequence files (Query) compared and aligned with the 
A. thaliana genome (Sbjct) resulted in unique matches on the rbcS-1B gene 
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Figure A2.1.4: PCR amplified products were sequenced using both forward and reverse 
primers (rbcS-F & rbcS-1A), and sequence files (Query) compared and aligned with the 
A. thaliana genome (Sbjct) resulted in unique matches on the rbcS-1A gene 
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Figure A2.1.5: Validation of cloning success with PCR and restriction enzyme digestion 

of plasmid DNA. Products generated from PCR and EcoRI digestion of plasmid DNA 

both produced size specific amplicon products in (A) five of the six genes of interest 

(rbcL- 189bp; rbcS1A – 217bp; rbcS1B-205bp; rbcS3B-194bp). The products were 

visualized on a 0.8% agarose gel stained with SYBRSafe® were loaded as follows: 5µL 

uncut plasmid DNA, 5µL of EcoRI digested plasmid DNA, and 5µL PCR product. 

Arrows on the image indicate position of faint product bands from the digest. �  

 

(B) Products from EcoRI (E) and NcoI (N) digests of pGEMT-rbcS2B (P) run on a 1.5% 

agarose gel stained with SYBRSafe®. Digestion with NcoI produces a single band at 

3334bp, while digestion with EcoRI produces a band at 3015bp (pGEMT- easy vector) 

and another at 329bp (insert). �  

 

(C) Non-linearized/supercoiled pDNA (PD) and products from EcoRI (E) and NcoI (N) 

digests of pGEMT- PP2AA3 (P) run on a 2% agarose gel stained with SYBRSafe®. 

Digestion with NcoI produces a single band at 3215bp, while digestion with EcoRI 

produces a band at 3015bp (pGEMT-easy vector) and another at 200bp (insert). �  
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Figure A2.1.6: Fluorescence curves generated from pDNA serial dilutions amplified with 
primer sets rbcSF & rbcS1AR for rbcS-1A (A) rbcSF & rbcS3BR for rbcS-3B (B),  
rbcSF & rbcS1BR for rbcS1B (C), rbcSF & rbcS2BR for rbcS-2B (D), AT1G13320-F 
&AT1G13320-R for AT1G13320 (E)  
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Figure A2.1.7: Melt curve analysis of RT-qPCR amplicons  

Melt curves generated from cDNA samples amplified with primer sets rbcSF & rbcS1AR 

for rbcS-1A (A) rbcSF & rbcS3BR for rbcS-3B (B),  rbcSF & rbcS1BR for rbcS1B (C), 

rbcSF & rbcS2BR for rbcS-2B (D), AT1G13320-F &AT1G13320-R for AT1G13320 (E) 

rbcLF & R for rbcL (F). Following RT-qPCR, amplicons generated were subjected to gel 

electrophoresis (1% agarose gel stained with SYBERSafe) to verify that the reaction 

amplified specific fragments and that each primer set did not form dimers (G).  
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Appendix 2.2: Data analysis comparison of mixed effects models and 

linear models 

 

I compared models containing random effects (as discussed in Section 2.2.5) to 

simplified linear models that include growth temperature, CO2 concentration, and their 

interaction. Analysis of variance tables describing the linear models are included in this 

appendix (Tables 2.2.1 and 2.2.2). The results are qualitatively similar between models 

for both gene expression and biochemical data comparisons (Table 2.2.3). Using a mixed 

effects model reduces the residual degrees of freedom, resulting in higher p-values and 

thus minimizing the type-I error rate. This appendix includes the analysis of variance 

tables for the linear models, comparative fits for the models (Figures A.2.1 -3), and the 

R-script used in data analysis.  
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Table 2.2.1: Analysis of variance testing for the effects of growth temperature and CO2 
concentration on gene expression levels using a linear model.  The comparable mixed 
effects model is presented in Table 2.3. 

 Effect 
Sum of 
Squares df F-value P 

rbcS-1A Temperature 14.38 2 7.127 0.00158 
 CO2  0.57 1 0.565 0.45479 

 
Temperature 
x CO2  0.47 2 0.233 0.7924 

 Residuals 66.59 66   
      
rbcS-3B Temperature 19.53 2 16.323 1.74E-06 
 CO2  0.07 1 0.121 0.729 

 
Temperature 
x CO2  1.5 2 1.253 0.292 

 Residuals 39.48 66   
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Table 2.2.2 Analysis of variance testing for the effects of growth temperature and CO2 
concentration on biochemical parameters using a linear model. The comparable mixed 
effects model is presented in Table 2.4. 

Parameter Effect Sum of Squares df F value P value 

Total Soluble 

Protein Temperature 0.007 1 0.005 0.944 

 CO2 3.704 1 2.717 0.115 

 Temperature:CO2 0.005 1 0.004 0.952 

 Residuals 27.261 20   

Chlorophyll 

Content Temperature 0.066 1 0.106 0.748 

 CO2 0.166 1 1.659 0.053 

 Temperature:CO2 0.847 1 1.359 0.257 

 Residuals 12.456 20   

Chlorophyll 

a/b ratio Temperature 2.404 1 28.927 2.9e-05  

 CO2 0.145 1 1.743 0.202 

 Temperature:CO2 1.217 1 14.641 0.00106 

 Residuals 1.662 20   

Rubisco 

content Temperature 115.32 1 102.989 2.47e-09  

 CO2 8.42 1 7.519 0.0125  

 Temperature:CO2 19.02 1 16.988 0.000529 

 Residuals 22.39 20   
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Table 2.2.3: Model comparison of mixed effects models (model 1) to linear models 
(model 2) for gene expression of rbcS-1A and rbcS-3B 

 Model df AIC BIC logLik Test L Ratio P value 

Mixed 

effects 

1 9 220.18 239.89 -101.09    

Linear model 2 7 216.18 231.59 -101.09 1 vs 2 0.001349 0.993 

         

Mixed 

effects 

1 9 185.67 205.38 -83.84    

Linear model 2 7 181.67 197.00 -83.84 1 vs 2 0.001476 0.993 
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Figure 2.2.1: Raw data and model fits (with corresponding standard errors) for linear 
models describing (A) rbcS-1A and (B) rbcS-3B gene expression. Temperature responses 
from ambient (pink) and elevated CO2 (blue) conditions overlap for both genes. Linear 
mixed effect model outputs do not vary from the linear model lines, but are omitted here 
because standard error fits are unavailable for mixed effects.  
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Figure 2.2.2: Raw data and model fits (with corresponding standard errors) for linear 
models describing (A) Rubisco content, (B) total soluble protein, and (C) chlorophyll 
content. Growth temperature (on the x-axis) is coded as C (10°C grown plants) and H 
(30°C grown plants). Temperature responses from ambient (pink) and elevated CO2 
(blue) conditions overlap for both genes. Linear mixed effect model outputs do not vary 
from the linear model lines, but are omitted here because standard error fits are 
unavailable for mixed effects.  
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Figure 2.2.3: I examined the relationship between rbcS-3B and rbcS-1A by including 
each as a fixed effect in the mixed model analysis for the opposite gene. The interaction 
between rbcS3B and rbcS1A differ between temperature (coloured lines) but not CO2 
(dashed versus solid lines). Although the slopes of the lines look different at 20°C, the 
confidence intervals overlap.  
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R Script used to compare the output from linear mixed-effects models and linear models  
(conventional analysis) 
library(nlme) 

rbcS1A.lme<-

lme(log(RBCS1A)~Temperature*CO2,random=~1|Chamber/Treatment,data=data,m

ethod="REML",na.action=na.omit,control=list(msVerbose=TRUE,opt="optim",

maxIter=500)) 

anova.lme(rbcS1A.lme) ##output is Table 2.3 

rbcS1A.lm<-lm(log(RBCS1A)~ Temperature*CO2, data=data) 

summary.aov(rbcS1A.lm) ##output is appendix table 1 

rbcS3B.lme<-

lme(log(RBCS3B)~Temperature*CO2,random=~1|Chamber/Treatment,data=data,m

ethod="REML",na.action=na.omit,control=list(msVerbose=TRUE,opt="optim",

maxIter=500)) 

anova.lme(rbcS3B.lme)##output is Table 2.3 

rbcS3B.lm<-lm(log(RBCS3B)~Temperature*CO2, data=data) 

summary.aov(rbcS3B.lm)##output is appendix
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Chapter 3 : The role of the SSu in the temperature acclimation response 
of Rubisco 

 

3.1 Introduction 

Life on Earth depends on ribulose-1, 5-bisphosphate (RuBP) 

carboxylase/oxygenase (Rubisco), which catalyses the first step in the synthesis of 

carbohydrates during photosynthesis. Rubisco thus serves as the entry point for most 

carbon into the biosphere.  Rubisco is a slow catalyst, completing only 2-4 carboxylation 

reactions per second in land plants. Further, Rubisco is unable to distinguish completely 

between CO2 and O2 as substrates, and consequently catalyses both the carboxylation and 

oxygenation of RuBP (Bowes et al. 1971; Jordan and Ogren 1984; Tcherkez et al. 2006). 

Thus, photosynthetic efficiency depends on the relative specificity of Rubisco for CO2 

versus O2 (SC/O), which is the ratio of the specificities for each reaction (Laing et al. 

1974).  

Plants attempt to compensate for the enzyme’s inefficiency by producing a lot of 

it; in C3 plants, up to 25% of leaf protein is Rubisco (Evans, 1989). Indeed, lower 

Rubisco content and maximum carboxylation capacity (Vcmax, the product of kcat-CO2, 

Rubisco content, and activation state) characterise the acclimation response of C3 species 

to increased temperature or CO2 concentrations (Ainsworth and Long, 2004; Sage and 

Kubien, 2007; Galmes et al., 2013). However, these are indicative of a whole plant 

response, and while there is limited data, it appears that the growth environment may also 

have a direct effect on Rubisco kinetic parameters.  
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Empirical (Yamori et al. 2006) and modelling studies (Cavanagh and Kubien, 

2014) indicate that plasticity of the Rubisco kinetic phenotype may contribute to the 

temperature and CO2 acclimation response of photosynthesis.  Even when the 

temperature acclimation of mesophyll conductance, mitochondrial respiration and 

Rubisco content are considered, the effect of altered Rubisco kinetics remains apparent 

(Cavanagh and Kubien, 2014).  Differences in the predicted photosynthetic rates are 

small but not trivial, and indicate that the growth temperature-mediated changes in 

spinach Rubisco SC/O may convey a carbon-gain advantage during acclimation. However, 

the mechanism behind these kinetic changes is not apparent.  

The selection for plastic responses in Rubisco kinetic parameters must act on a 

heritable trait, and likely relates to changes at the protein structural level. In land plants 

and green algae, Rubisco is a hexadecameric complex of eight large and small 

polypeptide subunits (LSu and SSu, respectively). Because it houses the catalytic site, the 

LSu has been widely researched and characterized. Conversely, the role and origin of the 

SSu is less clear, although it appears to make a contribution to the overall performance of 

Rubisco (Andrews 1988; Gutteridge 1991; Morell et al. 1997; Ishikawa et al., 2011; 

Genkov et al., 2011).  Only one rbcL gene codes for land plant LSu in a given species, 

and no alternate mRNA’s can occur via alternate splicing; any plasticity in holoenzyme 

performance is unlikely the result of changes to the primary LSu sequence. The SSu is 

more divergent than the LSu, and is coded by 2–22 rbcS genes, depending on the 

organism in question (Berry- Lowe et al. 1982; Broglie et al. 1983; Dean et al. 1989; 

Sasanuma 2001; Kapralov et al. 2011).  Importantly, rbcS gene expression changes in 



 

 

 

 

77 

response to the growth environment (Wanner and Gruissem 1991; Dedonder et al. 1993; 

Cheng et al. 1998; Yoon et al. 2001; Sawchuck et al., 2008; Chapter 2). In Arabidopsis, 

the expression of two members of the gene family, rbcS-1A and rbcS-3B, respond 

differentially to changes growth temperature (Yoon et al., 2001; Chapter 2). This 

differential expression appears to play a role that is more involved than simply a fine-

tuning response of Rubisco content (Chapter 2). It is possible that an altered SSu 

complement could result in variable isoforms of Rubisco with slightly different thermal 

stabilities or kinetic properties, but changes in rbcS gene expression have never been 

compared to changes in the SSu composition of Rubisco at the protein level.  

In this chapter, I investigate the connection between A. thaliana rbcS mRNA 

expression and the SSu composition of the Rubisco holoenzyme, and explore the 

implications that this may have on Rubiscos kinetic performance in vitro. I describe the 

temperature responses of Rubisco kinetic parameters (kcat-CO2, SC/O, KC, and KO) from 

plants grown at 10°, 20° and 30°C. I explicitly compare changes in Rubisco performance 

to SSu differences, and discuss the role of an altered SSu complement in the acclimation 

response of Rubisco. 

3.2 Methods 

3.2.1 Plant Growth and sampling 

Arabidopsis thaliana  (Col-0) seeds were stratified for 3 days at 4°C on Promix 

(Plant Products, Brampton, Canada), transferred to a growth chamber (E-15 Conviron, 

Winnipeg, Manitoba, Canada) and grown under photoperiod conditions of 10 h light/14 h 
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dark, 20/18°C, 300 µmol m-2 s-1
 (photosynthetic photon flux density, PPFD), under 

ambient CO2 levels (approximately 40-45 Pa CO2). After one week, plants were 

transferred to either a warm (30/27°C) or cold (10/8°C) growth temperature treatment. 

Leaf temperatures (measured with thermocouples) during the ‘day’ were 8.8°C, 19.2°C, 

and 27.4°C at 10°C, 20°C, and 30°C air temperatures, respectively. Plants were watered 

to excess every two days (at 30°C), and every four days (10°C and 20°C) with a modified 

Hoagland’s nutrient solution (Hoagland and Arnon, 1950). I normalized the nitrogen 

exposure to plants in each temperature treatment by watering 30°C plants with a solution 

containing 8 mM total N, and used a 16 mM total N solution at 20 and 10°C.  Leaf tissue 

for RNA extraction and biochemical analyses was sampled from the youngest fully 

expanded leaf of the fourth whorl of 5-6 week old plants (growth stage 3.70-3.90, Boyes 

et al. 2000). Leaf discs were obtained 6-7 hr after simulated dawn, flash frozen in liquid 

nitrogen and stored at -80°C until extraction.   

3.2.2 Total Plant RNA Extraction, and cDNA synthesis  

I extracted total RNA from flash-frozen leaf material using the RNeasy Plant 

RNA extraction kit (Qiagen, Hilden, Germany), according to manufacturer’s instructions.  

To remove residual genomic DNA, I incubated 1 µg of RNA with 1 U of RNase-free 

amplification grade DNase I (Invitrogen, Grand Island, NY, USA) for 15 minutes at 

37°C, then heat inactivated the enzyme at 65°C for ten minutes, with EDTA added to a 

2 mM final concentration. I measured RNA concentration and relative purity using a 

spectrophotometer (NanoVue, GE Healthcare Life Sciences), and RNA integrity was 
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determined visually on an agarose gel stained with SYBERSafe (Invitrogen). I reverse 

transcribed 1 µg of RNA into cDNA using the QuantiTect® Reverse Transcription Kit 

(Qiagen).  

3.2.3 Real Time Quantitative Polymerase Chain Reaction (RT-qPCR) 

I performed quantitative PCR in 20 µL reaction volumes containing 10 µL 

KAPA™ SYBR® FAST qPCR Master Mix (2X) (KAPA Bioystems, Woburn, MA, 

USA), 200 nM of gene-specific forward and reverse primers (Appendix 2.1), and 1 µL of 

cDNA. Real time quantification of amplicons was performed using a Rotor-Gene™ 6000 

thermal cycler (Corbett Life Sciences, Sydney, NSW, Australia), using the following 

standard thermal profile for all reactions: 95°C for 2 min, followed by 40 cycles of 95°C 

for 3 s, 58°C for 20 s, and 72°C for 2 s. Primers for rbcL are 5’-

GTGTTGGGTTCAAAGCTGGT-3’ and 5’-CATCGGTCCACACAGTTGTC-3’ 

(Appendix 2.1). Primers flanked regions in the 3’ UTR of each rbcS gene, using a 

common reverse primer for both rbcS-1A and rbcS-3B genes (Table 2.2). All known 

splice variants of rbcS-3B and rbcS-1A are represented in this target area. I confirmed 

product specificity visually by band presence/absence following agarose electrophoresis, 

and using dissociation curves with single peaks obtained for each reaction product (see 

Appendix 2.1). Additionally, I performed a more stringent test of primer specificity by 

sequencing a subset of amplified PCR products. I obtained an entire sequence of the 

amplicon, which I then used as a query in BLASTn, and found near-perfect matching 
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between the sequence of the amplicons and the cDNA of the target gene sequence 

(Appendix 2.1). 

To extrapolate absolute expression of mRNA copy numbers from the RT-qPCR 

assay, I prepared gene-specific standard curves in triplicate from known copy numbers of 

plasmids containing the target sequence of each primer set (see Appendix 2.1). All 

plasmid dilutions used for the standard curves amplified consistently, indicating a linear 

amplification range of at least six orders of magnitude, from 102 to 108 copies µL-1. I 

normalized their expression to a reference gene (AT1G13320; Protein phosphatase 2A 

Subunit A3 (PP2AA3), www.arabidopsis.org), which is consistently expressed across 

changes in growth temperature in A. thaliana (Czechowski et al., 2005). I included 

controls containing no template cDNA (NTC) and total RNA (no-RT), and neither 

amplified below PCR cycles or crossed the quantification cycle threshold (Cq) for 

samples included in the analysis. 

3.2.4 Rubisco Immunoblotting 

To examine changes in SSu composition, I used a quantitative immunoblotting 

procedure modified from Yamori and von Caemmerer (2011), using a dilution of 

chromatographically purified spinach Rubisco as a standard. I denatured 3 µg of total 

Arabidopsis soluble protein (as described below), and 0.25 - 2 µg of spinach Rubisco 

standard in Laemmli buffer (2% SDS, 10% glycerol, 60 mM Tris-Cl pH 6.8) at 100°C for 

three minutes. I separated proteins with SDS-PAGE on a 22.4 cm 4 - 20% acrylamide gel 

(Jule Inc., CT, USA). Proteins were visualized with Coomassie Brilliant Blue (R-250), or 
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transferred to polyvinylidene difluoride (PVDF) membranes pre-wetted in methanol and 

equilibrated in transfer buffer (2.5 mM Tris, 19.2 mM glycine, 20% methanol, pH 8.6) 

for 60 min at 100V. Immediately after transfer, I blocked membranes with 3% non-fat 

milk (Carnation) in 20mM Tris, 150 mM NaCl, and 0.1% (v/v) Tween-20 (TBST) for 1 h 

at room temperature with agitation, or 4°C overnight.  I probed the blot with a polyclonal 

primary anti-SSu rabbit antibody (Agrisera AS07259, Vännäs, Sweden) diluted 1:5000 in 

1% milk in TBST. I used an alkaline phosphatase conjugated goat-anti-rabbit secondary 

antibody (Sigma-Aldrich A3687, St Louis, MO, USA) and developed blots using an 

alkaline phosphatase Immun-Blot kit (BioRad). I quantified protein levels on 

immunoblots using Quantity One Software (BioRad). Rubisco Extraction and 

quantification 

I ground leaf tissue (1.1 cm2 disks) in a Tenbroek glass-in-glass homogenizer 

containing 3 mL of ice-cold extraction buffer (100 mM HEPES pH 7.6, 2 mM Na-EDTA, 

5 mM MgCl2, 5 mM dithiothreitol [DTT], 10 mg mL-1 polyvinyl polypyrrolidone, 2% 

(vol/vol) Tween-80, 2 mM NaH2PO4, 12 mM amino-n-caproic acid, and 2 mM 

benzamidine) and 50 µL Protease Inhibitor Cocktail (P9599, Sigma). I determined the 

chlorophyll content of the leaf homogenate spectrophotometrically after extraction in 

80% buffered acetone (Porra et al., 1989). This homogenate was centrifuged at 

16 000 x g at 4°C for 60 s, and I measured kcat-CO2 from this freshly extracted supernatant. 

I measured total soluble protein content from the supernatant using the Bradford assay 

with bovine serum albumin (BSA) as the standard (Bradford, 1976; Ernst and Zor, 2010).   
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 For KC and SC/O measurements the supernatant was desalted (Econo-Pac 10DG 

desalting column, BioRad, Mississauga ON, Canada) and further concentrated by 

filtration via a spin column (Amicon 50K spin filters, Millipore, Billerica, MA, USA) 

(Cousins et al. 2010). Aliquots were incubated with 20 mM MgCl2 and 10 mM NaHCO3 

at 30°C for 20 min. to fully carbamylate Rubisco. I quantified Rubisco catalytic sites in 

the carbamylated extract using a [14C]carboxy-arabinitol bisphosphate (CABP)-binding 

assay (Ruuska et al., 1998), with a specific activity of 3.1 kBq nmol-1 Rubisco, assuming 

eight binding sites per Rubisco (Kubien et al., 2011).  

3.2.5 Determination of Rubisco kcat-CO2 

I determined Rubisco kcat-CO2 by the incorporation of 14C into acid-stable products, 

following the methods of Kubien et al. (2011). I assayed samples from 5-45°C in 

temperature controlled water baths. Assays were initiated by the addition of 50 µL of 

activated extract (as described above) to 250 µL assay buffer (100 mM Bicine-NaOH (pH 

8.2), 1 mM Na-EDTA, 20 mM MgCl2, 5 mM DTT, 400 µM RuBP, and 11 mM 

NaH14CO3 [~700 Bq nmol-1] (Vitrax, Placentia, CA, USA)), and stopped after 30-60 s by 

adding 250 µL of 1 M formic acid. RuBP was synthesised following Kane et al. (1994).  I 

dried samples at 90°C, and 14C was determined by liquid scintillation counting (LS-6500, 

Beckman-Coulter).  

3.2.6 Determination of KC and KO 

I determined Rubisco’s Michaelis-Menten parameter for CO2 (KC) by assaying 

Rubisco activity in 7 mL septum-sealed, N2-sparged vials over a range of seven 
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NaH14CO3 concentrations (Paul et al., 1991; Kubien et al. 2008), which varied depending 

on temperature (e.g. 0.01 to 3.0 mM at 10oC, versus 0.1 to 12.0 mM at 35oC). I 

incorporated the temperature effect on pH using pKa values (Edsall & Wyman, 1958) to 

calculate the CO2 concentration, and used Henry coefficients (Sander, 2015) to account 

for the temperature effect on CO2 solubility (see Appendix 3.1). Assays were initiated by 

injecting 50 µL of the activated extract to vials containing CO2-free assay buffer (100 

mM Bicine-NaOH (pH 8.2 at 25oC), 20 mM MgCl2, 1 mM Na2-EDTA, 400 µM RuBP, 

and 10 µg mL−1 carbonic anhydrase), stopped after 30-60 s by adding 250 µL of 1 M 

formic acid, and counted as above. I fit CO2 response curves to the Michaelis-Menten 

first order rate equation in Sigmaplot version 8 (Systat Software, Inc., San Jose California 

USA). From the same extract, I measured apparent KC at 21% O2 in N2 (i.e., KC'), and 

determined the Michaelis-Menten constant for O2 (KO) from the relationship: 

KC ' = KC 1+ O
KO

⎛

⎝
⎜

⎞

⎠
⎟

      (3.1) 

3.2.7 Determination of Rubisco Specificity factor 

I determined Rubisco SC/O following the method described by Kane et al. (1994). 

This assay assumes complete consumption of 3H labelled RuBP producing 3H-PGA and 

3H-PGO, enabling the calculation of Rubisco SC/O from their ratio and the molar gas 

mixture used throughout the assay. Septa sealed vials containing Rubisco extract, buffer 

(30 mM triethanolamine-acetate (pH 8.3), 20 mM Mg-acetate) and 0.2 mg mL-1 carbonic 

anhydrase were incubated in humidified gas (0.1% CO2 in O2, with a total flow rate of 
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2000 mL min-1; G400 gas mixing system, Qubit Systems, Kingston Canada) at each 

measurement temperature, with oscillatory shaking. I initiated reactions by injecting 

2 nmol of 3H-RuBP (3 kBq nmol-1) into the vial, and terminated the reaction after 

60 minutes by the addition of alkaline phosphatase. I applied the reaction products to a 

0.5 mL column of BioRad AG1-X8 anion exchange resin (200-400 mesh, formate form), 

washed the column with ten column volumes of H2O, and eluted tritiated glycerate and 

glycolate with 10% H2SO4. 

I separated 3H-glycerate and 3H-glycolate via high performance liquid 

chromatography (HPLC, system described by Shay and Kubien, 2013) on an Aminex 

HPX-87H column (BioRad, Canada) maintained at 60°C. The mobile phase was 7.5 mM 

H2SO4, and the flow rate was 0.4 mL min-1. Glycerate and glycolate fractions were 

collected in drop-synchronization mode (Fraction Collector III, Waters, Milford, MA, 

USA), and the amount of 3H in each fraction was determined via scintillation counting. I 

calculated SC/O from the ratio of 3H-glycerate to 3H-glycolate and the mole fractions of 

CO2 and O2 in the humidified gas, giving SC/O expressed as a ratio of partial pressures 

(Kane et al. 1994). I divided these values by the ratio of aqueous solubilities of CO2 and 

O2 to report SC/O as concentration based values (Perdomo et al., 2015; Appendix 3.1).  

3.2.8 Statistics and modeling 

I determined the temperature response of Rubisco parameters by calculating the 

activation energy from an Arrhenius relationship of the form: 

Parameter (T ) = Parameter(25°C) ⋅exp T − 25( )Ea 298R 273+T( )⎡
⎣

⎤
⎦   (3.2) 
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where R is the universal gas constant (8.314 J K-1 mol-1) and T is the assay 

temperature (°C) (equation 2.32 in von Caemmerer, 2000) in Sigmaplot (Systat 

Software). I compared differences in gene expression, protein expression and Rubisco 

content, and the activation energy and value at 25°C for each Rubisco parameter using 

ANOVA and post-hoc Tukey’s test. I considered differences to be significant at p<0.05. 

All statistics were done in R (version 3.2.3; R Core Team, 2015).    

3.3 Results 

3.3.1 Effect of growth temperature on Rubisco SSu gene and protein expression 

Growth temperature does not significantly alter the expression of rbcS-1B and 

rbcS-2B (Figure 3.1a-b). These genes are functionally redundant in A. thaliana (Izumi et 

al., 2012). Further, a deletion insertion event has replaced rbcS-1B with a second copy of 

rbcS-2B in some global accessions (Schwarte and Tiedemann, 2011), which also suggests 

that neither gene is essential.   

Levels of the rbcS-1A gene expression decline as growth temperature increases, 

while rbcS-3B mRNA is up-regulated at 30oC versus 10oC (Figure 3.1c, p<0.05 

ANOVA). At low growth temperatures rbcS-1A dominates gene expression, but its 

mRNA levels decline by 46% or 67% when plants are grown at 20oC or 30oC, 

respectively (Figure 3.1c, p<0.05). By contrast, mRNA levels of rbcS-3B are 119% 

higher at 30°C than at 10°C (Figure 3.1d, p<0.05).  

I separated two mature SSu proteins with different molecular weights (predicted 

to be 14.7 kDa and 14.8 kDa, respectively) by SDS–PAGE (Fig. 3.2a). This separation is 



 

 

 

 

86 

similar to previous reports of A. thaliana SSu protein migration (Izumi et al, 2012; 

Getzoff et al., 1998). I was unsuccessful in my attempts to obtain N-terminal sequences 

of the SSu peptides, and so I followed the nomenclature of Izumi et al. (2012) and 

denoted the larger protein as SSu-B (where the rbcS-3B gene product is the predominant 

component, and has the N-terminal sequence XKVWPP; Izumi et al., 2012) and the 

smaller protein as SSu-A (which has the N-terminal sequence XQVWPP; Izumi et al., 

2012). In 10°C grown plants, SSu-A represents 62% of total SSu protein, but only 22% 

of total SSu protein in 30°C grown plants (Figure 3.1e, p<0.05). By contrast, SSu-B 

represents 38% and 78% of total SSu protein from 10°C and 30°C grown plants, 

respectively (Figure 3.1f, p<0.05).  

3.3.2 Effect of growth temperature on Rubisco holoenzyme production and rbcL 

gene expression 

Warm-grown plants produce 49% less Rubisco (measured on a leaf area basis) 

than plants grown at 10°C (Table 3.1, p<0.05). This decrease in Rubisco content is 

coupled with a 56% reduction in rbcL transcript expression (Figure 3.3, p<0.05). I looked 

for proteolytic degradation using an immunological approach. If changes in Rubisco 

content and performance are associated with degradation of the LSu or SSu, then such 

changes should be visible as extra protein bands on a western blot probed with polyclonal 

Rubisco specific antibodies. I found no such effects on blots containing Rubisco from 

10°C, 20°C and 30°C, probed for the SSu (Figure 3.2) or the LSu (Figure 3.4).  
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3.3.3 Rubisco biochemistry varies with growth temperature 

Measured at 25oC, Rubisco's turnover rate (kcat-CO2) is 3.31 s-1 and 2.78 s-1 from 

plants grown at 10°C and 30°C, respectively (n=4-7, p<0.05). The Ea of kcat-CO2 does not 

vary with growth temperature (Table 3.2), but the larger 25°C parameter results in cold-

grown Rubisco being faster than warm-grown Rubisco at measurement temperatures 

above 25°C (Figure 3.5a). However, above 40°C the activity of the cold-grown Rubisco 

falls below that predicted from its activation energy, while the warm-grown Rubisco kcat-

CO2 continues to increase as predicted (Figure 3.5a). Rubisco from plants grown at 20°C 

represent an approximately intermediate phenotype in all kinetic parameters assayed 

(Table 3.2).  

At 25oC, the CO2/O2 specificity (SC/O) of cold-grown Rubisco is 75.1 M M-1, 

while in warm-grown Rubisco it is 78.0 M M-1 (p<0.05). The apparent Ea of SC/O is -23.7 

and -19.9 kJ mol-1 for Rubiscos from 10°C and 30°C plants, respectively (n=5, p<0.05). 

At all measurement temperatures above 20°C, SC/O is greater in warm- versus cold-grown 

Rubisco (Figure 3.5b).  

At 25°C, the Michaelis-Menten constant for CO2 (KC) is 11.6 µM (34 Pa) and 

does not vary with growth temperature (Table 3.2, n=5). The activation energy (Ea) of KC 

is 54.8 kJ mol-1
 in cold-grown Rubisco and 40.5 kJ mol-1 in warm-grown Rubisco (Table 

3.2, p<0.05; Figure 3.5b). As a result, at 35°C cold-grown Rubisco KC is 26% greater 

than warm-grown Rubisco (Figure 3.5c). The Michaelis-Menten constant for O2 (KO) 

does not vary with growth temperature (Table 3.2, Figure 3.5d) and all measurements fall 

within the 95% confidence intervals of 20°C grown Rubisco (Figure 3.5d).  
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3.3.4 Effects of growth temperature on leaf characteristics 

There is no significant difference between the amount of chlorophyll or the ratio 

of chlorophyll a/b between plants grown at different temperatures (Table 3.1). The ratio 

of Rubisco/Chlorophyll appears 24% larger in cold-grown plants than warm grown plants 

(p=0.07, Table 3.1), but this difference is due to the increased production of Rubisco in 

cold grown plants.  Warm-grown plants produce less soluble protein than cold-grown 

plants (2.5 v 4.9 mg cm-2), and have 56% lower specific leaf area (Table 3.1). 
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Table 3.1. Physiological parameters from plants grown at three temperatures.  
Chlorophyll content, Rubisco content and total soluble protein were determined on the 
same extract used for measurements of kcat-CO2.  Specific leaf area was determined on leaf 
punches after 5d of oven drying. Values are means of 5–9 replicates (± s.e.). Significant 
differences as determined by ANOVA and Tukey–Kramer multiple comparison tests are 
indicated by different letters.  

 Growth Temperature 
Parameter 10°C 20°C 30°C 

Rubisco content (µmolsites m-2)  15.1 (0.83)a 10.4 (0.32)b 8.1 (0.61)c 

Total Soluble Protein (g m-2) 4.88 (0.9)a 3.39 (0.4)ab 2.49 (0.5)b 

Chlorophyll (mmol m-2) 0.852 (0.14)a 0.656 (0.064)a 0.525 (0.074)a 

Chlorophyll a/b (mol mol-1) 2.92 (0.19)a 2.78 (0.16)a 2.33 (0.27)a 

Rubisco/Chlorophyll (mmol mol-1) 24.6 (1.2)a 19.9 (1.7)a 19.8 (1.1)a 

Specific Leaf Area (m2 kg-1) 3.24 (0.42)a 1.60 (0.11)b 1.24 (0.11)b 
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Table 3.2. Rubisco biochemical parameters at 25°C, and the corresponding activation 
energy of the temperature response, from plants grown at three air temperatures. Data 
represent the mean and standard error of 5-7 replicates. Significant differences, as 
determined by ANOVA (p < 0.05), are indicated by different letters 

 Growth Temperature 
Parameter 10°C 20°C 30°C 

kcat-CO2 (s-1) 3.31 (0.09)a 3.11 (0.08)b 2.78 (0.10)c 
        Ea (kJ mol-1) 54.2 (0.83)a 52.7 (11.9)a 48.7 (1.7)a 

    SC/O (M M-1) 75.1 (1.0)a 76.9 (1.0)ab 78.0 (0.83)b 

        Ea (kJ mol-1) -23.7 (1.0)a -22.3 (0.37)ab -19.9 (0.48)b 

    
KC (µM) 11.8 (0.49)a 11.5 (0.52)a 11.4 (0.70)a 

        Ea (kJ mol-1) 54.8 (4.4)a 55.9 (5.6)a 40.4 (3.3)b 

    
KO (µM) 275.6 (7.5)a 276.1 (13.3)a 259.7 (35.7)a 

        Ea (kJ mol-1) 5.47 (0.94)a 8.81 (4.56)a 5.94 (1.94)a 
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Figure 3.1. Response of the rbcS gene family expression (A-D) and corresponding SSu 
protein (E-F) to changes in growth temperature. Gene specific expression is reported as 
the fraction of total RNA concentration n=6-7. Protein expression is reported as the 
fraction of total small subunit protein. SSu protein expression is reported as the fraction 
of Rubisco present in either Band 1 (RbcS-1A) or Band 2 (RbcS-B gene family) on 
immunoblots (n=6).  Maximum and minimum values are depicted by the bars, the box 
signifies the upper and lower quartiles and the median is represented by a short black line 
within each box. Different letters represent significant differences in the mean of each 
treatment at p<0.05 (one way ANOVA and post-hoc Tukey HSD). 
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Figure 3.2. SDS-PAGE analysis and anti-SSu immunoblots of Rubisco in leaves of A. 
thaliana. Total soluble protein extracted from leaves of A. thaliana grown at 10, 20, and 
30°C was separated by SDS-PAGE and (A) stained with Coomassie Brilliant Blue R-250, 
or (B) detected by immunoblotting with an anti-SSu antibody. White arrowheads indicate 
the SSu-B family proteins, while black arrowheads indicate the SSu-1A protein. The 
sizes of molecular markers (MM) are indicated at the left of the gel. Each lane on the gel 
represents one extraction from an individual plant. 
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Figure 3.3. Response of expression of the rbcL to changes in growth temperature. Gene 
specific expression is reported as the fraction of total RNA concentration n=7. Maximum 
and minimum values are depicted by the bars, the box signifies the upper and lower 
quartiles and the median is represented by a short black line within each box. Different 
letters represent significant differences in the mean of each treatment at p<0.05 (one way 
ANOVA and post-hoc Tukey’s HSD). 
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Figure 3.4. Immunoblots of rbcL show negligable degradation of the LSu, and minimal 
differences between temperature treatments. Total soluble protein (1 µg) extracted from 
mature leaves was separated by SDS–PAGE, and detected by immunoblotting with anti-
RBCL antibodies (anti-RBCL). Each lane on the gel represents one extraction from an 
individual plant. The first two lanes of each temperature treatment were extracted using 
DTT-free extraction buffer, while the third and second lanes contained 5 mM DTT (see 
Materials and Methods).  In samples extracted with 5 mM DTT trace amounts (~5%) of 
LSu peptides migrate in a larger molecular weight complex, consistent with an LSu/SSu 
cross-linked product.  
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Figure 3.5. Temperature dependence of the in vitro Rubisco (A) kcat-CO2, (B) SC/O, (C) KC, 
and (D) KO from warm-grown (red circles) and cold-grown (blue triangles) A. thaliana. 
Parameters were determined by assaying activated Rubisco extracts at the indicated 
temperatures. Data represent means ± standard error of 4-7 replicates, in some cases the 
error bars are smaller than the data points on the graph. The data for kcat-CO2, KC, and SC/O 
were fitted to  

(ParameterT= Parameter25°C•exp((T – 25)Ea/(298R(273 + T))) where R is the universal 
gas constant (8.314 J K-1 mol-1), and T is the temperature in °C. Lines represent the 
temperature response of Rubisco from cold (blue) and warm (red) grown plants, and the 
dotted line in panel D represents the average temperature response of both.  
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Figure 3.6. Multiple sequence alignment of processed SSu peptides from A. thaliana, 
lacking the transit peptide. Numbering is relative to the SSu-3B sequence. Amino acids 
comprising the βA and βB sheets are highlighted in gray; the amino acids spanning the 
two b-sheets are the βA-βB loop region. Unique theoretical phosphorylation sites for 
SSu-1A and SSu-3B are highlighted in pink. The degree of conservation is labeled as 
follows: “*”, residues identical in all sequences in the alignment; and “:”, conserved 
substitutions according to ClustalW specification.
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3.4 Discussion 

In Arabidopsis thaliana, Rubisco small subunit gene expression and protein 

production change with growth temperature such that warm-grown plants produce 

Rubisco containing ~ 65% SSu-B and cold-grown plants producing Rubisco with ~65% 

SSu-A as a proportion of the total pool of SSu, with the total amount of Rubisco 

decreasing by 46% under warm compared to cold-grown conditions. These structural 

changes are accompanied by modifications to Rubisco’s kinetic phenotype; warm-grown 

plants produce a Rubisco having greater CO2 affinity (i.e., higher SC/O and lower KC) but 

lower kcat-CO2 at measurement temperatures above 25oC. Similar changes have been 

observed in spinach (Yamori et al., 2006) and potentially play a role in photosynthetic 

temperature acclimation (Cavanagh and Kubien, 2014). However, in Arabidopsis the 

effect is likely masked by physiological responses (i.e., a lower Rubisco content) at the 

whole plant level.  

3.4.1 Relationship between Rubisco gene expression and protein abundance 

Changes in mRNA abundance often account for only 20-28% of the change in 

corresponding protein (Gygi et al., 1999), although the relationship is much stronger for 

metabolic genes and proteins (R2=0.53; Nie et al., 2006). In the model yeast 

Saccharomyces cerevisiae there is a relationship between protein and mRNA abundance 

(R2=0.34; p < 0.01), although the mRNA–protein relationship is stronger within 

categories such as metabolism, energy and protein synthesis (R2=0.42-0.72; p < 0.01) 

suggesting that they are substantially regulated at the transcriptional level (Beyer et al., 

2004).  Rubisco is critical for primary carbon and energy metabolism, and variation in 
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rbcS transcript abundance and accounts for 57% of the variation in Rubisco concentration 

in Chlamydomonas (Recuenco-Muñoz et al., 2015). By contrast, in this study, A. thaliana 

rbcL transcript abundance and Rubisco content both decrease with growth temperature, 

but the relationship between the two is not strong (R2=0.222, p<0.01). It is likely that the 

control of Rubisco production involves a number of processes, including transcription, 

translation and or post-translation (e.g. protein turnover) events (Berry et al. 1986; Deng 

& Gruissem 1987; Shirley & Meagher 1990; Wanner & Gruissem 1991). However, I 

found a strong relationship between the ratio of gene specific rbcS mRNA expression and 

the ratio of SSu isoform production in A. thaliana (R2=0.703, p<0.01). This suggests that 

rbcS gene expression is coordinated with the SSu complement of the Rubisco 

holoenzyme.  

In warm-grown plants, the total rbcS transcript abundance decreases by 26% 

compared to cold-grown plants, and this is coupled with a 46% decrease in Rubisco 

content. Lower rbcS gene expression is a proposed mechanism for lowering Rubisco 

content, since the expression and regulation of the LSu and SSu are tightly regulated 

(Moore et al., 1998, Spreitzer 2003, Kapralov, Kubien et al., 2011; Suzuki and Makino 

2012). The overall decline in rbcS transcript could be a form of coarse control to lower 

the production of Rubisco at warm growth temperatures, but the correlation between rbcS 

expression and Rubisco concentration is not well conserved among all species (Moore et 

al., 1998). Recuenco-Muñoz et al., (2015) found that significant diurnal fluctuations in 

the expression of rbcS and rbcL transcripts in C. reinhardtii are unaccompanied by 

changes in Rubisco content. In Arabidopsis, 10°C grown plants produce more Rubisco 

than 20°C grown plants, but the total rbcS mRNA does not increase accordingly. Further, 
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the decrease in Rubisco content during growth at elevated CO2 is not supported by lower 

total rbcS expression (Chapter 2). In Arabidopsis, it seems likely that changes in rbcS 

expression are not solely involved in the control of Rubisco content.   

3.4.2 in vitro performance of Arabidopsis Rubisco  

There are only two complete temperature-response data sets published for 

Rubisco kinetic parameters from C3 plants in vitro (in Atriplex glabriuscula, Badger & 

Collatz, 1977; and in Spinacea oleracea, Jordan & Ogren, 1984), and two derived from in 

vivo gas-exchange measurements (in Nicotiana tabacum, Bernacchi et al., 2001; and 

Arabidopsis thaliana, Walker et al., 2013). Other studies often assess only one 

component of Rubisco kinetics, for example, KC (Yeoh et al., 1980, 1981), kcat-CO2 

(Seemann et al., 1984; Sage et al., 1993); or SC/O (Parry et al., 1989; Kane et al., 1994; 

Kent and Tomany, 1995; Galmes et al., 2005). The turnover rate of Rubisco oxygenation 

is difficult to determine in vitro and is rarely reported.  

The turnover rate of 20°C grown Rubisco is similar to the in vitro kcat-CO2 reported 

previously (3.0 ± 0.2, Whitney et al., 2015). At 25°C, my estimates of SC/O are 

comparable to other in vitro measurements, including A. thaliana (Badger and Collatz, 

1977; Jordan and Ogren, 1981; Kubien et al., 2008; Whitney et al., 2015). However, they 

are approximately 30% lower than the in vivo value of SC/O reported by Walker et al., 

(2013). The 25°C values of KC reported here from Arabidopsis at all growth temperatures 

are slightly higher than the values reported from in vivo and in vitro measurements 

(Walker et al., 2013; Whitney et al., 2015), but similar to the in vitro value reported for 

tobacco and spinach (Jordan and Ogren, 1984; Whitney et al., 1999).  My estimated 

values of KO are consistent with the value of ~258 µM obtained by Walker et al. (2013), 
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but higher than the in vitro estimate of 192 ± 17 µM reported by Whitney et al. (2015). 

The activation energy of KC in Rubisco from 10°C and 20°C grown plants (Table 3.1) is 

comparable to the in vivo estimate of 49.7 kJ mol-1, but the Ea of Kc from warm-grown 

Rubisco is much lower than previous reports. The activation energy of KO reported here is 

75% lower than the in vivo measurements in Arabidopsis, but the variation around the 

estimate of this parameter encompasses both the activation energy estimate of spinach 

and Glycine max Rubiscos (Jordan and Ogren, 1984; Laing et al., 1974). Estimates of KO 

and its activation energy vary wildly between species and methods (von Caemmerer 

2000; Kubien et al., 2008). The 25°C estimates and activation energies of Rubisco kcat-

CO2, SC/O, and KC reported here for A. thaliana from all growth temperatures are typical of 

a model C3 plant (von Caemmerer 2000). Across studies in N. tabacum, in vivo KC and 

KO are lower, and SC/O is higher compared to in vitro values (Whitney et al., 1999; 

Bernacchi et al., 2002; Sharwood et al., 2008; Walker et al., 2013; Cavanagh and Kubien, 

unpublished results). These differences may be attributed to enzyme degradation during 

extraction (but see Figure 3.4), or to differences in the assay conditions in vitro compared 

to the stromal conditions such as pH or molecular crowding (Martin and Hartl, 1997; 

Zhou et al., 2008).    

3.4.3 Changes in Rubisco kinetics in response to growth temperature 

At elevated temperatures, Rubisco kcat-CO2 increases, because the fraction of 

enzyme with sufficient energy to meet or exceed the activation energy required for 

catalysis increases (Horchahka and Somero, 2002). However, the ratio of carboxylation 

to oxygenation decreases, because SC/O declines with rising temperature (Bainbridge et 

al., 1995; Tcherkez et al., 2011). The activation energy of KC is greater than that of KO, 
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resulting in the CO2 concentration required to saturate Rubisco catalytic sites declining at 

lower temperatures; the enzyme is essentially functioning at CO2 saturation below 

approximately 10°C in the present atmosphere (Ku and Edwards, 1977; von Caemmerer, 

2000). In this environment it is less important for Rubisco to distinguish between gasses, 

and plant species native to colder climates typically have a higher kcat-CO2 than warm-

native species (Sage, 2002). At warmer growth temperatures, the CO2 levels in leaves fall 

below the increased KC, a situation that should select for increased SC/O in warm-grown 

species (Sage, 2002). Consistent with this is evidence for plasticity in the temperature 

response of Rubisco. Rubisco from cold-grown (15/10°C, LT) spinach has 5% higher 

SC/O at 10°C than the enzyme from warm-grown (30/25°C, HT) plants. When measured at 

35°C, SC/O is 11 % greater in Rubisco from HT versus LT plants (Yamori et al. 2006b). 

However, Rubisco biochemical acclimation may occur in a species-specific manner. For 

example, Rubisco kcat-CO2 is unaffected by temperature in Calamagrostis canadensis 

(Kubien and Sage 2004), by temperature or CO2 in rice (Vu et al. 1997), or by elevated 

CO2 in Citrus sp. (Vu et al. 2002).  

 Cold-grown Arabidopsis produces Rubisco with a higher kcat-CO2 than warm-

grown plants at all measurement temperatures (Figure 3.5a; Table 3.2).  The activation 

energy of kcat-CO2 does not vary with growth temperature, but the activity of the cold-

grown Rubisco falls below that predicted from its activation energy at 45°C (Figure 

3.5a), indicating that there may be differences in the deactivation energy, or entropy of 

deactivation, between cold-grown and warm-grown Rubisco (Harley and Tenhunen, 

1991; Galmes et al., 2014). Warm- and cool-grown plants have the same SC/O at 25°C, but 

differences in the apparent activation energy result in warm-grown Rubisco being more 
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specific than cold-grown Rubisco at measurement temperatures above 25°C (Figure 

3.5b). This is similar to the acclimation response previously observed in spinach Rubisco.    

The observed changes in A. thaliana SC/O are likely related to changes in KC between cold 

and warm-grown Rubisco; the increased activation energy of this parameter in cold-

grown plants results in a KC that is 26% greater at 35°C than the warm-grown Rubisco KC 

(Table 3.1; Figure 3.5). Similarly, at low measurement temperatures (<10 °C), cold-

hardened Secale cerale (winter rye) Rubisco KC is 50 % lower than non-hardened (25°C 

grown) Rubisco; measured above 25°C, KC of the cold-hardened enzyme is double that of 

non-cold-hardened Rubisco (Huner and Macdowall 1979). In summary, the data 

presented in this chapter adds to the growing body of evidence suggesting that plants may 

adjust Rubisco's kinetic properties in response to changes in the growth environment. 

3.4.4 Relationship between SSu abundance and Rubisco performance 

Differential expression within multigene families can allow for flexible responses 

to diverse environmental signals. In barley, the alcohol dehydrogenase (ADH) gene 

family results in six different ADH isoforms (Hanson and Brown, 1984); the 

concentration of each isoform responds differently to oxygen levels (Hanson et al., 1984). 

In spinach, increased light intensity induces an acclimation response that alters structural 

organization of the major light-harvesting chlorophyll a/b protein complex of 

photosystem II (LHCII) that is moderated via the relative concentration of three Lhcb 

subunits (Timperio et al., 2012). Similarly, in maize variable LHCII isoforms accumulate 

at different levels depending on growth temperature and light conditions; some isoforms 

increase nonphotochemical quenching, suggesting a specific role for variable LHCII 

complexes (Caffarri et al., 2005). As described above, it is unlikely that the LSu is the 
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basis of any growth-temperature induced plasticity in Rubisco performance.  However, I 

found that warm-grown A. thaliana produces more of the SSu-B isoform, and less of 

SSu-1A, than do cold-grown plants, and the corresponding Rubiscos are more specific for 

CO2 versus O2 at elevated measurement temperatures. This suggests that differential 

small subunit expression could contribute to plasticity in enzyme function and activity, 

and may confer a plant the ability to fine tune Rubisco through the expression of variable 

SSu isoforms. 

However, it is not immediately obvious how changes to the SSu complement 

affect Rubisco's kinetic phenotype. The A. thaliana SSu polypeptides share 89% 

sequence identity. SSu-1A and SSu-3B differ by 13 residues, including a five amino acid 

insertion, unique to SSu-3B, in the loop between β-sheets A and B (see Figure 3.6; 

Krebbers et al., 1988). This βA–βB loop is the most divergent structural region among 

land plant Rubiscos (Spreitzer et al. 2001; Du et al. 2003; Spreitzer 2003), though like the 

rest of the SSu, its function is unclear. van Lun et al. (2011) proposed structural 

checkpoints of the SSu that appear to influence enzyme performance. The first region 

involves the hydrophobic interactions between the LSu and the βA-βB SSu region. In 

Chlamydomonas mutations in the βA-βB loop region can impact SC/O, possibly due to 

altered hydrophobic interactions with the LSu in this region (Karkehabadi et al., 2005; 

van Lun et al., 2011). Additionally, single-site substitutions in this loop were found to act 

as second-site suppressor mutations that improve the stability and specificity of the LSu 

L290F mutant (Du et al., 2003). In Arabidopsis, two of the five amino acids in the SSu-

3B insertion are hydrophobic (Figure 3.6; V47 and I48), and these may act to improve the 

stability of the LSu-SSu interface. The SSu-3B isoform is up-regulated at 30°C, and this 
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could reflect a dynamic response to ensure holoenzyme stability and catalysis at elevated 

temperatures. Other SSu regions also interact with the LSu. The SSu N-terminal 

methionine is adjacent to helix P of the LSu, and may play a direct role in stabilizing the 

substrate or intermediates during catalysis (van Lun et al., 2011). This residue is well 

conserved among diverse lineages of photosynthetic organisms. However, in the 

Arabidopsis SSu-B family residue 2 is a positively charged lysine, whereas in the -1A 

peptide it is an uncharged glutamine, which could potentially alter the Met-1-mediated 

interaction with the LSu. Further, this lysine could be acetylated or methylated, further 

altering the subunit dynamics of the holoenzyme. Changes to the SSu complement of 

L8S8 Rubisco may have a stabilizing effect at elevated growth temperatures, by mediating 

subunit interactions, but this remains to be investigated with molecular dynamics in A. 

thaliana.   

It possible that different SSu’s present an altered scaffold for post-translational 

modifications (PTM) that may also impact the structure and activity of Rubisco, but this 

is speculative. The known PTMs of the LSu and SSu are well-characterized (Houtz et al., 

2008), but less is known about the impact or nature of dynamic PTMs such as 

phosphorylations. Recent evidence suggests that alterations in the phosphorylation status 

of Rubisco could affect enzyme activity, but the impact could be species specific (Foyer, 

1985; Kaul et al., 1986; Lohrig et al., 2009; Chen et al., 2011). In rice, heat stress (42°C) 

dephosphorylates both the LSu and SSu, which may be related to decreases in overall 

activity (Chen et al., 2011). In spinach, dephosphorylation causes the small subunits to 

disassociate from the LSu octamer, thus decreasing Rubisco activity (Kaul et al., 1986). 

However, phosphorylation of the intact hexadecameric enzyme does not affect activity in 
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any way, implicating that phosphorylation is important to maintain Rubisco structure, but 

does not alter activity (Kaul et al., 1986). In Arabidopsis, four potential phosphorylation 

sites are located on the LSu within close proximity to the catalytic site, and could 

influence Rubisco activity or subunit interactions (Lohrig et al., 2009). Both SSu-1A and 

SSu-3B have a unique potential phosphorylation site (noted in pink in Figure 3.6; S24 on 

SSu-1A and T51 on SSu-3B), and phosphorylations here could significantly impact 

subunit interactions. In particular, S24 is found in helix 1 of the SSu a region that 

interacts (via H-bonding) with helix 8 of the LSu. Mutations in this SSu region in C. 

reinhardtii cause a 10% decrease in specificity (Genkov and Spreitzer, 2009). SSu-3B 

does not have a potentially phosphorylated amino acid in this location, and instead has a 

branched hydrophobic amino acid (V24), which is bulkier and will not be involved in 

hydrogen bonding.  

3.4.5 Effects of Rubisco phenotypic plasticity on photosynthetic performance and 

modeling 

In A. thaliana, biochemical acclimation of Rubisco provides a small advantage to 

carbon fixation at elevated growth temperatures, but this is only demonstrated in vitro. 

Similar in vitro acclimation responses of S. oleracea Rubisco suggest potential 

photosynthetic gains of 5-15%, irrespective of any growth temperature effects on 

mesophyll conductance and thus stromal CO2 levels (Cavanagh and Kubien, 2014). This 

may have important implications for modeling photosynthesis, as the CO2 assimilation 

rate of most species is modeled using N. tabacum Rubisco kinetic parameters, and the 

effect of growth environment on Rubisco performance is not considered. Walker et al. 

(2013) found no differences in any single Rubisco biochemical parameter between A. 
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thaliana and N. tabacum grown at the same temperature. However, the effect of growth 

temperature changes, particularly on SC/O and KC, and their activation energies, could 

result in species-specific differences between parameters. The biochemical acclimation in 

Rubisco observed in this chapter is accompanied by a reduction in Rubisco concentration, 

and from a modeling perspective, this will result in a cold-grown plant fixing more 

carbon regardless of measurement temperature. The in planta effect of Rubisco 

phenotypic plasticity remains unclear, but is an important question to resolve. 
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Appendix 3.1: Temperature response of aqueous solubilities for 

gasses 

Table 1 Temperature responses of aqueous solubilities for CO2 and O2. The solubility 

constants at 25°C are taken from Sander (2015) and are adjusted to temperature 

following:   

sol(T ) = sol(25°C) ⋅exp ΔsolnH
R

⋅
1
TK

−
1

298.15

⎛

⎝
⎜

⎞

⎠
⎟

 

where R is the gas constant (8.314 J mol-1K-1), TK is absolute temperature (oK) 

and ΔsolnH is the enthalpy of solution (19.95 kJ mol-1 for CO2 and 14.13 kJ mol-1 for 

O2). 

Temperature 
(°C) 

CO2 
Solubility 
(M bar-1) 

O2 
solubility 
(M bar-1) 

10 0.0514 0.00167 
20 0.0385 0.00139 
25 0.0334 0.00128 
30 0.0294    0.00118 
40 0.0228 0.00101 

 

Sander R (2015) Compilation of Henry’s law constants (version 4.0) for water as solvent, 
Atmospheric Chemistry and Physics, 15: 4399-4981, doi:10.5194/acp-15-4399-2015  
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Chapter 4 : Growth and photosynthetic impacts of an altered Rubisco 
SSu complement  

4.1 Introduction 

Phenotypic plasticity is well documented in traits that affect photosynthetic 

performance (Schlichting 1986, 2002), including growth temperature induced 

adjustments to the thermal optimum of photosynthesis (Slatyer 1977; Yamori et al. 2005; 

Sage et al. 2008; Yamori et al., 2013). In chapters 1-3 of this thesis, I explored the 

potential for phenotypic plasticity in Rubisco performance, mediated through changes in 

the Rubisco small subunit (SSu). In Arabidopsis thaliana, four nuclear genes encode the 

SSu, although only two (rbcS-1A and rbcS-3B) are essential to maintain Rubisco content 

and function (Krebbers et al. 1988; Izumi et al., 2012). The expression of these two rbcS 

genes varies with growth temperature, and this is correlated with the levels of distinct 

SSu isoforms, such that warm-grown plants produce Rubisco containing a greater 

proportion of SSu-3B than SSu-1A than does Rubisco from cold-grown plants. These 

structural changes are accompanied by modifications to Rubisco’s kinetic phenotype; 

cold-grown plants have a Rubisco with an increased catalytic turnover rate (kcat-CO2), 

while warm-grown Rubisco has greater CO2 affinity (i.e., higher SC/O and lower KC) but 

lower kcat-CO2 at measurement temperatures above 25oC. These coordinated changes 

suggest that the variable SSu may modulate Rubisco temperature acclimation.  However, 

it is unclear whether kinetic differences between A. thaliana Rubiscos improve the rate of 

whole plant carbon assimilation, thereby providing adequate selective advantage to 

maintain Rubisco plasticity.  
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Selection for mechanisms promoting phenotypic plasticity must act on the 

phenotype. Changes in Rubisco are often revealed at the plant level, because of the 

enzyme’s crucial role in carbon gain, but any effects of Rubisco acclimation on CO2 

assimilation or whole plant growth have not been demonstrated. In Chapter 1, I show that 

similar thermal acclimation of spinach Rubisco kinetics can theoretically play a role in 

improving photosynthetic performance (Cavanagh and Kubien, 2014). In Arabidopsis, 

this is complicated because acclimation in Rubisco performance at 30°C is accompanied 

by a significant decline in Rubisco content that may offset the carboxylation advantage of 

a warm-grown Rubisco (Table 3.1). However, decreased Rubisco content, coupled with 

altered Rubisco catalytic properties could increase fitness by decreasing the nitrogen cost 

of carbon fixation. Additionally, the mesophyll transfer conductance to CO2 (gm), which 

describes the liquid-phase diffusion of CO2 from the intercellular airspace to the site of 

Rubisco, may increase with growth temperature such that the concentration of CO2 at the 

site of Rubisco (Cc) limits A more strongly in cool- versus warm-grown plants (Flexas et 

al., 2007; Cavanagh and Kubien, 2014). In Arabidopsis, gm does not vary with 

measurement temperature, though the parameter may acclimate to contrasting growth 

temperatures (Yamori et al., 2006; Walker et al., 2012). It is clear the in vivo acclimation 

response of CO2 assimilation depends on more than just Rubisco performance, but the 

extent of these limitations must be determined.  

In this chapter, I examine the role of Rubisco temperature acclimation in 

photosynthetic performance by measuring CO2 assimilation in cold and warm-grown 

plants at both growth temperatures. This also allows for a direct estimation of effective 

Rubisco kinetic parameters, allowing me to ask if in vitro acclimation effects are present 
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in vivo.  Then, I investigate the impact of rbcS genes associated with the thermal 

acclimation response on growth by comparing the relative growth rate (RGR) of wild 

type Arabidopsis and T-DNA insertion mutants lacking either rbcS-1A or rbcS-3B at 

both cold and warm growth temperatures. Using rbcS mutants should enable me to 

uncouple the contribution of Rubisco SSu from the temperature response of the enzyme, 

to determine how gene product impacts total plant growth and biomass accumulation. 

Collectively, these experiments are designed to assess the role of an altered SSu 

complement, and thus different Rubisco kinetic performance, on carbon-assimilation at 

the whole plant level.  

4.2 Materials and Methods  

4.2.1 Plant Material and Growth Conditions 

I sowed Arabidopsis thaliana (col-0) seeds in 578 mL pots filled with Promix. 

After 3 days stratification (4oC) seeds were germinated at 450 ppm CO2 at 10/8°C or 

30/25°C, with a 10-hr photoperiod at 300 µmol m-2 s-1 (PPFD) in a controlled 

environment chamber (PGC-20, Conviron, Winnipeg, Manitoba, Canada). I watered 

plants to excess every two days (at 30°C), and every four days (10°C) with a modified 

Hoagland’s nutrient solution (Hoagland and Arnon, 1950), using a lower strength 

solution to normalize nitrogen exposure in warm-grown plants.  

I obtained the T-DNA insertion lines GABI_608_F01 ( - rbcS-1A) and 

SALK_117835 ( - rbcS-3B) from the Nottingham Arabidopsis Stock Center (NASC, 

www.arabidopsis.info) and the Arabidopsis Biological Resource Center (via the 

Arabidopsis Information Resource (TAIR), www.arabidopsis.org). Following the 
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example of Izumi et al., (2012), I confirmed the homozygosities of the T-DNA insertions 

with genomic PCR, and then quantified the effect on rbcS mRNA using RT-qPCR (as 

described in Chapter 2).  I grew confirmed homozygous plants to gather seed for use in 

subsequent growth experiments, keeping genotypes in separate chambers to prevent 

crossing. For the relative-growth rate comparison, seeds were germinated and grown as 

described above for wild-type (col-0).  

4.2.2 Gas Exchange and Fluorescence measurements 

The CO2 response of net CO2 assimilation (e.g. AN–Ci curves) was measured 

using an open gas exchange system (Li-6400, Li-COR Inc., Lincoln, NE). In some 

experiments, leaf gas exchange parameters were determined simultaneously with 

measurements of chlorophyll fluorescence using an integrated fluorometer (LI-6400–40; 

LI-COR, Inc.). The actual photochemical efficiency of photosystem II (φPSII) was 

determined by measuring steady-state fluorescence (Fs) and maximum fluorescence 

during a light-saturating pulse > 6500 µmol m–2 s–1 (Fm′) following the procedures of 

Genty et al. (1989)  

φPSII =1− Fs / Fm '         (4.1) 

The rate of photosynthetic electron transport in the leaf is related to φPSII  

JF = φPSII ⋅ I ⋅α ⋅β       (4.2) 

where I is the photosynthetically active photon flux density (PPFD), α is leaf 

absorptance and β is the partitioning coefficient (assumed to be 0.5 for C3 plants, Ogren 

and Evans, 1993). I determined leaf absorptance from leaf chlorophyll content using the 

relationship: 
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α = [Chl] ([Chl]+76)       (4.3) 

where [Chl] is the chlorophyll content expressed in µmol m-2 (Evans and Poorter, 

2001).  

To minimize the impact of developmental stage on measurements, plants were 

sampled during vegetative growth (i.e. before flower formation; Flexas et al., 2007).  I 

measured gas exchange in five plants from each growth temperature at 10°C and 30°C 

(20 plants in total). Measurements at 10°C were obtained in a temperature-controlled 

growth chamber (Conviron PGC-20, Controlled Environments Ltd). To induce 

photosynthesis, the leaf cuvette was set at a reference CO2 (Ca) of 400 µmol mol-1 and 

saturating light (500 or 750 µmol m-2s-1
 at 10°C and 30°C respectively) for 10-15 

minutes. I decreased Ca in a stepwise fashion from 400 to 50 µmol mol-1 CO2 and made 

measurements as soon as stability was achieved at each CO2 level, typically within 2-3 

minutes. I returned Ca to 400 µmol mol-1 CO2 to ensure that the original A had been 

restored, and then increased Ca stepwise from 400 µmol mol-1 CO2 to levels above 1000 

µmol mol-1. At 10°C, cold-grown Arabidopsis plants were also measured at 2% O2; gas 

concentrations were controlled using computer operated mass flow controllers (Qubit 

Systems, Kingston, ON, Canada, www.qubit.com).  

4.2.3 Estimation of gm and Cc 

I estimated mesophyll conductance (gm) at each growth and measurement 

temperature combination using the curve-fitting method of Ethier and Livingstone 

(2004), which fits each AN-Ci curve with a nonrectangular hyperbola form of the 
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Farquhar-von Caemmerer-Berry (1980) model of leaf photosynthesis that accounts for 

gm, where AN is: 

AN =min{Ac,Aj}      (4.4) 

Ac = −b± b2 − 4ac
2a

a = −1/ gm
b = (Vc max− Rd) / gm+Ci+ KC(1+O / KO)
c = Rd(Ci+ KC(1+O / KO))−Vc max(Ci − Γ*)

Aj = −b± b2 − 4ac
2a

a = −1/ gm
b = (J / 4− Rd) / gm+Ci+ 2Γ*
c = Rd(Ci+ 2Γ*)− J / 4(Ci − Γ*)

 

 

In equation 4.4, Ac and Aj are the RuBP-saturated (Rubisco limited) and RuBP –

limited net CO2 assimilation rate, respectively. Vcmax is the maximal carboxylation rate, J 

is the rate of photosynthetic electron transport under RuBP limited conditions, Rd is the 

rate of mitochondrial respiration in the light, Γ* is the chloroplastic CO2 compensation 

point in the absence of photorespiration (Γ*=0.5O/SC/O), KC and KO are the respective 

Michaelis-Menten constants for RuBP carboxylation and oxygenation, and O is the 

oxygen concentration.   

I used in vitro values and temperature responses of the Michaelis-Menten constant 

for CO2 (KC) and oxygen (KO) and the Rubisco specificity factor (SC/O) from warm and 

cold-grown Arabidopsis plants in the analysis (Table 3.2).  I estimated gm, Vcmax and J 

from non-linear least square fits (Levenberg-Marquardt algorithm) of Eqn 4.4 to the 
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RuBP-saturated and RuBP-limited portions of the AN-Ci curves, using the package 

minpack.lm in R (Timur et. al., 2015). The Ci cut-off between the Rubisco- and RuBP- 

regeneration limiting portions of the curve was determined as the Ci that minimized the 

difference between gm estimates from both processes (Ethier et al., 2006). 

Pons et al., (2009) recommend the use of two independent methods to obtain 

reliable estimates of gm. Simultaneous measurements of gas-exchange and fluorescence 

were hindered by equipment failure in this study. However, in cold-grown plants at 10°C, 

I was able to use the constant J method to estimate gm from simultaneous gas exchange 

and fluorescence measurements when J was constant over a range of CO2 (i.e. when AN is 

limited by RuBP regeneration; Harley et al., 1992). The chloroplastic electron transport 

rate required for carbon fixation and photorespiration is:  

J = (AN + Rd) ⋅ (4Cc+8Γ*)
(Cc− Γ*)     (4.5) 

To account for non-photosynthetic electron transport, I used the relationship 

between JF and J at 2% O2 as a calibration curve to obtain values of J, and solved 

equation 4.5 for Cc, and then calculated gm from the relationship: 

gm = AN(Ci −Cc)     (4.6) 

I used the temperature response of cold-grown Arabidopsis Rubisco SC/O to 

calculate Γ* for each leaf, and compared the resulting gm from each method. I calculated 

Cc for each AN-Ci curve by rearranging equation 4.4.   
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4.2.4 Determination of in vivo biochemical parameters and diffusional limitations 

From each leaf used for gas exchange, I determined total soluble protein, 

chlorophyll content, and Rubisco content, following the methods described in Chapter 2. 

At low Ci the photosynthetic rate of a C3 plant is determined by the capacity of Rubisco 

carboxylation, as the substrate concentration is generally below the Michaelis-Menten 

constant for the enzyme. To asses Rubisco carboxylation in vivo, I compared the initial 

slopes of AN-Ci curves from warm- and cold-grown plants measured at 10° and 30°C to 

assess Rubisco carboxylation activity in vivo. I then determined the in vivo Rubisco 

effective Michaelis-Menten constant for CO2 in the presence of oxygen (KC’) by 

regressing individual Agross – Cc curves against a Michaelis-Menten equation of the form: 

'

2

CC

CO-catC
gross

*)(]Rubisco[
KC
kCA

+
Γ−

=
    (4.7) 

where KC' =KC(1+O/KO). I determined photosynthetic nitrogen use efficiency 

(PNUE) by dividing Agross at ambient CO2 (Ca=450 ppm) by the amount of leaf total 

soluble protein.  

I compared the limitations to photosynthesis by diffusion of CO2 through the 

stomata (Ls), and from the sub-stomatal cavity to Rubisco (Lm), following the approach 

described by Farquhar and Sharkey (1982). They describe the decline in A caused by 

stomatal resistance: 

Ls =1− ACi
ACa       (4.8) 

where ACi is the measured rate of CO2 assimilation (e.g. at Ci), and ACa is the rate 

that would occur if stomatal resistance to CO2 diffusion was zero (assuming infinite gs 
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and gm, Ci = Ca). I used a similar expression to derive Lm (e.g. if Cc = Ci), comparing 

assimilation measured at Ci with A at Cc calculated using gm and Vcmax shown in Table 

4.1. 

4.2.5 Relative Growth Rate  

Wild type (col-0) and rbcS mutant plants were grown as above, and numbered. 

Biomass was collected during 6 (30°C) or 7 (10°C) sequential destructive harvests; plants 

were selected for harvest using a random number generator. I separated plants into rosette 

leaves and inflorescence (including bolting stock all the way down to the rosette, when 

present), and determined leaf area using digital photographs of rosettes using Easy Leaf 

Area software (Ealson and Bloom, 2014). Plant parts were dried at 60°C for 1 week, and 

weighed to the nearest microgram (first and second harvests) or tenth of a milligram 

(remaining harvests). I harvested throughout Arabidopsis life stages 1.0-8.0 (Boyes et al., 

2001), and the last harvest occurred before any siliques opened.  

I determined relative growth rate (RGR) in each genotype at both growth 

temperatures 

RGR = log(M 2 M 1)
t2− t1      (4.9) 

where Mi is the mass of the plant a time ti. I used the first harvest point as M1 and 

t1, to standardize RGR to the initial size of each genotype. At the fifth harvest, I froze 

additional leaf samples to determine total soluble protein, Rubisco and chlorophyll 

content.  
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4.2.6 Data analysis  

I compared estimates of gm obtained from curve fitting and combined gas-

exchange/fluorescence in cold-grown plants using Student’s t-test, with p<0.05 

considered significant. I used a two-way ANOVA (with growth and measurement 

temperature as main effects) to compare in vivo photosynthetic parameters (Table 4.1), 

and the in vivo, KC’, and PNUE (Table 4.2). I compared the initial slopes of the AN-Ci 

curves at each measurement temperature using a linear model of the form 

initial slope ~ Ci x growth temperature (Table 4.3). I used a two-way ANOVA (with 

growth temperature and genotype as main effects) to compare physiological 

measurements in the genotypes included in the RGR analysis (Table 4.5). I compared 

RGR between genotypes and growth temperature using a linear model of the form:  RGR 

~ harvest + growth temperature x genotype. All statistical analysis was performed in R (R 

Core Team, 2015). 

4.3 Results  

4.3.1 Gas-exchange: photosynthetic rates, parameters, and limitations  

Warm-grown plants have lower photosynthetic rates than cold-grown plants at 

both measurement temperatures, but the effect is less pronounced at 30°C. When 

measured at ambient CO2 (corresponding to Ca = 40 Pa), net CO2 assimilation (AN) in 

cold-grown plants is 64% greater than in warm grown plants at 10°C, but only 30% 

greater at 30°C (Figure 4.1). I compared estimates of gm obtained through curve fitting 

and simultaneous fluorescence and gas exchange measurements in cold-grown plants 

measured at 10°C, and found no method based differences (Figure 4.2). I found no effect 
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of growth (p=0.47) or measurement (p=0.07) temperature on gm (Table 4.1). Respiration 

(Rd) varies with measurement temperature (p<0.05), but not growth temperature (p=0.35; 

Table 1). Estimates of Vcmax vary with measurement temperature (p=0.00004), but not 

growth temperature (p=0.22), while estimates of the maximal rate of electron transport 

(Jmax) vary with growth (p=0.0004) and measurement temperature (p=0.0005) such that 

warm-grown plants have a lower Jmax at both growth temperatures (Table 4.1).   

The stomatal limitation of photosynthesis (Ls) increases from 14 to 43% between 

10 and 30°C in cold-grown plants, and from 12 to 44% in warm-grown plants (Figure 

4.3). The mesophyll limitation does not increase with measurement temperature for 

plants from either growth temperature and is 43 or 56% from cold and warm-grown 

plants respectively (p>0.05).  

4.3.2 Effect of temperature on in vivo Rubisco parameters 

Measured in vivo, Rubisco KC’ increases with measurement temperature (Figure 

4.4, Table 4.2), but does not differ with growth temperature when measured at 10°C.  

Cold-grown Rubisco has a 37% higher KC’ than warm-grown plants when measured at 

30oC (p<0.05, Figure 4.4a). Consistent with these observations, the initial slope of the 

AN-Ci curve is lower in warm-grown plants than cold-grown plants measured at 10°C, but 

does not differ when plants are measured at 30°C (Figure 4.1, Table 4.3). Photosynthetic 

nitrogen use efficiency (PNUE) represents carbon gain per unit leaf soluble protein; 

PNUE increases with measurement temperature in both cold and warm-grown plants but 

is not affected by growth temperature, resulting in warm-grown plants having a higher 

PNUE than cold-grown plants when measured at their growth temperature (Figure 4.4b, 
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Table 4.2). Leaf soluble protein varies with growth temperature in Col–0 A. thaliana 

(Table 4.4).  

4.3.3 rbcS mutant phenotypes 

I identified homozygous mutant lines of rbcS-1A and rbcS-3B using genomic 

PCR, and confirmed the effect of the mutations in each rbcS gene using RT-qPCR. rbcS-

1A mRNA is not detected in –rbcS-1A leaves, and levels of rbcS-3B mRNA are 95% 

lower than wild-type levels in –rbcS-3B (Figure 4.5a). The expression of mRNA does not 

differ for rbcS genes lacking the T-DNA insertion in either line (p>0.05). I compared the 

effect of the rbcS mutations on leaf biochemical parameters of plants grown at 10°C and 

30°C. When grown at 10°C, -rbcS-1A and –rbcS-3B plants produce 49% and 37% less 

Rubisco than wild-type Arabidopsis, respectively. The difference in Rubisco content 

between the two rbcS mutants grown at 10°C is non-significant (p= 0.104; Table 4.4). 

When grown at 30°C, -rbcS-1A contains 51% less Rubisco than wild-type, while Rubisco 

content in –rbcS-3B does not significantly differ from either WT or –rbcS1A (genotype x 

temperature interaction, p=0.020; Table 4.4). Total soluble protein concentration varies 

with growth temperature in wild-type plants (p=0.019). The rbcS mutants produce 

comparable levels of soluble protein to a warm-grown wild-type plants at all growth 

temperatures, but chlorophyll content does not vary between genotype or growth 

temperature (Table 4.4).  
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4.3.4 Effect of growth temperature and rbcS mutations on biomass accumulation 

and RGR 

Cold-grown wild-type plants accumulate more biomass than do warm-grown 

plants, but their growth is delayed by 12-13 days (Figure 4.6a). Biomass accumulation is 

impaired in both rbcS mutants relative to the wild-type plants, and plants grown at 10°C 

develop slower than plants grown at 30°C, but growth temperature has no effect on total 

biomass accumulation in either mutant (Figure 4.6 b-c). There is no effect of growth 

temperature on leaf area accumulation in any genotype (Figure 4.6 d-f).  

Relative growth rate (RGR) declines with plant age, and is higher in warm-grown 

plants of all genotypes (Figure 4.7, Table 4.5). The RGR of -rbcS-3B plants decreases 

more with plant age when grown at 30°C compared to 10°C (Figure 4.7), as indicated by 

a growth temperature x genotype interaction (Table 4.5). Although the RGR of warm-

grown wild-type and –rbcS-1A plants decrease more rapidly than does the RGR of cold-

grown plants, this effect is not significant (Figure 4.8).   
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Table 4.1. Photosynthetic parameters from cool (10°C) or warm ( 30°C) grown plants. 

Mesophyll conductance to CO2 (gm) was estimated through curve fitting, following Ethier 
and Livingstone (2004, see Materials and Methods). Rd and Fv/Fm were measured in a 
dark-acclimated leaf following gas-exchange measurements (after 30 minutes in the 
dark). The maximum carboxylation rate (Vcmax) and electron transport rate (Jmax) were 
estimated from CO2 assimilation curves measured at 10° and 30°C using the temperature 
responses of cool and warm-grown Arabidopsis Rubisco Michaelis-Menten constants for 
CO2 and O2 (Chapter 3). Significant differences between values indicated by different 
letters according to a two-way ANOVA with p < 0.05.   
 Cool-grown Warm-grown 
Parameter 10° 30° 10° 30° 

gm (µmolCO2 m-2 s-1 Pa-1) 1.1 ± 0.3a 1.8 ± 0.5a 1.3 ± 0.3a 1.6 ±0.7a 

gs (mmol H2O m2 s-1) 0.31 ± 0.03a 0.26 ± 0.04a 0.40 ± 0.06a 0.26 ± 0.04a 

Rd (µmol m-2s-1) 1.05 ± 1.4a 3.61 ± 0.6b 1.09 ± 0.2a 2.60 ± 0.3b 

Vcmax (µmol m-2s-1) 35.9 ± 2.3a 87.3 ± 13.1b 27.2 ± 2.1a 73.8 ± 11.2b 

J (µmol m-2s-1) 128.7 ± 7.2a 182.0 ± 12.1b 77.4 ± 5.2c 127.7 ±18.4a 
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Table 4.2. Analysis of variance testing for the effects of growth temperature (growth) and 
measurement temperature (meas.) on Rubisco in vivo KC’and PNUE. 

Parameter Effect df Sum Sq F p (>F) 

KC’ Meas. 2 10900.7 214.8 1.53E-09 

 Growth 1 258.6 10.2 0.008571 

 Growth:Meas. 1 285.1 11.2 0.006452 

 Residuals 11 279.1   

            PNUE Meas. 2 0.019 0.016 0.000458 

 Growth 1 23.84 19.258 0.902 

 Growth:Meas. 1 1.027 0.829 0.376 

 Residuals 11 19.81   
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Table 4.3 Analysis of variance testing for the effects of Ci and growth temperature 
(Growth) on the initial slope (IS) of the AN-Ci curves found in figure 4.1. The ANOVA 
describes the linear model IS= Ci  x growth temperature 

Measurement 

Temperature Effect df Sum Sq F p (>F) 

10°C Ci 1 1318.35 265.08 < 2.2e-16 

 Growth 1 82.32 16.551 0.0001646 

 Ci:Growth 1 76.56 15.394 0.0002620 

 Residuals 51 253.66   

            30°C Ci 1 1340.01 89.808 4.425e-13 

 Growth 1 27.35 1.8328 0.1814 

 Ci:Growth 1 6.12 0.4101 0.5246 

 Residuals 54 805.72   
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Table 4.5. Analysis of variance for the effects of growth temperature and genotype on the 
relative growth rate of A. thaliana above-ground biomass. The ANOVA describes the 
linear model RGR=harvest + growth temperature x genotype 

Effect df Sum of Sq. F-value p (>F) 

Harvest (Plant Age) 1 0.007045 29.829 9.98E-06 
Growth Temperature 1 0.00971 41.113 8.58E-07 
Genotype 2 0.004516 9.561 0.000772 

Temperature:Genotype 2 0.002391 5.061 0.013916 

Residuals 26 0.006141   
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Figure 4.1. Measured (symbols) and modelled (lines) A/Ci responses of cold-grown (blue 
filled circles) and warm-grown (red triangles) plants (col-0) at A) 10°C and B) 30 °C. 
Arrows indicate values corresponding to ambient CO2 levels of 40 Pa. Solid and dashed 
lines are the modeled rates of RuBP-saturated (Ac) and RuBP-limited assimilation (Aj), 
respectively. Ac modelling uses the Rubisco parameters and activation energies reported 
in Table 3.2.  Other modelling parameters are shown in Table 4.1 
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Figure 4.2. Growth temperature responses of A) stomatal (Ls) and B) mesophyll (Lm) 
limitations of photosynthesis. The stomatal limitation describes the impact of the 
diffusion of gaseous CO2 through the stomatal pore and intercellular airspace on net 
assimilation. Similarly, the mesophyll limitation describes the impact on net assimilation 
of the CO2 liquid phase diffusion through the mesophyll to the site of carboxylation. The 
limitations were calculated using measured values of A at Ci; A at Cc was calculated using 
the gm and Vcmax values presented in Table 4.1; and A at a Ca of 40 Pa was calculated 
assuming infinite gs and gm.   
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Figure 4.3. Comparison of mesophyll conductance from cold-grown plants measured at 
10°C, using simultaneous gas-exchange and chlorophyll fluorescence (Constant J 
method, see Materials and Methods), and estimated through curve-fitting following 
Ethier and Livingstone (2004). 
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Figure 4.4. Growth and measurement temperature dependence of in vivo carboxylation 
parameters, including (a) in vivo Rubisco KC’, and (b) photosynthetic nitrogen use 
efficiency (PNUE).  The in vivo KC’ is estimated from fitting A*/Cc curves to the 
Michaelis-Menten form of the Farquhar model for RuBP saturated photosynthesis. PNUE 
is estimated as A*/total soluble protein. Data are means ± standard deviation of four 
individuals, and differences (p<0.05) are indicated by different letters.  
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A      B 

 

Figure 4.5. Identification of -rbcS-1A and -rbcS-3B insertion mutants 

(A) RT-qPCR analysis to determine rbcS mRNA accumulation in leaves of mutants. 
Total RNA was isolated from leaves of wild-type, -rbcS1A, and -rbcS3B plants grown at 
20°C and quantified with RT-qPCR analysis using gene-specific primers. (B) T-DNA 
boxes represent the untranslated regions and the black boxes represent exons. Grey boxes 
represent T-DNA. Arrows represent the positions of primer pairs used for RT-qPCR 
analysis. Panel B is redrawn from Izumi et al. 2012. 
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Figure 4.6. Measurements of growth at 450 ppm CO2 and ambient levels of O2 in 
Arabidopsis wild-type and rbcS mutants at 10°C (blue circles) and 30°C (red triangles).  
Sequential harvests of warm-grown plants were taken weekly until 40-55 days after 
germination (DAG).  Cold-grown plants grew more slowly and were sampled until 58-60 
days after germination.  Average vegetative biomass (panels a-c) was measured after 1 
week of oven drying. Leaf area (panels d-f) was determined from photographs of 
deconstructed rosettes. Lines indicate an exponential regression of biomass or leaf area 
against DAG. Data are the means and standard error of five plants per time-point. 
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Figure 4.7. Relative growth (RGR) of warm-grown (red triangles) and cool-grown (blue 
circles) (a) wild-type, (b) -rbcS3B, and (c) –rbcS1A. 
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Figure 4.8. 95% confidence intervals for RGR of wild-type (col-0), -rbcS3B, and -
rbcS1A grown at 10° and 30°C. Overlapping confidence intervals indicate that 
measurements are not significantly different.  
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4.4 Discussion 

The data presented in this chapter link Rubisco's biochemical acclimation to 

photosynthetic performance and plant growth in A. thaliana. Changes in Rubisco 

biochemistry in response to growth temperature are evident in vivo, with warm-grown 

Rubisco having a lower KC’ than cold-grown Rubisco at 30°C. Despite having lower 

Rubisco content, warm-grown plants maintain similar rates of CO2 assimilation (A) as 

cold-grown plants at 30°C and ambient CO2 partial pressures, and this is likely related to 

increased CO2 affinity of the warm-grown Rubisco. Warm-grown plants also have a 

greater photosynthetic nitrogen use efficiency at their growth temperature than do cold-

grown plants, allowing them to maximise their nitrogen use to compensate for their lower 

Rubisco content. Cold-grown wild-type plants grow more slowly than warm-grown 

plants, but produce more total biomass. The declines in Rubisco content of rbcS mutants 

temper any growth temperature effects on biomass accumulation.  

4.4.1 Growth temperature does not impact gm in A. thaliana 

The regression approach for determining gm is based on the effect that mesophyll 

conductance has on the curvature of the A/Ci response curve. Curve fitting is the least 

robust method for estimating gm (Pons et al., 2009), although absolute values of gm 

reported here (1.5 ± 0.3 µmol CO2 m-2 s-1 Pa-1) are similar to other reports of gm in A. 

thaliana grown at 25°C (which range from 1.3 ± 0.1 to 2.3 ± 0.5 µmol CO2 m-2 s-1 Pa-1; 

Flexas et al., 2007; Tazoe et al., 2011; Walker et al., 2013). Further, I found no a good 

correlation between estimates of gm obtained using chlorophyll fluorescence or curve 
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fitting, but values tend to be underestimated by curve fitting (as indicated by a slope > 1, 

Figure 4.3).  

Neither growth- nor measurement-temperature affects gm in A. thaliana (Table 

4.1). Walker et al. (2013) found that gm was insensitive to measurement temperature in A. 

thaliana, but the effects of growth temperature have not been reported previously. In 

spinach, gm is not affected by growth temperature at low temperatures (10–20°C), but 

above 25°C gm is higher in plants grown at 30oC vs. 15°C (Yamori et al. 2006). The lack 

of acclimation in A. thaliana could be due to the mechanisms underlying the temperature 

response of gm. Walker et al. (2013) found that the temperature response of A. thaliana 

gm more closely follows the response of the conductance of CO2 through the liquid phase, 

rather than cell membranes/wall, and suggested that transport proteins (i.e. aquaporin) 

were less abundant or temperature sensitive in A. thaliana than in other species.   

Mesophyll and stomatal resistances impose significant limitations on A at both 

measurement temperatures. The stomatal limitation of A increases with measurement 

temperature in both cold and warm-grown plants (Figure 4.2a). Stomatal responses to 

temperature can be confounded by variation in the leaf-air vapour pressure deficit (VPD), 

which normally rises when leaf temperature is increased (Berry and Bjorkman 1980). 

While leaf vapour pressure deficits at 30°C averaged �2.5 kPa, there was no evidence of 

stomatal closure (indicated by decreased stomatal conductance gs; Table 4.1). The 

magnitude of the mesophyll limitation at 10°C differs between plants grown at different 

temperatures (Figure 4.2). Since growth temperature does not alter gm (Table 4.1), these 

differences must be related to the reduced rate of A in warm-grown plants, or differences 



 

 

 

 

137 

between Vcmax used to predict ACc and the in vivo rate of carboxylation.  At 10°C, 

predicted values of ACc do not vary with growth temperature (6.2 ± 0.6 and 5.1 ± 0.4 

µmol CO2 m-2 s-1 for cold and warm-grown plants respectively), but AN is 37% higher in a 

cold-grown plant than a warm grown plant. Differences in the mesophyll limitation at 

10°C between cold and warm-grown plants are due to differences in net CO2 

assimilation.  

4.4.2 Plant acclimation to growth temperature: Rubisco responses in vivo  

In Chapter 3, I showed that growth temperature alters A. thaliana Rubisco kinetic 

phenotype in vitro; warm-grown plants produce a Rubisco having greater CO2 affinity 

(i.e., higher SC/O and lower KC) but lower kcat-CO2 at measurement temperatures above 

25oC. Changes in Rubisco biochemistry in response to growth temperature are also 

evident in vivo, with warm-grown Rubisco having a lower KC’ than cold-grown Rubisco 

at 30°C (Figure 4.4a). Additionally, there is no difference in the initial slope of the 

photosynthetic CO2 response between warm and cold-grown plants at 30°C, indicating 

that the carboxylation capacity of warm-grown Rubisco is enhanced at warmer 

measurement temperatures (Figure 4.1, Table 4.3). However, these changes to Rubisco 

do not result in an increased carbon gain to a warm-grown plant at 30°C (Figure 4.1). 

Cold-grown Rubisco has a higher in vitro kcat-CO2 than warm Rubisco (Table 3.2); 

combined with a larger pool of the enzyme (Table 4.3), this results in cold-grown plants 

assimilating more CO2 than warm-grown plants at both measurement temperatures, when 

compared at the same CO2 level (Figure 4.1).  
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Changes in Rubisco performance do not correspond to increased CO2 assimilation 

in warm-grown plants versus cold-grown plants at 30°C (Figure 4.1). In spinach, I found 

that similar changes in Rubisco performance could theoretically offer a carbon 

assimilation advantage to a warm-grown plant (Chapter 1). In that modelling analysis 

(Figure 1.1), changes in spinach Rubisco SC/O that were attributed to KC, as they appear to 

be in A. thaliana (Table 3.2), only offer a carbon gain advantage for a warm-grown plant 

at temperatures greater than approximately 32-33°C (i.e., at temperatures above the 

growth temperature). However, at ambient and higher CO2 the lower photosynthetic rate 

in warm-grown plants is a likely result of strict limitations imposed by decreased Rubisco 

content; warm-grown plants produce 31% less Rubisco than cold-grown plants (Table 

4.3). Warm-grown plants do maintain rates of CO2 assimilation similar to cold-grown 

plants at 30°C and at ambient and sub-ambient CO2 partial pressures (Figure 4.1b), which 

is likely a reflection of their lower KC' and higher SC/O at this temperature.  

Photosynthetic temperature acclimation is strongly related to leaf nitrogen, since 

more than half of leaf nitrogen is in the photosynthetic apparatus, and up to 25% in 

Rubisco (in a C3 plant; Evans, 1989). Leaf nitrogen use, including nitrogen partitioning 

among photosynthetic components varies with growth temperature (Makino et al., 1994; 

Hikosaka 1997, 2005; Yamori et al., 2006a), and has the potential to maximize 

photosynthetic rates (Zhu et al., 2007). Yamori et al., (2009) found that differences in 

PNUE in 11 crop species determined the extent of photosynthetic temperature 

acclimation. Further, differences in PNUE were due to differences in Rubisco content, 

kcat-CO2, and the amount of nitrogen invested in Rubisco (Yamori et al., 2009). In 
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A. thaliana, warm-grown plants have a higher PNUE plants at their respective growth 

temperature than do cold-grown plants (Figure 4.4d). The advantage offered by increased 

PNUE could facilitate selection for plasticity in Rubisco performance, although my data 

does not include any effects of nitrogen partitioning between soluble and insoluble 

fractions, or between photosynthetic and non-photosynthetic N sinks. 

4.4.3 Impact of temperature and rbcS mutations on RGR and biomass 

accumulation 

The average RGR of cold-grown plants does not differ from warm-grown wild-

type plants, and cold-grown plants accumulate more biomass (Figures 4.7, 4.8). Variation 

in RGR is most closely associated with AN, leaf mass ratio (LMR, proportion of plant 

mass allocated to leaves), and specific leaf area (SLA, ratio of leaf area to leaf dry mass; 

Evans 1972). In this chapter, I used leaf biomass to determine RGR; any variation in 

RGR likely arises from differences in SLA or AN. Inter-specific variation in RGR is 

usually determined by the net assimilation rate (Loveys et al., 2002), although differences 

in SLA become important under changing temperatures (Villar et al., 2005). In wild-type 

A. thaliana grown at 30°C, SLA is 64% lower than a cold-grown plant (Table 3.1), while 

declines in A are less severe (Figure 4.1a-b), suggesting that RGR is limited by SLA at 

elevated temperatures. In both rbcS mutant lines, RGR is initially greater in warm grown 

plants, but declines significantly with age (Figures 4.7, 4.8), indicating that the cost of 

each new unit of tissue is much greater for warm-grown plants. This is coupled with 



 

 

 

 

140 

further decreases in Rubisco production for both –rbcS-1A and –rbcS-3B (Table 4.3), 

suggesting that RGR is limited more strongly by AN in rbcS mutants.  

Rubisco content is severely impacted in both -rbcS lines (Table 4.4), and there is 

no gene-specific rbcS mutation effect on total biomass at either 10° or 30°C (Figure 4.6).  

Clearly, neither rbcS-1A nor rbcS-3B can completely compensate for the lack of the other 

gene, which supports the conclusion of Izumi et al., (2012) that rbcS-1A and rbcS-3B 

work additively to yield sufficient Rubisco to maintain photosynthetic capacity. Rubisco 

from warm-grown wild-type plants contains more SSu-B (Figure 3.2), but the lack of 

rbcS-3B does not impact the RGR or biomass accumulation differently than rbcS-1A. It 

seems that any adjustments to Rubiscos kinetic performance that may be mediated by 

SSu complement changes do not offer a sufficient advantage to offset the impact of the 

large reductions in Rubisco content on whole plant growth.  

4.4.4 Conclusions 

In A. thaliana, warm growth temperature increases Rubiscos affinity for CO2 in 

vivo. Warm-grown plants invest less nitrogen in Rubisco than do cold-grown plants 

(Table 3.1, 4.4), and have increased PNUE (Fig 4.4d). This enables warm-grown plants 

to maintain the same A as a cold-grown plant at low CO2. This ability could provide a 

photosynthetic advantage during times of stomatal closure, such as drought conditions, 

which are frequently associated with growth at elevated temperatures in natural and 

agricultural systems. This advantage may be sufficient to select for variable rbcS 
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responses. However, in the absence of information about N-partitioning at the plant level, 

this point remains uncertain. 

Chapter 5 : General Discussion 

5.1 Overview 

Rubisco plays a pivotal role in carbon entry to the biosphere, but much about its 

structure-function relationships remain unknown. In particular, the importance of the SSu 

in land plant (i.e. Form I, L8S8) Rubisco is debated and discussed in the literature, but 

there is no consensus about its role in enzyme stability or catalysis. The existence of 

Form II (L2) and Form III ((L2)5) enzymes indicates that the SSu is not required for 

catalysis, and indeed when the small subunits are separated from the LSu octamer, Form I 

Rubiscos are catalytically competent, although greatly impaired (Andrews, 1988). This 

thesis focused on the role of the SSu in Rubisco environmental responses. The 

temperature responses of Rubisco SSu gene expression and holoenzyme activity have 

both been examined previously (Yoon et al., 2001; Yamori et al., 2006), but the two 

responses are explicitly compared for the first time in this study. The evidence presented 

here suggests that the SSu has a direct role in regulating Rubisco activity, but the 

mechanism maintaining this variable SSu response remains unclear. In this discussion, I 

briefly review the evidence presented in this thesis, its implications, and suggest future 

research that would address unresolved issues.   

5.1.1 rbcS genes contribute to more than simply Rubisco content regulation 
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Individual members of the rbcS gene family show unique expression levels as 

well as developmental and tissue-specific expression in A. thaliana (Donald and 

Cashmore 1990; Dedonder et al. 1993; Cheng et al., 1998; Yoon et al., 2001; Sawchuk et 

al. 2008). In general, rbcS-1A is the form with the highest expression level (Dedonder et 

al. 1993; Yoon et al. 2001; Sawchuk et al. 2008). The data in Chapter 2 and 3 support this 

generalisation at 10° and 20°C, but show that rbcS expression is dominated by the form 

rbcS-3B at 30°C (Figures 2.4, 3.1). Sawchuk et al. (2008) found that all rbcS genes are 

expressed throughout leaf development, though rbcS-1B is only expressed in the abaxial 

(lower) side of the leaf. This finding led Sawchuk et al. (2008) to suggest that rbcS-1B 

might modify Rubisco to enhance CO2 fixation under light-limiting conditions. However, 

both rbcS-1B and rbcS-2B are redundant in A. thaliana (Izumi et al., 2012), and the low 

expression levels (<15% of total rbcS expression) of both genes demonstrated in Chapter 

3 support this redundancy. Further, a gene duplication event has replaced rbcS-1B with a 

second copy of rbcS-2B in some global accessions (Schwarte and Tiedemann, 2011), 

which also suggests that neither gene is essential. Instead, it seems more likely that 

localization of rbcS-1B to the abaxial side of the leaf is due to differences in its promoter, 

which lacks light-regulatory units (CMA5: conserved modular array 5) found in other A. 

thaliana rbcS promoters (Krebbers et al., 1998).  However, the differential accumulation 

of rbcS-1A and rbcS-3B mRNA at specific growth temperatures indicates that Sawchuck 

et al. (2008) had the right idea, but the wrong gene.  

In Chapter 2, I present evidence that the expression of rbcS genes respond to 

changes in growth temperature, but not CO2, in Arabidopsis thaliana, The abundance of 
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rbcS mRNA and its SSu product are proposed as a mechanism to regulate Rubisco 

content (Moore et al., 1998b; Spreitzer 2003; Kapralov, Kubien et al., 2011). In 

Arabidopsis, plants grown at 10°C produce more Rubisco than 20°C grown plants, but 

the total rbcS mRNA does not increase accordingly (Table 3.1; Figure 3.1). Further, the 

decrease in Rubisco content associated with growth at elevated CO2 is not supported by 

lower total rbcS expression (Figure 2.1). However, in Chapter 3, I found that there is a 

strong relationship between the ratio of gene specific rbcS mRNA expression and the 

ratio of SSu isoform expression production in A. thaliana (R2=0.703, p<0.01). The lack 

of coordination between the rbcS transcript abundance and Rubisco protein 

concentration, coupled with the temperature-induced variation in SSu production in A. 

thaliana suggests that differential rbcS gene expression is not simply a mechanism to 

govern the production of Rubisco. 

5.1.2 An altered SSu complement is associated with changes in Rubisco 

performance at different growth temperatures 

In Chapter 3, I found that growth temperature modifies Rubisco’s kinetic 

phenotype; warm-grown plants produce a Rubisco having greater CO2 affinity (i.e., 

higher SC/O and lower KC) but lower kcat-CO2 at measurement temperatures above 25°C. 

Similar changes have been observed in spinach (Yamori et al., 2006) and potentially play 

a role in photosynthetic temperature acclimation (Cavanagh and Kubien, 2014). The 

mechanism facilitating these changes is not immediately clear; they are unlikely to be 

related to any sequence variation at the LSu. In land plants only one rbcL gene codes for 
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the LSu in a given species, and since the resulting transcript lacks introns no alternative 

mRNA’s can occur via alternate splicing (Palmer et al. 1982; Crossland et al. 1984; 

Poulsen 1984; Mullet et al. 1985).  The SSu is more divergent than the LSu, and in 

Chapter 3 I showed that the production of SSu isoforms varies with growth temperature, 

such that warm-grown plants produce Rubisco containing 47% less SSu-1A and 93% 

more SSu-3B than Rubisco from cold-grown individuals. I contend that the observed 

plasticity in Rubisco performance is related to variability in Rubisco SSu expression in A. 

thaliana, though it is not immediately obvious how this occurs. 

In A. thaliana, SSu peptides share 88% amino acid sequence identity (Krebbers et 

al. 1988); the greatest dissimilarity is found between SSu-1A and SSu-3B. The peptides 

encoded by rbcS-1A and rbcS-3B differ by 13 residues, including a five amino acid 

insertion, unique to SSu-3B, in the loop between β-sheets A and B (Figure 3.6). This βA-

βB loop is the most divergent structural region among land plant Rubiscos (Spreitzer et 

al. 2001; Du et al. 2003; Spreitzer 2003), though like the rest of the SSu, its function 

cannot yet be ascertained. In land plants and green algae, the βA-βB loops of four SSu's 

line the central solvent channel of the holoenzyme, encircling the opening, and extending 

between two neighbouring large subunits (Spreitzer 2003). These SSu-LSu interactions 

are important determinants of enzyme stability (van Lun et al., 2011), and corresponding 

regions of the LSu that interact with the SSu are under positive selection (Kapralov and 

Filatov, 2007). It is possible that differences in this βA-βB loop region of the A. thaliana 

SSu alter intra-enzyme communication, altering potential H-bonding sites and van der 
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Waals interactions between the SSu and LSu (Karkehabadi et al., 2005; van Lun et al., 

2011; Kapralov and Kubien et al., 2011).   

In Arabidopsis, two of the five amino acids in the SSu- 3B insertion are 

hydrophobic (Figure 3.6; V47 and I48), and these may act to improve the stability of the 

LSu-SSu interface. The SSu-3B isoform is up-regulated at 30°C, and this could reflect a 

dynamic response to ensure holoenzyme stability and catalysis at warm temperatures. 

The SSu-3B insertion may also provide a unique scaffold for post-translational 

modifications (PTMs), which could likewise impact the structure and activity of Rubisco 

(Fig 3.6). In particular, any phosphorylation at T51 in the βA-βB loop of SSu-3B could 

drastically impact LSu-SSu interactions, and could facilitate a dynamic enzyme structure-

function response to warm growth temperatures.  

It is also possible that interactions at the LSu-SSu interface could impact 

holoenzyme interactions with the chaperone protein Rubisco activase, but this is entirely 

speculative. Rubisco activase loosens the binding of inhibitors that form due to catalytic 

misfire at the catalytic site of Rubisco (Portis et al., 1995; Feller et al., 1998; Salvucci and 

Crafts-Brander, 2004a). Elevated temperatures lead to increased production of inhibitors, 

yet Rubisco activase does not have a high thermal stability, and cannot maintain activity 

at temperatures far above the optimal temperature for photosynthesis (Salvucci and 

Crafts-Brander, 2004b). This shortcoming might be related to the temperature sensitivity 

of the interaction between Rubisco and activase, but this remains poorly characterized 

(Portis 2003). Rubisco activase interacts with discrete residues on the LSu, but Kapralov 

and Filatov (2007) found that some of these residues are also involved with inter-subunit 
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interactions (i.e. SSu-LSu interactions). If variable SSu expression results in the 

expression of an altered Rubisco isoform, as I suggest it does in Chapter 3, then it is 

possible that any effects could be mediated through an altered relationship between 

Rubisco and activase. This is entirely speculative.  

5.1.3 What maintains multiple copies of rbcS?  

It is not immediately clear what maintains multiple rbcS copies in the nuclear 

genome. The replacement of rbcS-1B with a duplicate copy of rbcS-2B in global 

accessions suggests that those two genes may be undergoing genetic drift. However, In A. 

thaliana, rbcL, rbcS-1A and rbcS-3B are under strong purifying selection (Schwarte et 

al., 2011). Across land plant Rubiscos, LSu residues that interact with the SSu are under 

positive selection, implying that the inter-subunit dynamics can affect fitness (Kapralov 

and Filatov, 2007; Kapralov, Kubien et al., 2011). In Chapter 4, I compared Rubisco's 

biochemical acclimation to photosynthetic performance and plant growth in A. thaliana. 

Changes in Rubisco biochemistry in response to growth temperature are evident in vivo, 

with warm-grown Rubisco having a lower KC’ (determined by gas-exchange) than cold-

grown Rubisco at 30°C. These changes do not correspond to increased CO2 assimilation 

in warm-grown plants versus cold-grown plants at 30°C; however, warm-grown plants do 

maintain rates of CO2 assimilation (A) similar to cold-grown plants at 30°C and ambient 

(or lower) CO2 partial pressures. It is possible that advantages may only become evident 

at elevated measurement temperatures. When I modeled the theoretical impact of Rubisco 

acclimation in spinach (Figure 1.1, 1.2), I found that if SC/O changes were attributed to 
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KC, as they apparently are in A. thaliana (Figure 3.5c), the ratio of HT/LT A is greater 

than 1 at temperatures greater than approximately 32-33°C. However, A. thaliana plants 

grow poorly at 30°C (Figure 4.6) and it is unlikely that the optimal temperature for 

photosynthesis is above this.  

The ability of warm-grown plants to maintain the same A as a cold-grown plant at 

low CO2 could provide a photosynthetic advantage during times of stomatal closure, such 

as drought conditions, which are associated with growth at elevated temperatures. Warm-

grown plants invest less nitrogen in Rubisco than do cold-grown plants (Table 3.1, 4.3), 

and have increased PNUE (Fig 4.4d). This advantage, particularly in extreme 

environments, may be enough to select for variable rbcS responses. However, in the 

absence of information about N-partitioning at the plant level this point remains 

uncertain. 

5.2 Future work: 

The evidence presented here indicates that the SSu is involved in the temperature 

responses of Rubisco grown at different environments. However, further work is clearly 

needed, as unresolved issues remain. Three areas for future research are of particular 

importance.  

5.2.1 How does the environment differentially impact rbcS gene expression? 

Carbohydrate depletion up-regulates rbcS gene expression, and this is a predicted 

feedback mechanism to link Rubisco expression to the carbohydrate sink (Krapp et al., 

1990). But the redox state of the chloroplast can override the sucrose signaling, driving 
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expression of nuclear-encoded photosynthetic genes (Oswald et al. 2001). Growth 

temperature alters the redox state of the chloroplast (Huner et al., 2012), and this could be 

the mechanism controlling the differential expression of rbcS-1A and rbcS-3B in A. 

thaliana. In this case, one would expect rbcS-3B to be positively regulated by redox 

status, while rbcS–1A to be negatively regulated, as the plastoquinone pool becomes 

more reduced under low temperature. The response to high light levels stimulates a 

similar redox response, and rbcS-1A is indeed up-regulated in response to high light 

levels, indicating that the redox state of the chloroplast is important for rbcS mRNA 

expression  (Rapp and Mullet, 1991; Rossel et al., 2002; Gordon et al., 2012).  

The rbcS promoter in A. thaliana contains light-regulatory elements, though little 

is known about the response of other environmental parameters, namely growth 

temperature. Importantly, the structural relationships of the rbcS promoter region have 

only been examined for rbcS-1A (Lopez-Ochoa et al., 2007). Variable rbcS promoters 

may have important applications in biotechnology, where the rbcS-1A promoter is used 

as an inducible promoter in transgenic lines (for a detailed review, see: Bakhsh et al., 

2011). The work in this thesis suggests that alternate rbcS promoters might offer control 

through other environmental parameters, not just light. 

I compared the promoter region of rbcS-1A and rbcS-3B in the Plant Promoter 

Database (PPDB; Yamamoto and Obokata 2008), and found that they contain different 

predicted regulatory elements. However, both are well conserved across global 

accessions, suggesting that changes in their expression are under selection (Schwarte and 

Tiedemann, 2011). The impact of cis-regulatory units on promoter architecture and 
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subsequent rbcS expression should be examined using a mutant screen for both rbcS-1A 

and rbcS-3B in A. thaliana. This will enable us to better comprehend the environmental 

regulation of the rbcS gene expression responses, and facilitate a better understanding of 

the mechanisms maintaining multiple copies of rbcS genes in A. thaliana.  

5.2.2 How does the SSu impact Rubisco performance? 

The evidence in this thesis shows a correlation between SSu expression and 

Rubisco activity, and the T-DNA insertion lines of –rbcS-1A and –rbcS-3B could also be 

used to confirm the impact of the SSu on Rubisco performance. If differences in Rubisco 

SC/O in warm-grown A. thaliana can be attributed to differences in the SSu complement 

of the holoenzyme, then it is reasonable to expect that the SC/O of Rubisco from –rbcS-1A 

(which has a SSu that is predominately SSu-3B) to be similar, regardless of growth 

conditions. Similarly, Rubisco from –rbcS-3B (with a holoenzyme containing more SSu-

1A) should have a higher kcat-CO2, as a cold-grown plant does. The rbcS mutant lines have 

less Rubisco than the wild-type line, which permits this work to be completed in vivo 

using whole plant gas-exchange.  

The mechanistic link between Rubisco function and SSu complement is not yet 

clear. Structure-function studies of A. thaliana Rubisco would allow us to explicitly 

compare variations between SSu-1A and SSu-3B on holoenzyme stability. Currently, this 

effort is impeded by the lack of a high-resolution crystal structure available for A. 

thaliana Rubisco. The spinach enzyme is the structural model for land plants, and is 

modeled with only one SSu, although the spinach rbcS family may contain as many as 
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seven genes (Tittgen et al., 1986).  Obtaining crystal structures of Rubisco from –rbcS-

1A and –rbcS-3B mutants would allow a direct comparison of the differences in SSu 

structure in A. thaliana.  

It would be of interest to understand the subunit dynamics in a Rubisco containing 

a mix of SSu; however, x-ray crystallography data is averaged over time and the many of 

copies in the unit cell. Given that subunit interactions are dynamic and interrelated, 

crystal structures of the specific A. thaliana SSu isoforms could then be used in 

molecular dynamic simulations, to model the subunit stoichiometry present in plants 

grown at 10°C and 30°C. Of particular interest are residues in the SSu-3B insertion that 

fall within the βA-βB loop region, as substitutions in this region could impact hydrogen 

bonding or van der Waals interactions between subunits. Finally, the impact of any 

differences in the βA-βB loop region between SSu-3B and SSu-1A could be 

characterized by producing a mutant that lacks the five amino acid insertion in SSu-3B, 

and comparing the effects on Rubisco performance.  

Both SSu-1A and SSu-3B have a unique potential phosphorylation site (noted in 

pink in Figure 3.6; S24 on SSu-1A and T51 on SSu-3B, and S/T63 on both isoforms), 

and phosphorylations here could significantly impact subunit interactions. However, the 

impact of Rubisco phosphorylation has not been demonstrated, and remains speculative. 

It would be of great interest to screen SSu isoforms with phospho-specific antibodies to 

determine the phosphorylation status of the putative phosphorylation sites present in SSu-

1A and SSu-3B. Further post-translational screening could also be carried out with a MS-

based approach.  
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5.2.3 Are multiple copies of the SSu and their expression related to environmental 

stability? 

The copy number of rbcS genes varies wildly amongst species, and it is not clear 

why this occurs (Dean et al., 1989; Spreitzer et al., 2003; Kapralov, Kubien et al., 2011). 

Further, differences in rbcS gene specific expression have been investigated in few other 

species (Dean et al., 1989). If variable rbcS expression modulates plastic Rubisco 

responses, then enzymes from stable environments would be expected to experience less 

selection pressure to maintain multiple copies of rbcS genes.  In the Flaveria 

(Asteraceae) genus, most species with the C4 photosynthetic pathway are missing a 

family of rbcS genes that is present in the rest of the genus, which includes C3 species 

and C3/C4 intermediates. In C4 plants, Rubisco is localized to the high CO2 environment 

of the bundle sheath, a situation that likely selects for speed over specificity in Rubisco 

performance (Sage 2002; Kapralov, Kubien et al., 2011). The ability to fine-tune Rubisco 

performance through the expression of many SSu isoforms may have an increased fitness 

benefit for a C3 plant, where changes in growth temperature likely manifest as an altered 

Cc, but could provide no advantage to a C4 plant, where Cc is always many times greater 

than ambient levels of CO2 as long as light levels are high. Thus it is tempting to 

hypothesize that gene copy number and expression levels of the rbcS family might be 

related to environmental stability. However, across taxa, issues of polyploidy and gene 

dosage can complicate copy number variation.  

This hypothesis could be explicitly tested in A. thaliana using global accessions 

along its natural latitudinal range (from Finland to the Cape Verde islands). The average 
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diurnal temperature range during the Arabidopsis growing season is wider in Finland (5-

22°C) than in Cape Verde (24-27°C), and ecotypes that have experienced a wider range 

of temperature may have different Rubisco acclimation responses (Sanchez-Bermejo et 

al., 2015). In particular, copy number variation in the A. thaliana genome can present 

itself in as little as five generations of selfing (DeBolt et al., 2010). One could ask if A. 

thaliana ecotypes, grown under different temperature (10°C and 30°C) in a controlled 

environment for five or more generations, display any differences in rbcS copy number 

variation or expression levels relative to a plant lineage growing under “normal” or 

baseline conditions. The baseline genomes and transcriptomes of many of these 

accessions are available through the 1001 genomes project (Gan et al., 2011), and could 

then be compared to a screen of Rubisco SSu complement, kcat-CO2 and SC/O, to test any 

co-variation in parameters. 

5.3 Concluding remarks:  

Any present work on photosynthesis has an immediate connection to agriculture, 

as the human population is likely 3-4 decades from its anticipated maximum. As such, 

Rubisco and carbon fixation reactions have become an important target for crop breeding; 

much of the attempt focuses on having crop plants produce a faster and more specific 

version of the enzyme (von Caemmerer et al., 2012; Ort et al., 2015). Most of the work 

focuses on the LSu, but the work in this thesis suggests that the SSu is a target that cannot 

be ignored.  
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Further, the plasticity in Rubisco temperature responses that I have characterized 

could have important ramifications for photosynthetic modeling. The Farquhar, von 

Caemmerer, and Berry model of photosynthesis (Farquhar et al., 1980) is used in Earth 

Systems Models to model global carbon fluxes and project global change (Rogers, 2014), 

but variation in Rubisco carboxylation efficiency due to temperature or CO2 acclimation 

is absent from most models (Smith and Dukes, 2012). Rubisco plays a vital role in the 

agricultural systems that feed us, and the ecology of our planet. In a century dominated 

by increases in temperature and CO2, we have only begun to understand the regulation 

and activity of Rubisco. In the coming century, as we grapple with life in an 

unpredictable climate, understanding the abilities and limitations of primary 

photosynthetic production is a task we cannot afford to ignore.  
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