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2
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GENERAL ABSTRACT 

Water scarcity is projected to intensify over the next fifty years due to the increasing 

population and changing climate. Hence, efforts are channelled towards breeding crops with 

improved water-use efficiency (WUE) to mitigate the negative impact of the future 

insecurity of food, feed, and biofuel. Leaf-level crop improvement is one key target, but to 

reach maximal improvements, we will need to exploit the physiological, anatomical, and 

biochemical diversity of grasses, the family which includes the all-important cereal crops. 

The success of grass productivity can be partly attributed to a finely-regulated balance 

between CO2 assimilation (Anet) and transpiration through highly responsive stomata, as well 

as the evolution of a CO2 concentrating mechanism (CCM) - the C4 cycle. The CCM of C4 

photosynthesis endows C4 grasses with higher leaf-level instantaneous (WUEi) and intrinsic 

water use efficiency (iWUE) than C3 counterparts. In C3 plants, iWUE is directly correlated 

with the carbon isotope composition (δ13C) of the leaf dry matter through their separate 

relationships with a common parameter, the ratio of intercellular to ambient CO2 (Ci/Ca). 

However, leaf δ13C and iWUE in C4 plants are not consistently correlated because of the 

CCM and factors including post-photosynthetic carbon isotope fractionation.  

The two main objectives of this thesis were to (1) investigate how stomatal responses 

regulate leaf iWUE by exploring the physiological mechanisms underpinning the highly 

responsive C4 grass stomata, and (2) elucidate the impact of post-photosynthetic 

fractionation, particularly carbohydrate metabolism, on leaf δ13C. The two objectives serve 

the overall goal of better understanding the physiological factors that control leaf δ13C, 

iWUE and their relationship in C4 plants. I utilised C3 and C4 grasses with different 

photosynthetic types and C4 biochemical subtypes (NADP-ME, NAD-ME, PCK) grown 

under different environmental conditions. The outcomes from this study will provide 

fundamental knowledge and understanding of stomatal and photosynthetic regulation of 

iWUE in C4 grasses, allowing for the development of screening tools for breeding crops 

with improved iWUE. 

In the first growth chamber experiment (Chapter 2), two C3 and six C4 (two of each 

subtype) grasses were grown at ambient or glacial [CO2] ([aCO2] = 400 µl l-1, [gCO2] = 180 

µl l-1) and high or low light (HL = 1000 µmol m-2 s-1, LL = 200 µmol m-2 s-1). Leaf gas 
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exchange at growth conditions and saturating conditions and stomatal morphology were 

measured in four growth chambers (HL+[aCO2], [control]; HL+[gCO2]; LL+[aCO2]; and 

LL+[gCO2]). Glacial [CO2] increased stomatal conductance (gs), and stomatal aperture (SA) 

and reduced stomatal size (SS) and iWUE of C3 more than C4 grasses. LL reduced gs of C4 

more than C3 grasses, iWUE of C3 grasses, and stomatal aperture and density of all species. 

Overall, gs and iWUE strongly correlated with SA but not with measures of stomatal 

frequency (stomatal density and stomatal index). On the other hand, the response of stomatal 

conductance under [CO2]-limited and light-saturated conditions (gs_sat), a surrogate measure 

for stomatal acclimation (Maherali et al., 2002; Vogan & Sage, 2012; Pinto et al., 2014), 

was highly species-specific. Overall, variations in gas exchange traits depended on the C4 

subtypes, but this did not apply to stomatal morphology. Chapter 2 highlights that [gCO2] 

elicited a trade-off between SA and SS while LL reduced both SA and SD; and that iWUE is 

dependent on a dynamic stomatal trait, stomatal aperture, during CO2 and light limitation.  

In the second growth chamber experiment (Chapter 3), four species from the 

Panicoideae lineage representing C3, NAD-ME, NADP-ME, and PCK types were grown in 

conditions similar to the first growth chamber experiment in Chapter 2 to assess the speed 

of stomatal response to short-term light transitions (1000  100 µmol m-2 s-1), as well as 

guard cell K+ flux using electrophysiology. There was a negative correlation between 

opening and closing t1/2 among the four species under control conditions (HL+[aCO2]) and 

a positive relationship under single [CO2] and light limitation conditions. However, no 

correlation was observed under both LL+[gCO2] conditions. Faster stomatal closure reduced 

potential water loss during low light transitions and faster opening stomata reduced forgone 

CO2 assimilation during transitions to high light. Glacial [CO2] increased K+ influx in all 

species but to a greater extent in the C3 species, while, LL reduced ion fluxes relative to 

control conditions only in the C3 species. Stomatal conductance and iWUE strongly 

correlated with SA and K+ influx while gs weakly correlated with stomatal opening t1/2. In 

Chapter 3, novel mechanistic links between SA, gs, iWUE, opening t1/2 and K+ influx were 

revealed, highlighting potential molecular targets (genes that regulate stomatal opening and 

guard cell K+ uptake) for breeding crops with high iWUE. 

In the first glasshouse experiment (Chapter 4), a new method using wet chemical 

oxidation system (WCO) coupled to high-performance liquid chromatography (HPLC), and 

isotope ratio mass spectrometry (IRMS) was developed for measuring carbon isotope 

signature (δ13C) of three key soluble sugars (glucose, fructose and sucrose). Sugars from 
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two standards and extracted from leaves of a C3 (Oryza sativa) and C4 (Zea mays) cereal 

crop species were used. Analysis of the two known sucrose standards showed that δ13C was 

similar when measured using the classical EA-IRMS or the new HPLC-WCO-IRMS 

systems, confirming the accuracy of the newly developed method. The HPLC-WCO-IRMS 

system also showed that it was able to detect soluble sugars for as low 0.1 mg ml-1. Analysis 

of leaf soluble sugars in O. sativa (C3) showed that sucrose is 13C-enriched while fructose is 

depleted with 13C relative to whole leaf and glucose. In contrast, Z. mays (C4) showed 

enrichment in fructose δ13C followed by glucose then sucrose and whole leaf being the most 

depleted. Chapter 4 demonstrates the capability of the new system to resolve sugar 

metabolites both in leaves and known standards in an aqueous solution which could aid in 

high throughput analysis of metabolite carbon isotope signatures.  

In the second glasshouse experiment (Chapter 5), four C3, five C4/NAD-ME, and four 

C4/NADP-ME grasses were grown in a glasshouse under the ambient [CO2], 28○C/22○C 

day/night temperature, and 16 h photoperiod from December 2017 to February 2018. Whole 

leaf and cellulose carbon isotope composition (δ13C) were measured using the classical EA-

IRMS. Specific post-photosynthetic sugars (sucrose, fructose and glucose) were assayed 

using the newly developed HPLC-WCO-IRMS method in Chapter 4. Overall, sucrose δ13C 

deviated the most and cellulose δ13C deviated the least relative to the bulk leaf. Among C3 

grasses, the δ13C of soluble sugars did not differ but were positively correlated with each 

other, reflecting the simpler carbon metabolism in C3 leaves. Fructose δ13C was 1.6 ‰ more 

13C-enriched in NADP-ME relative to NAD-ME species. In addition, leaf and cellulose δ13C 

correlated well with stomatal conductance (but not with iWUE) in C4 (but in C3) grasses, 

highlighting the dominant role played by stomata in determining leaf δ13C and iWUE of C4 

species. This chapter demonstrates variations in sugar δ13C between C4 subtypes. Outcomes 

of this chapter could aid in understanding the underlying causes of the long-known 

differences in leaf δ13C between the NAD-ME and NADP-ME C4 variations and ultimately 

help develop a tool for high throughput screening of iWUE among C4 plants. 

All data taken together (Chapter 6), this project demonstrated the significant role of 

stomatal aperture dynamics, speed of stomatal responses, and guard cell K+ influx as 

potential targets for the improvement of iWUE in C3 and C4 grasses. Between C4 subtypes, 

stomatal acclimation to glacial [CO2] and low light in NAD-ME grasses was less than that 

in NADP-ME. The project also established a method employing wet chemical oxidation 

system coupled to HPLC and IRMS in measuring carbon isotope composition of sugar 
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standards and leaf samples. Employing this method, this project highlights a significant 

discrepancy in δ13C signature of leaf fructose in NAD-ME and NADP-ME but not in glucose 

and sucrose.  
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1.1 Water Limitation and Crop Water-Use Efficiency 

About 70% of global accessible water supply is allocated in agricultural irrigation and will 

not be sufficient in the near future’s water supply considering the projected population 

increase, drought frequency, and unsustainable water withdrawal (FAO, 2017). IPCC (2018) 

predicts a 1.5○C increase in global temperature, which will negatively impact crop 

production, especially in the semi-arid regions. Meeting global food demand due to rising 

population is also an inevitable concern as the global food demand is forecasted to increase 

by 100-110% (in the years 2005-2050) based on per capita caloric demand (Tilman et al., 

2011). To address both challenges (climate change impact and food sustainability), crop 

production needs to be increased in two ways: (1) agricultural intensification, involving land 

clearing to expand crop production, and (2) intensification, by crop variety improvements 

such as yield, resource use efficiency and tolerance to stresses (Tilman et al., 2011).  

Water-use efficiency (WUE) is one key trait in crops that are usually affected by drought. 

Efforts of applied and fundamental research have been channelled in order to improve water 

use in crops (Medrano et al., 2015). WUE can be defined and assessed at various levels 

(Figure 1. 1).  Crop-level WUE is defined as the ratio between grain yield and water utilised 

(either irrigated or rain-fed). Plant-level WUE is the total plant biomass divided by 

evapotranspiration (water loss). Plant-level WUE, interchangeably referred to as 

transpiration efficiency (TE), is an important factor in determining crop-level WUE. WUE 

definition at the leaf-level is termed as instantaneous WUE (or instantaneous TE) which is 

the ratio of instantaneous CO2 assimilation (Anet) and transpiration (E) rates. Since 

transpiration is greatly affected by temperature, humidity, and vapour pressure deficit 

(VPD), another term ‘intrinsic WUE’ [which is the ratio of Anet and stomatal conductance 

(gs)] is an additional term used as a stable indicator of genotypic variations (Xu & Hsiao, 

2004; Vadez et al., 2014; Ellsworth & Cousins, 2016; Ghannoum, 2016). While crop level 

WUE is seen as an ultimate target, leaf-level iWUE improvement is of physiological 

significance as it could eventually translate to the crop level. For this study, I am 

investigating leaf-level WUE with a particular focus on iWUE. 
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Figure 1. 1 Different levels and scales of WUE depending on the capacity and purpose 

of the study.  

Crop level WUE is the ratio of harvestable yield to the amount of water used. At the plant 

level, it is the ratio between the biomass and water loss. While at the leaf-level, it is the ratio 

of photosynthetic rate (Anet) and transpiration rate (E) or stomatal conductance (gs). The 

figure was adapted from Medrano et al. (2015). 

1.2 WUE in C4 Leaves 

1.2.1 C4 photosynthesis 

Plants can be classified according to the mode of CO2 assimilation during photosynthesis. 

The most prevalent is the C3 type wherein atmospheric [CO2] is directly fixed by the major 

carboxylating enzyme, ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) 

(Ehleringer et al., 1997; Ehleringer & Cerling, 2014). The dual function of the enzyme has 

a drawback, particularly the oxygenase reaction. O2 around the enzyme is a substrate, and 

the resulting reaction produces phosphoglycolate during RuBP oxygenation. Eventually, it 

is detoxified in the peroxisome using additional ATP (Ehleringer et al., 1977; Pearcy & 

Ehleringer, 1984; Ehleringer & Cerling, 2014). This is termed as photorespiration and can 
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lead to loss of fixed CO2, thus become an inefficient process. Photorespiration reduces 

photosynthetic efficiency of C3 plants and hence can impact WUE. For example, WUE 

increases at elevated CO2 in C3 plants because CO2 assimilation rates increase as well as gs 

decrease. In C4 plants, photorespiration in ambient air is negligible and hence will have a 

minor effect on WUE (Ghannoum et al., 2000). Important crops included in this 

photosynthetic type are rice, barley, and wheat (Sage et al., 2012). 

An adaptation to conditions that promote high rates of photorespiration is the C4 (Hatch-

Slack) cycle  (Sage et al., 2012).  The C4 cycle is a series of anatomical and biochemical 

modifications that isolate Rubisco in a two-celled structure (Figure 1. 2), allowing the 

concentration of high amounts of CO2 and thereby suppressing photorespiration (Sage, 

2004). The C4 pathway independently evolved over 66 times in 19 families of angiosperms and 

first arose in grasses, around 24–35 million years ago during the Oligocene epoch (Figure 1. 

3A) with periods of low atmospheric [CO2] concentration (Figure 1. 3) and high temperature 

(Sage, 2004; Christin et al., 2008; Sage et al., 2012).  

 

Figure 1. 2 The mechanism of CO2 concentration in C4 tissues during photosynthetic 

carbon dioxide assimilation.   

CO2 is initially fixed by PEPC into a C4 acid which is transported to the bundle sheath cells 

(BSC) where a specific decarboxylase releases CO2 which enters a typical C3 cycle. The 

concentration of [CO2] inside the BSC exceeds that in the atmospheric. Abbreviations: DC, 

decarboxylating enzyme; PEPC, phosphoenolpyruvate carboxylase; PCR, photosynthetic 

carbon reduction; PPDK, pyruvate, phosphate dikinase. Figure source: Sage & McKown 

(2006). 
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Figure 1. 3 Evolutionary lineages of C4 monocots and dicots over the geologic timescale.  

The glacial period during the Oligocene promoted the evolution and diversification of C4 

photosynthesis. Circles in (A) represent median age and (B) shows the atmospheric [CO2] 

decline over time. Figure source: Sage et al. (2012). 

 

1.2.2 C4 subtypes 

C4 photosynthesis can be further subdivided into three subtypes according to the major 

decarboxylating enzyme used to release CO2 in the bundle sheath cells (BSC): nicotinamide 

adenine dinucleotide phosphate malic enzyme (NADP-ME), NAD malic enzyme (NAD-

ME), and phosphoenolpyruvate carboxykinase (PCK) (Hatch, 1987; Kanai & Edwards, 

1999). Each biochemical subtype differs in anatomy, biochemistry, and physiology (Hatch, 

1987). Figure 1. 4 outlines the simplified differences among the C4 subtypes.  

In NADP-ME subtype (Figure 1. 4A), CO2 is released in the BSC chloroplast while 

decarboxylation in NAD-ME (Figure 1. 4B) and PCK (Figure 1. 4C) occurs in the BSC 

mitochondria and cytosol respectively (Hatch, 1987; Kanai & Edwards, 1999). The PCK 

type is not exclusive as both NAD-ME, and NADP-ME could utilise mixed decarboxylases 

which could confer advantages during fluctuating conditions (Wingler et al., 1999; Bellasio 

& Griffiths, 2014; Wang et al., 2014; Watson-Lazowski et al., 2018).  

In terms of anatomy, NADP-ME and PCK species have suberized BSC walls while NAD-

ME species do not possess suberized BSC wall (Hatch, 1987; Hattersley, 1992; Christin et 

al., 2013). BSC chloroplasts in NADP-ME and PCK are arranged centrifugally relative to 

the vascular bundles whilst NAD-ME has centripetal chloroplast organisation (Kanai & 

Edwards, 1999). Granal stacks in thylakoid membranes are well developed in NAD-ME and 

PCK while it is reduced in NADP-ME (Kanai & Edwards, 1999) thus having lower PSII 

activities among NADP-ME subtypes (Kanai & Edwards, 1999; Ghannoum et al., 2011).  

From an ecophysiological perspective, the NAD-ME subtype occurs predominantly in 

environments receiving comparatively lower average rainfall, whereas the NADP-ME and 

the PCK subtypes are dominant in regions with relatively higher rainfall (Fravolinil et al., 

2002).  
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Figure 1. 4. Diagram showing differences in leaf biochemistry amongst three C4 

subtypes.  

(A) NADP-ME subtype, in which decarboxylation occurs in the BSC chloroplast. PEP is 

carboxylated to a C4 acid OAA and converted to AL which is decarboxylated by NADP-ME 

to release CO2 and PYR. NAD-ME decarboxylation (B) on the other hand takes place in 

BSC mitochondria whereby PEP is carboxylated to OAA and transaminated to Asp, which 

is then transported to the BSC mitochondria for decarboxylation. (C) In the third PEPCK or 

PCK type, decarboxylation occurs in the BSC cytosol, whereby Asp from mesophyll cells 

is deaminated to OAA in BSC and decarboxylated to PEP by PEPCK. Abbreviations: Ala, 

alanine; AlaAT, Ala aminotransferase; Asp, aspartate; AspAT, Asp aminotransferase; MAL, 

malate; NAD-MDH, NAD-malate; NADP-MDH, NADP-malate dehydrogenase; OAA, 

oxaloacetate; PEP, phosphoenolpyruvate; PEPC, phosphoenolpyruvate carboxylase; PPDK, 

pyruvate, orthophosphate dikinase; PYR, pyruvate. Figure source: Covshoff et al. (2016).  
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1.2.3 Variations in iWUE in C3 and C4 species and among the C4 subtypes under glacial 

[CO2] and low light 

A well-established effect of CCM endows C4 species with higher WUEi than their C3 

counterparts (Morison & Gifford, 1983; Huxman & Monson, 2003; Vogan & Sage, 2012). 

C4 species tend to operate at a lower stomatal conductance (gs) and intercellular CO2 (Ci) 

while achieving higher photosynthetic rates (Anet) compared to C3 counterparts (Taylor et 

al., 2010a, 2012).  

Several environmental conditions affect iWUE responses. When grown at a range of [CO2] 

concentrations (200, 400, and 640 ppm) Taylor et al., (2012), reported a superior iWUE 

(Anet/gs) due to higher Anet and lower gs among four C3 and four C4 grasses (Figure 1. 5). 

Under low light, Sonawane et al., (2018) showed that CCM is more efficient in NADP-ME 

grasses compared to NAD-ME and PCK subtypes due to higher photosynthetic quantum 

yield, decrease in carbon isotope discrimination, and reduced bundle sheath CO2 leakiness. 

Superior CCM efficiency in NADP-ME subtype may be linked to the presence of suberin 

lamella in the BSC wall (Hatch, 1987) or the superior Rubisco kinetics of this subtype 

(Sharwood et al., 2016). Results from Pinto et al., (2014) showed higher CO2 assimilation 

rates in C4 relative to C3 species in both glacial (180 ppm) and ambient [CO2] (400 ppm) 

growth conditions, which translated to higher photosynthetic WUE (PWUE, Asat/gs). 

Considerable variations in PWUE were also observed with NAD-ME having the highest 

PWUE, followed by PCK and then NADP-ME, respectively (Figure 1. 6). Meanwhile, 

under drought conditions, Ghannoum et al. (2002) showed that NAD-ME grasses have 

higher whole-plant water-use efficiency than NADP-ME grasses. Recently Watson-

Lazowski et al., (2019) showed that NADP-ME species had reduced biomass when 

acclimated to glacial [CO2] and were least affected when acclimated low light acclimation 

(200 µmol m-2 s-1). Stomatal conductance also increased by 74% in NADP-ME compared 

to NAD-ME and PCK subtypes during growth at glacial [CO2]  (Watson-Lazowski et al., 

2019).  
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Figure 1. 5 C4 grasses have higher iWUE when grown at a range of CO2 concentrations. 

(A) Intrinsic water-use efficiency (iWUE), (B) net CO2 assimilation rate (A), and (C) 

stomatal conductance to water (gsw) in four C3 and four C4 grasses (n=5-6) grown at glacial 
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(200 ppm), ambient (400 ppm) and elevated (640 ppm) [CO2]. Figure source: Taylor et al. 

(2012). 

 

Figure 1. 6 C4 species have greater Asat and PWUE while NAD-ME subtype confers the 

highest PWUE among the other subtypes.   

Light saturated assimilation rate (Asat), and photosynthetic WUE (Asat/gs) of grasses with 

different photosynthetic types (C3, C3-C4 intermediate, and C4 biochemical subtypes) 
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acclimated at glacial [CO2]  (white bars) and ambient [CO2]  (dark bars). Figure source: Pinto 

et al. (2014).  

1.3 Grass Stomata and WUE 

In addition to the photosynthetic capacity, iWUE is greatly affected by stomatal 

performance. Stomata are structures located in the leaf epidermis that allow gas exchange 

(mainly CO2 and H2O) and permit the optimisation of carbon fixation and water loss (Raven, 

2002). Compared to other plant lineages, the grass family have evolved a unique stomata 

morphology allowing faster response and tighter closure in comparison to stomata of 

eudicots during fluctuating environmental conditions such as [CO2]  limitation, light, shade, 

sun flecks, humidity, and temperature (Kollist et al., 2014a; Chen et al., 2017). Thus, having 

a C4 photosynthetic system and highly responsive stomata allows optimum WUEi regulation 

in grasses. 

 

 

Figure 1. 7 Stomatal diversity in monocots.  

Illustration of anomocytic (A), paracytic- non-oblique (B), and paracytic-oblique conditions 

(C) among mature monocot stomata. Abbreviations: guard cells (gc), lateral subsidiary cells 

(lsc). Figure source: Rudall et al. (2017).  
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1.3.1 The monocot stomata 

Grasses belong to the monocot group which possess a typical linear venation pattern on the 

leaf. Within monocots, there is diversity in stomatal morphology (Figure 1. 7, Rudall et al., 

2017). According to the morphological definition of Rudall et al., (2017), mature stomata 

could have the presence (paracytic) or absence (anomocytic, Figure 1. 7) of lateral 

subsidiary cells. Among those possessing lateral subsidiary cells (Figure 1. 7B-C), a non-

oblique condition (Figure 1. 7B) is characterised to have smaller subsidiary cells and 

oriented parallel to the guard cells (Rudall et al., 2017). In contrast, the oblique phenomenon 

(Figure 1. 7C) is characterised by morphologically oblique subsidiary cells almost covering 

all the guard cells. In other cases, subsidiary cells may also be located on polar ends of the 

guard cells and classified as tetracytic stomata (Rudall et al., 2017). For grasses, especially 

those belonging to Poales, the paracytic, non-oblique condition is present (Rudall et al., 

2017). Meanwhile, members of the subfamilies Araceae, Petrosaviceae, Dioscoreacea; 

family Liliales and Asparagales possess anomocytic stomata (Rudall et al., 2017). Hence, 

the paracytic phenomenon is not exclusive to the monocot group and would be interesting 

to study the stomatal dynamics among different stomatal morphologies in the monocot 

clade. 

In addition, the stomatal location on the leaf surface, though not exclusive to monocots, 

could be classified as amphistomatous, hypostomatous, epistomatous, or heterostomatous 

(Kirkham, 2014). When stomata are located in lower (abaxial) or upper (adaxial) surface of 

the leaf, it is amphistomatic stomata (Kirkham, 2014). Stomata that are exclusively located 

on the upper leaf surface is epistomatous while hypostomatic stomata occur on the abaxial 

surface. The heterostomatic state is characterised by higher stomatal density in the abaxial 

surface compared to the adaxial surface (Kirkham, 2014).  

 

1.3.2 Stomatal morphology in grasses 

Fundamental to grass stomata are the functional guard cells and subsidiary cells that open 

and close to permit the balance between [CO2]  and [H2O] exchange in the whole plant 

(Figure 1. 8). This gaseous exchange is operated by membrane transport mechanisms 

(mediated by ion, solute and water transport across the membranes) that allow guard cells 

to inflate and deflate, thereby opening and closing the stomatal aperture. Gas exchange is 
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not only regulated by stomatal pore size but also the stomatal density and stomatal index in 

the epidermis (Hetherington & Woodward, 2003). In general, C4 grasses operate at a 

relatively lower stomatal conductance (gs) compared to C3 counterparts due to the regulation 

of stomatal aperture and decreased stomatal density (Taylor et al., 2012).  

Grass stomata are characteristically dumbbell-shaped (Figure 1. 8A), as opposed to regular 

kidney-shaped stomata (Figure 1. 8B) found in other plants. It is widely supported that the 

former kind is more advanced than the latter, as evidenced by the fact that during stomatal 

development in timothy grass (Phleum pratense), the guard cells assume the kidney-shaped 

form before transitioning to the final dumbbell-shaped morphology (Hetherington & 

Woodward, 2003). From an evolutionary perspective, the origins of a highly responsive 

grass stomata could be traced to the moss stomata as the nearest precursor to the stomata of 

vascular plants and went on to progress to more complex and functional stomata that could 

respond faster to environmental stimuli such as [CO2], light, and water stress (Chen et al., 

2017). It was postulated that a passive stomatal regulation from mosses rather than a 

divergence from ferns, was the culprit for the emergence of active stomatal regulation (Chen 

et al., 2017). On the other hand, in kidney-shaped stomata, it was proposed that during 

drought, ABA is synthesised and transported to the guard cells through ATP-binding 

cassette transporters (ABC) and nitrate transporters NRT1.2 (Kuromori et al., 2010; Kanno 

et al., 2012; Chen et al., 2017). This process, in turn, activates the production of hydrogen 

peroxide and nitric oxide which is thought to activate Ca2+ channels and other anionic 

channels responsible for stomatal closing (Grabov & Blatt, 1998; Garcia-Mata et al., 2003; 

Chen et al., 2017). Active stomatal regulation also coincides with the acquisition and 

interaction of Slow Anion Channel 1 (SLAC1) which is activated by ancient drought/ABA 

signalling kinase Open Stomata 1 (OST1) leading to active stomatal closure only present in 

mosses and vascular plants with stomata, but absent in non-stomata-bearing liverworts and 

algae (Lind et al., 2015).  
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Figure 1. 8 Contrasting stomatal morphology showing dumbbell and kidney-shaped 

stomata.  

Typical dumbbell-shaped stomata in grasses (A) and kidney-shaped stomata amongst dicots 

(B). Figure source: Hetherington & Woodward (2003). 

 

Exploring further, Franks & Farquhar, (2006) examined the morphology of open stomata 

(A) brought about by high light and high humidity in a scanning electron cryomicroscopy 

(cryoSEM) section of Triticum aestivum (Figure 1. 9). Compared to the kidney-shaped 

stomata, the swelling of the guard cells (G) pushes the subsidiary cells toward the 

neighbouring epidermal cells to allow for higher and faster rates of gas exchange. 

Conversely, the lateral displacement of the guard cells is reversed (B) when turgor pressure 

in the guard cells decreases. The fast exchange of osmolytes and the rapid interaction 

between guard cells and subsidiary cells in grasses allowed for faster stomatal control which 

is advantageous in maximising water loss and CO2 absorption during unfavourable 

conditions (Franks & Farquhar, 2007; Chen et al., 2017; Vialet-Chabrand et al., 2017a). In 

addition, stomata have no plasmodesmata. Hence, an individual stoma functions as a solitary 

unit which explains their responsiveness even in isolated epidermal peels (Willmer & 

Sexton, 1979). 

 

A B 
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Figure 1. 9 A transverse section of a cryoSEM prepared stomata of Triticum aestivum 

intact leaf.  

Open stomata (A) is observed during high irradiance and humidity. Low humidity closes the 

stomata aperture (B). G, Guard cell; S, subsidiary cell. Figure source: Franks & Farquhar 

(2007).  

 

1.3.3 CO2 sensing in guard cells 

Guard cells respond to changes in [CO2]  in order to regulate assimilation and transpiration. 

Stomatal aperture generally closes when exposed to short-term high [CO2]  and opens under 

[CO2]  starvation both in darkness and light (Lawson, von Caemmerer, & Baroli, 2011). 

Engineer et al., (2016) summarised that there are several studies (Webb et al., 1996; Brearley 

et al., 1997) that show the ability of guard cells to react to several environmental signals, 

most notably [CO2]. They proposed that the components for guard cell sensing and 
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signalling reside in the guard cells per se. Furthermore, they presented a plethora of putative 

proteins that exert function in guard cells during CO2 sensing. This proteins include carbonic 

anhydrases CA1 and CA4, high leaf temperature protein kinase HT1, the slow anion channel 

SLAC1 and the protein kinase OST1 (Engineer et al., 2016). Hashimoto et al. (2006) 

demonstrated that HT1 kinase in Arabidopsis is responsible for the regulation of CO2 

responses. Down-regulation of HT1 kinase reduced the sensitivity of Arabidopsis mutants 

to changing [CO2]  conditions. Young et al., (2006) demonstrated the participation of 

transient fluxes of cytosolic Ca2+ during induced stomatal closure and opening brought about 

by [CO2]. The addition of Ca2+ chelator attenuated the closing of Arabidopsis stomata as 

well as its induced opening under low [CO2].  

Stomatal conductance is regulated by Ci rather than Ca (Mott, 1988). However, it is still 

unclear whether Ci is directly sensed by guard cells or responds to signals due to mesophyll 

photosynthesis (Lawson et al., 2012; Azoulay-Shemer et al., 2015). Several reviews have 

summarised the involvement of small diffusible molecules derived from the mesophyll cells 

(Engineer et al., 2016; Chen et al., 2017; Lawson & Matthews, 2020). Candidates include 

sucrose, malate and ABA (Engineer et al., 2016; Chen et al., 2017; Lawson & Matthews, 

2020). However, the precise signalling interaction between mesophyll and stomata is still 

yet to be elucidated.  

 

1.3.4 Stomatal responses to light 

Spectral quality promotes guard cell movement and could be classified as direct (blue) and 

indirect (red) effects (Assmann & Jegla, 2016; Inoue & Kinoshita, 2017; Babla et al., 2019). 

Blue light induces stomatal opening (Figure 1. 10) by directly activating the phototropins, 

phot1 and phot2, in guard cells through a series of phosphorylation reactions (Christie, 2007; 

Shimazaki et al., 2007; Inoue & Kinoshita, 2017; Babla et al., 2019). This results to the 

rapid activation of protein kinase BLUE LIGHT SIGNALLING1 (BLUS1) which conveys 

the signal to type 1 protein phosphatase (PP1) (Takemiya et al., 2006; Takemiya & 

Shimazaki, 2016; Babla et al., 2019). This cascade of reaction activates the guard cell plasma 

membrane H+ ATPase pump leading to H+ extrusion and membrane hyperpolarisation 

(Shimazaki et al., 2007; Marten et al., 2010) which consequently activates the inward 

rectifying K+ channels (K+
in) (Kim et al., 2010). K+ accumulation follows resulting to water 
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uptake and finally, stomatal opening (Schroeder et al., 1987; Shimazaki et al., 2007; Kim et 

al., 2010; Marten et al., 2010; Inoue & Kinoshita, 2017; Babla et al., 2019). This 

phenomenon is often referred to as blue-light induced stomatal opening (Figure 1. 10).  

 

 

Figure 1. 10 The mechanism of blue-light activated stomatal opening  

A cascade of reactions leading to stomatal opening via blue-light induction. Blue light and 

PAR also activate starch degradation and malate signalling in guard cell vacuoles leading to 

stomatal opening. Broken T bars represent negative regulation while arrows represent 

positive regulation. Abbreviations: phot, Phototropin; 14-3-3, 14-3-3 protein; Chl., 
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chloroplast; PAR, photosynthetically active radiation; TAG, triacylglycerol.  Figure source: 

Inoue & Kinoshita (2017). 

 

The red light response (photosynthetically active radiation response) is an indirect response 

driven by mesophyll photosynthesis which lowers Ci and ultimately stimulating stomatal 

opening (Huxman & Monson, 2003; Roelfsema & Hedrich, 2005; Lawson et al., 2012; 

Matrosova et al., 2015; Chen et al., 2017). The decreased Ci was postulated to deactivate 

anion channels in guard cell plasma membrane, thereby activating H+ ATPase pump, then 

K+ influx, and eventually stomatal opening (Roelfsema & Hedrich, 2005). It was also shown 

that tandem of weak blue light under a background of strong red light stimulated rapid 

stomatal opening in Arabidopsis, but stomatal opening was not triggered without red light 

(Shimazaki et al., 2007). It was also shown that photosynthesis in guard cell chloroplast is 

essential in maintaining efficient turgor control (Azoulay-Shemer et al., 2015). Hence, the 

red light-induced stomatal opening is more complex. 

On the other hand, C4 photosynthesis is efficiently coordinated with its light phase; hence, 

greater Ci response during light fluctuations. The indirect response elicits a substantial effect 

on Zea mays stomata and becomes increasingly sensitive to changes in Ci when exposed to 

different irradiances, particularly at low light (Sharkey & Raschke, 1981). Similar responses 

were observed in C4 Amaranthus sp. (Huxman & Monson, 2003). 

 

1.3.5 Responses of stomatal conductance and morphology to the environment 

The primary driver for the evolution of C4 photosynthesis is thought to be a period of low 

(glacial) atmosphere [CO2]  during the Oligocene (Figure 1. 3; Ehleringer et al., 1997; Sage, 

2004; Christin et al., 2008). Growth under glacial [CO2]  (gCO2) conditions promoted 

increased in stomatal numbers compared to the current atmospheric [CO2]  (Woodward, 

1987; Woodward & Kelly, 1995). Under [CO2]  limitation, stomata generally open while 

elevated [CO2]  ([eCO2]) stimulates stomatal closure both under the presence or absence of 

light (Assmann, 1999; Lawson et al., 2011). For both C3 and C4 leaves, [gCO2] elicits 

increased gs but to a greater extent in C3 leaves (Sage & Coleman, 2001; Maherali et al., 

2002; Pinto et al., 2014; Watson-Lazowski et al., 2019). In Arabidopsis leaves, [gCO2] 

increased stomatal density by 42% (Li et al., 2014). O the other hand, acclimation to [eCO2] 
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resulted to lower stomatal numbers, stomatal conductance, and sensitivity to [CO2]  

(Woodward & Kelly, 1995; Medlyn et al., 2001; Maherali et al., 2002; Leakey, 2009; 

Lawson et al., 2011; Xu et al., 2016). 

Growth under high light stimulated an increase in stomatal density (SD) in tomato (Gay & 

Hurd, 1975) and tobacco (Thomas et al., 2004) while both SD and gs in Arabidopsis SSD-1 

mutants (Schlüter et al., 2003). Similarly, tree species like Eucalyptus globulus leaves 

exposed to full sun had higher SD and stomatal pore lengths than leaves under 10% sunlight 

(James & Bell, 2000). Exposure to shade in tobacco leaves (Thomas et al., 2004; Gerardin 

et al., 2018) and Coffea arabica (Pompelli et al., 2010) led to decreased stomatal density 

and index, but not stomatal size. In this project, I seek to elucidate how stomatal morphology 

and function control iWUE in C3 and C4 grasses acclimated to low light and [CO2]  

(Knowledge Gap 1). 

 

1.3.6 Guard cell ion fluxes 

The fluxes of a multitude of ions between the guard cells and subsidiary cells are the cardinal 

feature of rapid stomatal control in grasses. Most studies were focused in three grass crops, 

Z. mays, O. sativa, and H. vulgare in determining the role of ions and respective transporters 

towards understanding the ion fluxes in grass stomata (Chen et al., 2017). In mature 

paracytic stomata, the subsidiary cells act as a reservoir of ions which are exchanged 

between the two cell types (Mumm et al., 2011). This sophisticated morphology allows for 

the observation of stomatal opening and closure in isolated epidermal leaves (Pallaghy, 

1971). In both dumbbell and kidney-shaped stomata, the main osmolyte implicated for 

stomatal movement is K+ (Mumm et al., 2011; Chen et al., 2017). The mechanisms of light-

induce stomatal opening involving the uptake of K+ ions were discussed above (Section 

1.3.4 ).  

In addition to light, phytohormones also play a role in light-induced stomatal opening. The 

most studied of which is abscisic acid (ABA). During drought and water stress, ABA from 

chloroplasts and those synthesised in the roots accumulate in the guard cell and activates a 

cascade of ion and solute reaction that promotes stomata closure (Garcia-Mata & Lamattina, 

2007). Recently, it has been found out that nitrous oxide (NO) and Ca2+ accumulate and 

interact upstream of ABA reaction in order to inhibit light-induced stomatal opening 
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(Garcia-Mata & Lamattina, 2007). In the same way, it also acts as a signal for inwardly 

rectifying K+ channels to close, thereby inhibiting K+ influx and activates channels for anion 

efflux (Chen et al., 2010a). This anion efflux channels include S-type and R-type anion 

channels that promote passive efflux of anions, causing membrane depolarisation and 

coordinated efflux of K+ through outward-rectifying K+ channels  (Chen & Blatt, 2010). 

Here the role of Ca2+ acts as a secondary ionic messenger during ABA-mediated stomatal 

closure (Schroeder & Hagiwara, 1989). The purpose of cytosolic Ca2+ is to down-regulate 

inward rectifying K+ channel activity which then reduces water uptake and thus functions 

for stomatal closure (Laanemets et al., 2013a,b). The interactions between ions and 

transporters are illustrated in Figure 1. 11.  
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Figure 1. 11 Ion flux mechanisms and interactions in grass stomata during stomatal 

opening (A) and closing (B).  

The process of stomatal opening involves H+ extrusion, K+ influx, reduced membrane 

potential and cytoplasmic Ca2+, and pH drop in subsidiary cells (SC). Conversely, stomatal 

closure involves increased cytoplasmic Ca2+, thereby increasing K+ efflux and elevated pH 

and membrane potential in SC. Subsidiary cells are coloured pink while guard cells are in 

yellow. Figure source: Chen et al. (2017).  Abbreviations: A-, anion; [Ca2+]cyt, cytoplasmic 

[Ca2+]; Em, membrane potential; pHcyt, cytoplasmic pH; pHvac, vacuolar pH. 

 

1.3.7 Microelectrode ion flux estimation (MIFE) 

MIFE is a non-invasive ion-specific electrophysiological technique that allows measurement 

of ion fluxes in single cells or tissues (Cuin et al., 2011; Shabala et al., 2012). The technique 

measures real-time fluxes of specific ions across membranes on intact plants, tissues, and 

cells. Microelectrodes are filled with respective ion-selective ionophores that permit the 

passage of specific ions. It is then focused on the cell or tissue of interest and measures two 

specific positions: one near the cell and one away from the cell (Figure 1. 12). The 

difference in the ion concentration is registered, and ion flux is calculated using basic planar 

geometry by  Newman, (2001). Several studies have utilised the MIFE technique such as 

the examination of sodium fluxes in barley roots under salinity stress (Chen et al., 2005), 

leakiness of different ions in soybean leaf mesophyll subjected to drought stress (Mak et al., 

2014), and fluxes of major stomatal ions in Arabidopsis guard cells (Pornsiriwong et al., 

2017; Zhao et al., 2019). 

The MIFE assay utilised by Chen et al., (2012), Pornsiriwong et al., (2017), and Zhao et al., 

(2019) was adapted for examining grass stomatal K+ fluxes. Utilising this 

electrophysiological technique in studying stomata of grasses acclimated to [CO2]  and light 

perturbations will give insights on the responses of major ions brought about by acclimation. 

Importantly, this technique has not been used before to compare the guard cell fluxes across 

photosynthetic types. Employing this technique will give insights into whether C3 or C4 

stomata possess different ion flux responses (Knowledge Gap 2). 
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Figure 1. 12 The non-invasive mechanism of microelectrode ion flux estimation.  

Microelectrodes are precisely focused near the cell (P1) and further away (P2) where the 

difference in ion concentration is measured. During ion uptake, the ionic concentration in 

P1 is usually lower compared to the concentration at P2. The reverse is true when observing 

ion extrusion from the cell. This difference is calculated, and ion uptake or extrusion is 

determined. Figure source: Smith & Trimarchi (2001). 

 

1.3.8 Stomatal kinetics and iWUE 

Stomata constantly respond to changing light intensity on a scale of seconds through to 

seasons (Lawson & Vialet-Chabrand, 2018). Stomatal opening and closing usually occur at 

a slower rate than photosynthetic activation (Figure 1. 13), creating asynchrony between 

[CO2]  uptake and [H2O] loss which to an extent, compromises iWUE (Vialet-Chabrand et 

al., 2017a; Deans et al., 2018; Lawson & Vialet-Chabrand, 2018). The speed of gs and Anet 

response could be described and quantified using a sigmoidal model (Vico et al., 2011; 

Elliott-Kingston et al., 2016; McAusland et al., 2016; Deans et al., 2018) and the amount of 

excessive transpiration and forgone photosynthesis during transient light fluctuations could 

be estimated (Figure 1. 13; (Deans et al., 2018; Lawson & Vialet-Chabrand, 2018). During 

periods of short and long term light perturbations, the rate of photosynthesis decreases 

following stomatal closure and deactivation of photosynthetic enzymes (Lawson & Blatt, 

P1 P2 
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2014; Vialet-Chabrand et al., 2017a; Deans et al., 2018; Lawson & Vialet-Chabrand, 2018). 

While there is little gain in photosynthesis during low light, slower closing stomata thus tend 

to lose more water via transpiration. Conversely, during periods of illumination, faster 

stomatal opening decreases potential forgone photosynthesis (Deans et al., 2018; Lawson & 

Vialet-Chabrand, 2018). Speedy stomatal dynamics is therefore advantageous during 

periods of environmental stress such as drought and transient light fluctuations in the open 

environment (McAusland et al., 2016; Qu et al., 2017; Vialet-Chabrand et al., 2017b; Deans 

et al., 2018).  

Between plant groups possessing kidney-shaped stomata and possessing C3 photosynthetic 

type, Deans et al., (2018) demonstrated that shade-adapted leaves have a faster stomatal 

opening but slower stomatal closure speeds due to the ecological adaptation for maximal 

light-use. On the other hand, ferns and gymnosperms were also shown to have faster 

stomatal opening compared to angiosperms (Deans et al., 2018; Xiong et al., 2018). Between 

stomatal sizes, Elliott-Kingston et al., (2016) showed that there was no relationship between 

stomatal size and stomatal speed during light transitions in a broader range of species but 

rather those that diversified during the glacial [CO2]  period possessed faster stomatal 

response. Comparing between stomatal morphologies, the dumbbell-shaped stomata showed 

faster stomatal opening and closing while between photosynthetic types, C4 stomata showed 

faster stomatal closure than C3 stomata (McAusland et al., 2016).  

Hence, dynamic stomatal responses are also critical for the optimisation of iWUE, in 

addition to advanced stomatal morphology and patterning (Cai et al., 2017b; Vialet-

Chabrand et al., 2017b; Lawson & Vialet-Chabrand, 2018; Slattery et al., 2018). In this 

project, I investigate how stomatal opening and closing rates in response to light transition 

differ between C3 and C4 grasses acclimated to low light and [CO2]  (Knowledge Gap 2). 

 



28 

 

 

Figure 1. 13 Non-synchronous behaviour of gs and Anet during transitions from high 

light to low light.  

Grey shading shows when irradiance is decreased, and white shade represents periods of 

illumination. Blue shading represents water loss due to gs being slower than Anet (A) while 

red shading represents forgone photosynthesis due to gs limitation (B). Red dashed lines 

represent possible steady-state values if the light was not decreased. Figure source: Lawson 

& Vialet-Chabrand (2018). 
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1.4 Carbon Isotope Discrimination and WUE 

The carbon from the major photosynthetic substrate, CO2, exists in two stable carbon 

isotopes,13C and 12C each with a slight difference in atomic mass and abundance. This 

variation results in different physical properties, including kinetics (i.e. diffusion) and 

thermodynamics (Brüggemann et al., 2011; Tcherkez et al., 2011; Cernusak et al., 2013). 

During leaf biochemical reactions, the lighter carbon isotopologue, 12CO2, is preferentially 

used hence fractionation or 13CO2 discrimination occurs (Brüggemann et al., 2011). This 

fractionation phenomenon alters the isotopic composition of the plant such that it contains 

lesser proportions of 13C compared to the original proportions from the atmosphere (source).  

 

1.4.1 Carbon isotope composition 

The carbon isotope composition or carbon isotope signature (denoted as small Greek delta: 

δ13C), expressed in per mil (‰), is the molar abundance ratio of the sample tested (Rsample) 

and the standard (Rstd). That is, δ13C= (Rsample-Rstd)/(Rstd), where R= 13C/12C of either the 

sample or standard (Farquhar et al., 1989; Tcherkez et al., 2011). The international standard 

for carbon isotope measurement is the carbonate Vienna Pee Dee Belemnite (VPDB) with 

an R-signature of 0.0112372 (Werner & Brand, 2001). The current atmospheric δ13C is 

estimated to be -8‰ with respect to VPDB. During photosynthesis, the two carbon 

isotopologues are differentially integrated into different metabolic pools such as structural 

compounds, storage metabolites or respired back to the atmosphere (Cernusak et al., 2013). 

Plant synthetic processes (the source of almost all reduced carbon in nature)  thus pass their 

reduced signature on, and biogenic materials have a negative δ13C compared to the 

atmosphere (Craig, 1957; Tcherkez et al., 2011; Ehleringer & Cerling, 2014). In this thesis, 

I described 13C-enriched compounds as having ‘heavier’ δ13C and 13C-depleted compounds 

as having ‘lighter’ δ13C. 

Another term that describes the degree of depletion of the heavier isotopologue is the 

photosynthetic carbon isotope discrimination (denoted as big Greek delta: ∆13C). Farquhar 

& Richards, (1984) defined ∆13C as Ra-Rp/Rp where Ra is the 13C/12C of the atmosphere, and 

Rp is the 13C/12C of the plant photosynthetic product. The advantage of using ∆13C over δ13C 

is that the former takes into account the 13C/12C of the source. ∆13C has been used as a 
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screening tool for leaf-level WUEi as Farquhar & Richards, (1984) developed a model 

relating it to the integrated Ci/Ca of the leaf among C3 leaves.  

Assay for δ13C is traditionally carried out using elemental analysers (EA) coupled to isotope 

ratio mass spectrometry (IRMS) (De Laeter & Peiser, 2003; Godin & McCullagh, 2011; 

Elsner et al., 2012; Zhang, 2013). In this technique, bulk samples such as whole leaves, are 

converted to gases (H2, CO2, CO, N2, and SO2) via combustion (1000○C) through oxidation 

and reduction reactions (Figure 1. 14). Gases are carried through the separation chambers 

using an inert gas such as helium while sulphur-containing gases are trapped in a column 

containing silver (Figure 1. 14).  Water is separated from the other gases using a magnesium 

perchlorate trap while the rest of the gases are separated using a gas chromatography (GC) 

column by virtue of their different molecular size and adsorption kinetics (Figure 1. 14). 

CO2 isotopologues are then introduced to IRMS via an open split (Zhang, 2013; Figure 1. 

14). The high throughput capacity of this method allows for screening a large number of 

samples (Cernusak et al., 2013). On the other hand, the development of tuneable diode laser 

adsorption spectroscopy (TDL) is a recent advancement of the traditional IRMS assay 

whereby concurrent measurements of ∆13C during gas exchange measurement could be 

achieved. Gases going in and out of the infrared gas analysers are measured, and this 

provides instantaneous measurements of carbon fluxes during CO2 assimilation (von 

Caemmerer et al., 2014). This TDL measurement is interchangeably referred to as on-

line/concurrent isotope assay.  

 

 

 

 



31 

 

 

Figure 1. 14 The schematic diagram for elemental analyser (EA) coupled to isotope 

ratio mass spectrometry (IRMS) 

Samples in tin capsules are individually placed in an autosampler carousel and undergo 

combustion/oxidation/reduction reactions and water separation. Gases enter through an open 

split unto the IRMS and Faraday cups detect different isotopologues. Figure source: Zhang 

(2013). 

 

1.4.2 Carbon isotope discrimination in C3 plants 

In a simplified manner, C3 carbon isotope discrimination can be expressed as: 

∆= a + (b-a) 
Ci

Ca
       equation 1.1 

Where a represents the kinetic fractionation brought about by stomata (4.4‰), b is the 

fractionation exerted by Rubisco (29‰), and 
𝐶𝑖

𝐶𝑎
 represents the ratio of intercellular CO2 to 

atmospheric CO2. Recently, a ternary correction proposed by  Farquhar & Cernusak, (2012) 

to take into account the effect of transpiration on the diffusion of CO2 between the 

atmosphere and intercellular spaces (See Farquhar & Cernusak, 2012) for the detailed 

explanation about the ternary impact). Leaf dry matter δ13C of C3 plants falls on a wide range 

between -23 to -32‰, reflecting the significant influence of Rubisco on carbon metabolism 

in this photosynthetic type (Figure 1. 15). Carbon isotope discrimination in C3 plants has 
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been straightforward in reflecting the integrated 
𝐶𝑖

𝐶𝑎
 of the leaf (Figure 1. 16). Thus, it has 

been used as a tool in selecting lines with improved water use efficiency, most notably the 

selection of the Australian wheat varieties, Drysdale and Reese (Farquhar & Richards, 1984; 

Condon et al., 2004). 

 

 

Figure 1. 15 Variations in carbon isotope composition (δ13C) in C3 and C4 plants.  

The histogram depicts wider variations and more negative δ13C in C3 plants compared to C4 

plants and in comparison, with the atmospheric δ13C (green arrow). The figure was adapted 

from Ehleringer & Cerling (2014). 



33 

 

 

Figure 1. 16 A modelled relationship between ∆ and Ci/Ca in both C3 and C4.  

The positive linear relationship in C3 makes it simpler to screen for genotypes with improved 

WUE as the main driver for ∆ is Ci/Ca. In C4 species, there is a varied negative linear 

response depending upon the extent of leakiness (ϕ) Figure source: Ghannoum et al. (2011).  

 

1.4.3 Carbon isotope discrimination in C4 plants 

An expression of carbon isotope discrimination in C4 plants was developed by Farquhar 

(1983) as follows: 

∆13𝐶 = 𝑎 + (𝑏4 + (𝑏3 − 𝑠)𝜙 − 𝑎)
𝐶𝑖

𝐶𝑎
         equation 

1.2 
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where: a (4.4 ‰) is the fractionation during diffusion of CO2 in the air; b4 (-5.7 ‰) is the 

net fractionation contributed by PEPC discrimination (2.2‰) and conversion and dissolution 

of CO2 to bicarbonate at equilibrium (-7.9 ‰); b3 (29-30 ‰) is the fractionation due to 

Rubisco discrimination; s (1.8 ‰) is the fractionation due to CO2 leakage out of BSC, and 

ϕ is bundle sheath leakiness (varies). Leakiness (ϕ) is the proportion of CO2 fixed by PEPC 

that leaks back to the mesophyll tissues. It is a measure of the extent to which PEPC rate 

exceeds Rubisco (Henderson et al., 1992a), and hence a proxy measure of CCM efficiency 

(von Caemmerer & Furbank, 1999). Leakiness also reflects the balance between the C3 and 

C4 cycle activities. For example, reduction of Rubisco by an antisense technology in 

transgenic Flaveria bidentis (a C4 species) leads to reduced CO2 assimilation rates, increased 

bundle-sheath CO2 concentration, and leakiness (Von Caemmerer et al., 1997). In transgenic 

Flaveria plants with less than 40% of wild-type NADP-ME activity, CO2 assimilation rates 

at high intercellular CO2 were significantly reduced, whereas the in vitro activities of both 

PEPC and Rubisco were increased. Consequently, Δ and calculated leakiness were lower 

(Pengelly et al., 2012). Leakiness can be estimated by combining leaf gas exchange 

measurements with stable carbon isotope discrimination during photosynthesis using mass 

spectrometry (Henderson et al., 1992a,b) or tuneable diode laser (Sonawane et al., 2017). 

Leakiness can also be estimated from leaf dry matter carbon isotope composition (Cano et 

al., 2019). 

The CCM in C4 species leads to a narrow range in leaf dry matter δ13C values (-12 to -15‰), 

allowing the differentiation between photosynthetic types (Figure 1. 15). ϕ is one of the 

significant sources that drive variations in C4 ∆
13C. However, it is shown to be relatively 

constant (0.2) under various conditions except during low light conditions (Henderson et al., 

1992a; Cousins et al., 2008; Sonawane et al., 2017, 2018). Importantly, Hattersley (1982) 

identified a 1.35‰ difference in leaf δ13C across C4 grasses representing three biochemical 

subtypes grown in controlled conditions (Figure 1. 17). This pattern has been observed 

when (Ghannoum et al., 2001a, 2002) compared leaf dry matter δ13C of NAD-ME and 

NADP-ME grasses across different growth treatments (Figure 1. 18). Moreover, the 

variations observed were reflected in leaf cellulose δ13C regardless of growth conditions.  
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Figure 1. 17 Variations in whole leaf dry matter δ13C among C4 biochemical subtypes.   

NADP-ME shows more enriched δ13C than NAD-ME species.  Figure source: Hattersley 

(1982). 

 

Early studies by Henderson et al., (1992a)  revealed that carbon isotope discrimination in C4 

species was greater in leaf dry matter than short-term online measurements. Interestingly, 

Cousins et al., (2008) found no difference in photosynthetic ∆13C between NAD-ME and 

NADP-ME using concurrent measurements of gas exchange coupled with a tuneable diode 

laser (TDL), while differences in dry matter leaf δ13C remained between the two C4 

subtypes. Furthermore, ∆13C responded similarly between the C4 subtypes to a range of leaf 

temperatures and only showed a difference between NAD-ME and NADP-ME at very low 

light intensities (Sonawane et al., 2017, 2018). Taken together, these observations suggest 

that non-photosynthetic factors (i.e., post-photosynthetic fractionation) contribute to the 

observed variations of leaf dry matter δ13C among the C4 subtype.  

It is essential to understand the impact of post-photosynthetic fractionation on leaf δ13C for 

a number of reasons. For example, this will help us elucidate the differences between the C4 

subtypes and hence better understand C4 photosynthesis. In addition, if leaf δ13C will be 
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used as a tool for screening species with improved WUE, the fractions that have significant 

impacts on dry matter carbon isotope composition can be used as a more reliable proxy to 

leaf δ13C (Knowledge Gap 4).  

 

 

Figure 1. 18 Variations in leaf dry matter δ13C between NAD-ME and NADP-ME 

grasses subjected to several growth conditions.  

Marked differences in δ13C of NADP-ME and NAD-ME are evident from the whole leaf dry 

matter and carried through at the cellulose level under different growth conditions. Figure 

source: von Caemmerer et al. (2014).  
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1.4.4 Post-photosynthetic fractionation 

Post-photosynthetic fractionation is a general term which refers to the fractionation steps 

after Rubisco carboxylation. This type of fractionation includes post-carboxylation 

fractionation, respiratory fractionation and transport (Brüggemann et al., 2011). These 

processes alter the isotopic signatures imprinted on the newly assimilated metabolite during 

the downstream metabolic process (Werner et al., 2011). In this study, I focused on short-

term sugar metabolism as immediate post-carboxylation products.  

 

1.4.5 Post-carboxylation fractionation 

Post-carboxylation fractionation involves the fractionation steps right after Rubisco 

carboxylation. The first step during post-carboxylation takes place during aldol 

condensation of triose phosphates yielding fructose 1,6, bisphosphate and ultimately starch 

(Figure 1. 19). This reaction favours 13C to be incorporated in the third and fourth carbon 

atoms of the hexoses by 3-4‰ (Tcherkez et al., 2011) while leaving behind light triose 

phosphates (Brüggemann et al., 2011). As a consequence, the aldolase and transketolase 

fractionation enriches 13C in chloroplastic fructose-phosphate and glucose-6-phosphate 

compared to dihydroxyacetone phosphate, thereby enriching transitory starch and depleting 

the remaining triose phosphate molecules (Tcherkez et al., 2011). These triose-phosphate 

molecules are transported back to the cytosol to produce sucrose. Hence day-sucrose 

becomes depleted with 13C. In addition, enzymes that consume glucose as a substrate (i.e. 

pentose phosphate pathway and glycolysis) can cause variations in 13C. By virtue of mass 

balance, the preferential selection of 12C should lead to an enrichment in 13C in different 

carbon positions within the molecule (Tcherkez et al., 2011) and within different metabolic 

pools. 
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Figure 1. 19 A schematic summary of initial post-carboxylation fractionation during 

aldolase condensation to starch synthesis (light green box).  

Pathways that feed glucose such as pentose phosphate pathway are highlighted in the light 

blue section. Reactions proceeding to glycolysis and respiration are highlighted in the yellow 

box. Underlined blue values indicate known isotope effects involved in plant primary 

metabolism. Figure Source: Tcherkez et al. (2011). 

 

The C4 subtypes vary in biochemistry, hence contrast in primary metabolites utilised during 

the C4 cycle. This would translate to differences in 13C integration within the metabolites 

and eventually to target structural compound or storage compounds. To my knowledge, no 

study has considered the impact of post-carboxylation fractionation on the variations of leaf 

carbon isotope composition among C4 grasses (Knowledge Gap 4). 
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1.4.6 A method for measuring carbon isotope composition of soluble sugars 

The traditional technique for measuring carbon isotope signature is through the combustion 

of bulk plant material by an elemental analyser (EA) coupled to isotope ratio mass 

spectrometry (IRMS; Figure 1. 14) (De Laeter & Peiser, 2003; Godin & McCullagh, 2011; 

Elsner et al., 2012; Zhang, 2013). However, the disadvantage of this method is that it cannot 

assay the isotope composition of targeted compounds from the bulk sample directly. 

Compound-specific isotope analysis (CSIA) is a developing field in stable isotope studies 

that endeavours in measuring δ13C of separate metabolites in a complex mixture (Godin & 

McCullagh, 2011; Elsner et al., 2012). The principle of CSIA assays is based on the 

separation of metabolites using chromatography (gas or liquid chromatography) followed 

by gas conversion through chemical oxidation; and then measurements of the carbon isotope 

composition of individual metabolites using IRMS (blue box, Figure 1. 20).   

 

 

Figure 1. 20 The schematic diagram of GC/LC-based compound-specific isotope 

analysis 

Individual compounds (green box) are separated and converted to gases via oxidation (red 

box) and enters through the IRMS system carried by helium gas. Figure source: Elsner et al. 

(2012). 

 

In GC-based CSIA (Figure 1. 21A), samples are injected using an autosampler and 

volatilised into the gaseous phase and carried by helium gas. Compounds undergo separation 

using a long coil of capillary GC column. Individual compounds are converted to CO2, N2, 

and H2O via oxidation/reduction reactors at very high temperatures (600-950○C); and water 

is removed using Nafion™ membrane allowing for CO2 and N2 to pass through. 

Consequently, CO2 is introduced to the IRMS interface via an open split (Hettmann et al., 
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2005; Elsner et al., 2012; Zhang, 2013). The advantage of GC-based CSIA is a lower 

detection limit, less laborious preparation, and analysis of several compounds in one run 

(Zhang, 2013). On the other hand, the drawback of  GC-based assays is that non-volatile 

organic compounds must be derivatised (converted to gaseous metabolites) by silylation, 

alkylation, acylation, esterification or other methods in order to volatilise the compounds 

and improve chromatographic separation (Meier-Augenstein, 2004; Morrison et al., 2010; 

Godin & McCullagh, 2011; Elsner et al., 2012). This derivatisation process means that 

addition of carbon molecules will complicate the estimation of carbon isotope signatures 

due to 13C dilution (Gross & Glaser, 2004; Krummen et al., 2008; Godin & McCullagh, 

2011) 

Meanwhile, the development of LC-based CSIA came in later because the compounds to be 

separated are in the liquid phase while IRMS requires gaseous detection of CO2 (Krummen 

et al., 2004; Boschker et al., 2008; Godin & Fay, 2008; Godin & McCullagh, 2011; Elsner 

et al., 2012; Zhang, 2013). The LC-based CSIA will aid in the measurement of δ13C in non-

volatile, polar, and thermally-labile compounds such as amino acids and sugars (Godin & 

McCullagh, 2011). To solve this dilemma, Krummen et al., (2004) introduced an interface 

that quantitatively converts carbon from separated analytes to CO2 via an oxidation agent, 

ammonium peroxodisulfite aided by a weak acid catalyst (dilute phosphoric acid) at high 

temperature (Figure 1. 21B). Similar to GC-based assays, the mixture of compounds is 

separated in a suitable LC column, and individual baseline-separated peaks is individually 

oxidised in a wet-chemical oxidiser (WCO) interface (Figure 1. 21B). Water is also trapped 

using Nafion™, and CO2 is carried by helium gas to the IRMS interface (Krummen et al., 

2004; Godin & Fay, 2008; Zhang, 2013). There are several requirements for a successful 

LC-based CSIA. First, the mobile phase and analytical solutions should be free of 

contaminating carbons, hence the need to de-gas the solution and exclusive use of ultrapure 

water carbon-free buffers (Godin & McCullagh, 2011; Zhang, 2013). Second, baseline 

separation (suitable LC column) of individual analyte peaks should be endeavoured as 

overlapping peaks leads to inaccurate  δ13C due to mixture of carbons from compound 

overlap (Godin & McCullagh, 2011). Finally, sample-to-sample carryover contamination 

(memory) should be examined to obtain accurate results if the sample number is large 

(Godin & McCullagh, 2011; Skrzypek & Ford, 2018). Currently, there are two commercially 

available WCO interface in the market, the LC-IsoLink® system (Thermo Electron, Bremen, 
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Germany) and the Liquiface® interface (Isoprime Ltd., Cheadle Hulme, UK) with the latter 

having utilised less commonly (See Godin & McCullagh, 2011 review).  

For this thesis, the method using wet chemical oxidation system (WCO, Liquiface®) coupled 

to high-performance liquid chromatography (HPLC), and isotope ratio mass spectrometry 

(IRMS) was optimised for measuring carbon isotope signature (δ13C) of three key soluble 

sugars (glucose, fructose and sucrose). The new system can resolve sugar metabolites both 

in leaves and known standards in an aqueous solution which could aid in high throughput 

analysis of metabolite carbon isotope signatures (Knowledge Gap 3). 

 

 

Figure 1. 21 The schematic interface of GC-based (A) and LC-based (B) CSIA 
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In both CSIA systems, targeted compounds are separated using chromatography followed 

by heated oxidation then δ13C assay using IRMS. CO2 is carried by helium gas. Figure 

source: Zhang (2013).  

1.5 Linking iWUE, Stomata Function, and Carbon Isotope 

Discrimination in C4 crops 

The ultimate goal of the knowledge generated from studies of grass stomatal function and 

of the impact of post-photosynthetic fractionation on leaf carbon isotope discrimination in 

C4 grasses is to better understand the link between leaf δ13C and WUE in C4 crops, such as 

sorghum. Several studies have utilised ∆13C as a screening tool to several agronomically 

important traits, most notably WUE (Farquhar & Richards, 1984; Hubick et al., 1986). 

Monneveux et al., (2007) used ∆13C to screen for Zea mays lines with tolerance to drought 

and found out that susceptible lines showed lower ∆13C than the tolerant inbred lines.  

Focusing on sorghum, earlier studies by Hubick et al., (1990) revealed intraspecific 

variations in ∆13C among twelve field-grown sorghum genotypes which may indicate 

differences in transpiration efficiency. They further showed that grain yield was negatively 

correlated to ∆13C. On the other hand, Henderson et al., (1998), screened 30 lines of sorghum 

grown in glasshouse and eight lines grown in the field and found a positive correlation 

between WUE and ∆13C in both growth conditions (Figure 1. 22). A similar positive 

relationship between ∆13C and Ci/Ca was also found in two sugarcane (Saccharum spp. 

hybrid) cultivars supplied with water or with NaCl solutions (Meinzer et al., 1994).  

A recent study showed that a genomic segment on maize Chromosome 7 influences both 

carbon isotope composition and water use efficiency, possibly by affecting stomatal 

properties (Avramova et al., 2019). A genomic link between leaf carbon isotope composition 

and plant water use efficiency has also been established for a recombinant inbred population 

of the C4 grass Setaria viridis grown under well-watered and water-stressed conditions 

(Feldman et al., 2018). Within the same Setaria viridis population, leaf δ13C showed a good 

relationship with plant WUE (Ellsworth et al., 2019).  
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Figure 1. 22 The relationship of leaf dry matter discrimination (∆d) and transpiration 

efficiency in 30 lines of glasshouse-grown sorghum.  

Linear regression equation is as follows: W = 1.0∆d + 1.93 x 10–3; r2 = 0.18, p<0.05. Figure 

source: Henderson et al. (1998).    
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1.6 Knowledge Gaps 

Based on the above literature review, the project was designed to address the following 

knowledge gaps: 

 

Knowledge Gap 1 (Chapter 2): The operation of a CO2 concentrating mechanism in C4 

grasses endows them with higher iWUE than their C3 counterparts. However, it is unclear 

how this relates to underlying stomatal function or varies among the three C4 biochemical 

subtypes with growth conditions, especially the two major photosynthetic factors: [CO2]  

and light. A better understanding of stomatal responses will allow the exploration and 

development of molecular targets for breeding crops with high iWUE. 

 

Knowledge Gap 2 (Chapter 3): It remains unclear whether the speed of stomatal responses 

and guard cell K+ fluxes in grass leaves differ between photosynthetic pathways (C3 and C4) 

and C4 subtypes, or how these differences are influenced by the environment (e.g., [CO2]  

and light). 

 

Knowledge Gap 3 (Chapter 4): This chapter identified a significant gap in developing an 

efficient method to analyse the δ13C of leaf sugars extracted from C3 and C4 grasses using a 

wet chemical oxidiser (WCO) coupled to high-performance liquid chromatography (HPLC) 

and isotope ratio mass spectrometer (IRMS). Such a method will avoid the extensive 

chemical derivations required to volatilise the compounds prior to analysis using the 

traditional elemental analyser IRMS (EA-IRMS) system. 

 

Knowledge Gap 4 (Chapter 5): The contribution of post-carboxylation fractionation, 

particularly carbohydrate metabolism, to leaf carbon isotope composition (δ13C) is still 

unresolved among C4 plants. In particular, it is not well understood why NAD-ME and 

NADP-ME leaves have different leaf δ13C. Resolving this long-standing puzzle will allow 

us to better understand how leaf δ13C varies and how it can be used as a high throughput 

screen for leaf-level water use efficiency in C4 plants. 
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1.7 Aims and Objectives 

The overall aim of this PhD project was to investigate the relationship between the superior 

stomatal control and leaf iWUE in C3 and C4 grasses and investigate the impact of post-

photosynthetic fractionation, particularly carbohydrate metabolism, on leaf carbon isotope 

signatures among these grasses to develop screening tools for improved iWUE. 

 

The specific objectives of Chapter 2 were to: 

I. Determine the interactive effects of glacial [CO2]  and low light on leaf gas 

exchange traits at growth and saturating conditions in C3 grasses and C4 grasses 

with different biochemical subtype; 

II. Determine the acclimation response of stomatal morphology to growth at glacial 

[CO2] and low light in C3 grasses and C4 grasses with different biochemical 

subtype. 

 

The specific objectives of Chapter 3 were to: 

I. Investigate the responses of stomatal kinetics to light transitions in C3 and C4 

grasses acclimated to glacial [CO2] and low light; 

II. Investigate the responses of guard cell K+ fluxes in C3 and C4 grasses acclimated 

to glacial [CO2] and low light. 

 

The specific objectives of Chapter 4 were to: 

I. Develop a method for the optimal resolution of sugar standards using HPLC and 

wet chemical oxidation system coupled to IRMS; 

II. Compare the carbon isotope composition of sugar standards measured using 

traditional EA-IRMS versus newly optimised HPLC-WCO-IRMS methods;  

III. Apply the newly developed method to analyse the carbon isotope composition 

of a C3 and a C4 grass crop. 
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The specific objectives of Chapter 5 were to: 

I. Determine the impact of post-photosynthetic fractionation, particularly 

carbohydrate metabolites, on the leaf carbon isotope composition of C3 and C4 

grasses; 

II. Compare the carbon isotope composition of whole leaf, cellulose and soluble 

sugars between C4/NADP-ME and C4/NAD-ME species. 
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1.8 Thesis Format and Structure 

Research undertaken during my PhD project is presented herein as a series of four 

experimental chapters submitted or prepared for submission to peer-reviewed journals. The 

thesis is comprised of six chapters. Four chapters (2, 3, 4, and 5) describe four separate 

experiments whilst two Chapters (1 and 6) were designated as a general Introduction and 

Discussions for the whole Thesis.  

 

Chapters Title 

Chapter 1 General introduction and literature review 

Chapter 2 

 

How do stomatal traits control leaf-level iWUE in grasses 

representing different photosynthetic type and biochemical subtypes 

to growth at glacial [CO2] and low light? 

Chapter 3 

 

Faster stomatal opening half-times in grasses link to smaller stomatal 

aperture and guard cell K+ influx providing targets for improving 

leaf-level iWUE 

Chapter 4 

 

Wet chemical oxidation system as a tool for analysing carbon 

isotope composition of sugars extracted from leaves of C3 and C4 

grasses. 

Chapter 5 

 

Carbon isotope composition of soluble sugars in leaves of C3 and C4 

grasses with different biochemical subtypes 

Chapter 6 General discussion and prospects 

References 
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CHAPTER 2 

 

HOW DO STOMATAL TRAITS CONTROL LEAF-LEVEL 

iWUE IN GRASSES REPRESENTING DIFFERENT 

PHOTOSYNTHETIC AND BIOCHEMICAL SUBTYPES 

UNDER GLACIAL [CO2] AND LOW LIGHT? 
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ABSTRACT 

The sophisticated morphology and molecular regulation of grass stomata provide an 

advantage that allowed grasses to dominate and diversify in the open environment. On the 

other hand, the acquisition of CO2 concentrating mechanism amongst C4 grasses endows 

them with higher leaf-level water use efficiency (iWUE) than their C3 counterparts. 

However, it is unclear how this relates to underlying stomatal function or varies among the 

three C4 biochemical subtypes with growth conditions, especially the two major 

photosynthetic factors: [CO2]  and light. Two C3 and six C4 (two of each subtypes: NADP-

ME, NAD-ME, and PCK) grasses were grown at ambient or glacial [CO2]  ([aCO2] = 400, 

[gCO2] = 180 µl l-1) and high or low light (HL = 1000, LL = 200 µmol m-2 s-1). Leaf gas 

exchange and stomatal morphology were examined at growth and common conditions 

(2,000 µmol m-2 s-1 light and 180 µl l-1 [CO2]). It was found that growth at glacial [CO2]  

increased stomatal conductance (gs), stomatal aperture (SA) and reduced stomatal size (SS) 

and iWUE of C3 more than C4 grasses. Low light reduced gs of C4 more than C3 grasses, 

WUEi of C3 more than C4 grasses, and stomatal aperture and density of all species. Stomatal 

conductance and iWUE strongly correlated with SA.  Overall, [gCO2] elicited a trade-off 

between SA and SS while LL reduced both SA and SD. Both treatments had little effects on 

maximal stomatal conductance measured using gas exchange or anatomical traits. Finally, 

this study revealed novel mechanistic links between stomatal and photosynthetic traits and 

iWUE, implicating molecular targets for breeding crops with high iWUE. 

 

 

 

 

 

 

 

Keywords: C3 and C4 grasses, glacial [CO2], low light, stomatal morphology, water-use 

efficiency 
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2.1 INTRODUCTION 

The grass family (Poaceae) comprises more than 10,000 species that dominate many 

ecological and agricultural systems (Kellogg, 2001; Vogel et al., 2010). Grasses evolved 

50–70 MYA. Early grass evolution is associated with enhanced drought tolerance when 

grass ancestors moved out of forests and into open habitats (Kellogg, 2001). Grasses are 

adaptable to salinity, drought, nutrient-deficient soils, and other fluctuating environments 

(Wood & Lenné, 2018). Grasses provide the bulk of human nutrition, are promising sources 

of sustainable energy (Vogel et al., 2010) and the top four global agricultural commodities 

by quantity (sugarcane, maize, rice, wheat) (Bevan et al., 2010; Wood & Lenné, 2018).  

A key desirable feature of ‘climate-smart’ crops is high water-use efficiency (WUE) to cope 

with increasing events of drought and high temperature under climate change (Richards et 

al., 1993; Ruggiero et al., 2017). Crop WUE is governed by multiple factors including leaf-

level instantaneous WUE (WUEi), root architecture, biomass partitioning, etc. (Passioura, 

1977; Ghannoum, 2016; Li et al., 2017). iWUE reflects the exchange of [CO2] and water 

vapour across the leaf surface and can be defined as CO2 assimilation rate/stomatal 

conductance (Anet/gs) (Farquhar & Sharkey, 1982). Photosynthesis and gs are closely 

correlated under a wide range of environments (Wong et al., 1979; Pinto et al., 2016) such 

that selecting for reduced gs, as a means of improving iWUE, often leads to reduced Anet and 

productivity (Ghannoum, 2016). It has been shown that gs can be uncoupled from 

intercellular CO2 (Ci) (von Caemmerer et al., 2004), raising the prospect of improving 

stomatal traits with increasing CO2 fixation, and hence higher yield (Ghannoum, 2016; 

Webster et al., 2016). Therefore, developing the next generation of smart crops requires a 

greater understanding of how stomata regulate iWUE. Breeders often utilise variations 

within a narrow set of cultivars of the same crop species, different crops and their closely 

related species in the same genus to identify improved traits. The downfall of this strategy 

is the limited pool of genetic diversity available in a single species or a genus. Mining natural 

variation among diverse grasses will increase the potential of identifying beneficial stomatal 

traits (Anderson et al., 2016; Reeves et al., 2018; Cano et al., 2019).  

By controlling [CO2] entry into the leaf, stomata provide the initial limitation of [CO2] 

uptake. Grasses possess advanced stomata composed of two kidney-shaped guard cells 

flanking subsidiary cells (Kollist et al., 2014b; Cai et al., 2017b; Chen et al., 2017). Stomatal 
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opening and closing govern gas exchange and are regulated by the movement of solutes and 

water in and out of the guard cells (Franks & Farquhar, 2007). These sophisticated structural 

and functional features enable fast and tight stomatal control and ensure a dynamic response 

to environmental fluctuations (Cai et al., 2017a; Chen et al., 2017; Raissig et al., 2017; 

Rudall et al., 2017). They also contribute to the success, productivity and survival of grasses 

in semi-arid and arid habitats (Chen et al., 2016; Taylor et al., 2012; Taylor et al., 2018). 

Therefore, it is not surprising that grasses have been domesticated several times and include 

some of the most important cereal crops. Many grasses, including major crops (e.g., maize, 

sugarcane, sorghum and switchgrass) assimilate [CO2] using the C4 photosynthetic pathway. 

C4 crops are becoming increasingly important for food and bioenergy security, with the 

global production and growing areas of C4 maize and sugarcane currently surpassing that of 

key C3 cereals such as wheat and rice (Varshney et al., 2012; FAO, 2019).  

C4 photosynthesis operates a carbon concentrating mechanism (CCM) which elevates [CO2] 

around the carbon-fixing enzyme ribulose 1,5- carboxylase/oxygenase (Rubisco) in the 

bundle sheath, thereby minimising photorespiration and allowing higher photosynthetic 

rates at relatively low stomatal conductance (Hatch, 1987; Sage, 2004). Consequently, 

iWUE is generally higher in C4 relative to C3 grasses (Taylor et al., 2012). C4 CCMs are 

broadly classified according to the major C4 decarboxylase utilised, either solely or with a 

secondary decarboxylase (Hatch et al., 1975; Wingler et al., 1999; Watson-Lazowski et al., 

2018); nicotinamide adenine dinucleotide-malic enzyme (NAD-ME), nicotinamide adenine 

dinucleotide phosphate-malic enzyme (NADP-ME), and phosphoenol carboxykinase 

(PCK). Apart from differences in leaf anatomy and biochemistry, the three C4 subtypes also 

show variations in geographic distribution according to rainfall and resource use efficiency 

(Hattersley, 1982; Ghannoum et al., 2005, 2011). In particular, NAD-ME grasses exhibit 

higher iWUE at glacial (180 µl l-1) [CO2] (Pinto et al., 2014) and higher plant WUE under 

water stress (Ghannoum et al., 2002) relative to NADP-ME and PCK counterparts. Under 

low light, NADP-ME species have higher photosynthetic efficiency relative to NAD-ME 

and PCK due to more efficient CCM (Sonawane et al., 2018; Sagun et al., 2019). However, 

there is scarcity in the information regarding differences in stomatal sensitivity among the 

C4 biochemical subtypes. Hence, to better understand how stomata control iWUE in grasses, 

it is important to compare C3 and C4 grasses, including the three C4 subtypes.  
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Light directly and indirectly (via photosynthesis) regulate stomatal function (Aasamaa & 

Sõber, 2011; Lawson et al., 2011; Aasamaa & Aphalo, 2016). Red light indirectly affects gs 

by driving mesophyll photosynthesis and decreasing Ci (Huxman & Monson, 2003; Lawson 

et al., 2011; Chen et al., 2017). Blue light directly affects the phototropins in guard cells 

through photosynthesis-independent reactions leading to the activation of plasma membrane 

H+-ATPase pumps (Christie, 2007; Shimazaki et al., 2007; Hiyama et al., 2017). The 

hyperpolarised plasma membrane activates inward-rectifying K+ channels (K+
in) (Kim et al., 

2010) allowing for K+ uptake followed by water influx into the guard cells, and leading to 

stomatal opening (Schroeder et al., 1987; Shimazaki et al., 2007; Kim et al., 2010; Marten 

et al., 2010). Following long-term exposure to high light, stomatal density (SD) and stomatal 

pore lengths increase in species such as tomato (Gay & Hurd, 1975), tobacco (Thomas et 

al., 2004), Arabidopsis ssd-1 mutants (Schlüter et al., 2003) and Eucalyptus globulus (James 

& Bell, 2000). Conversely, decreased stomatal density and stomatal index (SI), but not 

stomatal size (SS) were observed in tobacco leaves (Thomas et al., 2004; Gerardin et al., 

2018) and Coffea arabica (Pompelli et al., 2010) under shade treatments.  

A period of low (glacial) atmosphere [CO2] ([gCO2]) during the Oligocene is thought to be 

the primary driver for the evolution of C4 photosynthesis (Ehleringer et al., 1997; Sage, 

2004; Christin et al., 2008). Adaptation to [gCO2] includes higher stomatal density (SD) 

compared to current atmospheric [CO2] (Woodward, 1987; Woodward & Kelly, 1995). 

Stomata generally open at low [CO2] and close at elevated [CO2] both in light and darkness 

(Assmann, 1999; Lawson et al., 2011; Azoulay-Shemer et al., 2015). Growth at [gCO2] 

increased stomatal conductance in C3 and C4 leaves (Sage & Coleman, 2001; Maherali et 

al., 2002; Pinto et al., 2014). In particular, growth at 100 ppm [CO2] increased SD by 42% 

in the C3 model plant, Arabidopsis relative to growth at 380 ppm [CO2] (Li et al., 2014). 

Conversely, growth at elevated [CO2] ([eCO2]) reduced SD, gs, and sensitivity to CO2 

(Woodward & Kelly, 1995; Medlyn et al., 2001; Maherali et al., 2002; Leakey, 2009; 

Lawson et al., 2011; Xu et al., 2016b). In summary, light and [CO2] exert a significant 

influence on stomatal function; however, the interactive effects of these two photosynthetic 

factors on stomatal function have not yet been fully explored in C4 grasses and among C4 

subtypes.  

Here, closely related C3 and C4 grasses with different biochemical subtypes were grown 

under [gCO2] (180 µl l-1) and low light (200 µmol m-2 s-1) as well as control conditions 
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(1,000 µmol m-2 s-1 of light and 400 µl l-1 of [CO2]) with the aim to further explore stomatal 

responses to environmental stimuli. One of the hypotheses was that growth at [gCO2] result 

in higher gs and SD and that this effect is stronger in C3 than C4 grasses because C3 

photosynthesis is highly CO2 sensitive. In addition, it was hypothesised that growth at low 

light result in lower gs and SD, which is stronger in C4 than C3 grasses because C4 

photosynthesis is highly light-sensitive. Finally, it was hypothesised that light leads to a 

greater stomatal response than [CO2] because grasses are continuously exposed to 

fluctuations of light rather than [CO2] in their open environment, while atmospheric [CO2] 

gradually changed over time. This Chapter has shed light on how stomatal morphological 

and physiological traits control iWUE in C3 and C4 grasses that are acclimated to low light 

and [CO2]. 
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2.2 MATERIALS AND METHODS 

2.2.1 Plant culture and growth conditions 

Eight C3 and C4 grasses (Poaceae) representing different photosynthetic and biochemical 

subtypes were grown and acclimated in walk-in growth chambers (Biochambers, Winnipeg, 

Canada) controlled by LI-820 CO2 gas analysers (LI-COR Inc., Lincoln, NE, USA) similar 

to the growing conditions described by Watson-Lazowski et al., (2019). These grass species 

included C3: Panicum bisulcatum (Thunb.) and Steinchisma laxa (Zuloaga); C4 NAD-ME: 

Panicum miliaceum (L.) and Leptochloa fusca [(L.) Kunth.]; C4 NADP-ME: Panicum 

antidotale (Retz.) and Setaria viridis [(L.) Beauv.]; C4 PCK: Megathyrsus maximus (Jacq., 

synonyms: Panicum maximum, Urochloa maxima) and Chloris gayana (Kunth.). Two 

species, L. fusca (NAD-ME) and C. gayana (PCK) belong to subfamily Chloridoideae while 

the remaining six species belong to Subfamily Panicoideae (Grass Phylogeny Working 

Group II, 2012). All species were individually planted in five biological replicates into 3 L 

pots containing soil (Osmocote® Professional Seed Raising Mix, Scotts, Australia) and trace 

elements supplement (Osmocote® Plus Trace Elements, Scotts, Australia). Initially, seeds 

were germinated at 400 µl l-1 [CO2] chamber to obtain uniform healthy seedlings and to 

prevent early seedling deterioration. Then, plants were transferred to respective growth 

chambers with different light (high: 1000 µmol m-2 s-1; low: 200 µmol m-2 s-1) and [CO2] 

(ambient: 400 µl l-1; glacial: 180 µl l-1) treatments. The four treatment combinations were 

high light, ambient [CO2] (HL+[aCO2] [control]); high light, glacial [CO2] (HL+[gCO2]); 

low light, ambient [CO2] (LL+[aCO2]); and low light, glacial [CO2] (LL+[gCO2]). The 

average day/night temperature was 28/22○C, relative humidity (RH) was 60%, and the 

photoperiod was 14 h. Plants were watered to full capacity every 1-2 days, fertilised as 

required and randomised twice a week to reduce the effects of within-chamber variation. 

 

2.2.2 Leaf gas exchange 

Five weeks after germination, gas exchange was measured with an LI-6400XT infrared gas 

analyser (LI-COR Inc., Lincoln, NE, USA) using the youngest fully expanded leaf from the 

main stem (Watson-Lazowski et al., 2019). Cuvette conditions were maintained at 60% RH, 

28○C leaf temperature, and 350 mol s-1 flow rate. Measurements were taken between 10:00 
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and 15:00 inside growth chambers. At least eight technical replicates in five biological 

replicates per species were measured. 

Steady-state measurements of net CO2 assimilation rate (Anet), stomatal conductance (gs), 

intercellular CO2 (Ci) and intrinsic water use efficiency (iWUE; Anet/gs) were made for all 

eight grass species at the four growth conditions and at uniform conditions (light-saturated 

(2,000 µmol m-2 s-1), [CO2]-limited (180 µl l-1 [CO2]) to estimate maximal gs. Prior to 

measurements, the leaves were allowed to stabilise for approximately 10-15 min until 

steady-state CO2 uptake was reached. 

 

2.2.3 Stomatal morphology 

Stomatal impressions were characterised based on the methods described by Weyers & 

Johansen, (1985), Nobuhito & Katsuya, (2008) and Parsons et al., (2019) with some 

modifications. Images were captured from the adaxial and abaxial surfaces of all eight grass 

species using the same leaf where the steady-state gas exchange was measured. Dried clear 

nail varnish impressions were transferred to glass slides (Knittel Glass, Germany), and 

epidermal imprints containing stomatal patterns were taken using a CCD camera (NIS-F1 

Nikon, Tokyo, Japan) attached to a Nikon microscope equipped with a DS-U3 controller 

(Nikon, Tokyo, Japan). Images were captured at 200× and 400× total magnification and 

processed using Nikon NIS Element imaging software (Nikon, Tokyo, Japan). Stomatal 

images from leaf epidermal imprints were captured between two major veins of the leaf 

lamina to ensure uniformity of stomatal location. Images were analysed using Image J 

software (NIH, USA). Ten stomatal parameters (Figure S2. 1) based from Caine et al., 

(2018) and Gerardin et al., (2018) with the addition of subsidiary cell measurements in 

grasses,  were measured as follows: guard cell width (GCW), guard cell length (GCL), 

subsidiary cell width (SCW), aperture width (AW), aperture length (AL), stomatal aperture 

(SA), stomatal size (SS), stomatal density (SD), stomatal index (SI), and the number of open 

stomata per unit area (OD). Stomatal size and aperture area were calculated by assuming the 

area of an ellipse whereby: 

𝑆𝐴 = ([
𝐴𝑊

2
] ∗ [

𝐴𝐿

2
] ∗ 𝜋)   equation 2.1 
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 𝑆𝑆 = ([𝐺𝐶𝑊 + 𝑆𝐶𝑊] ∗ [
𝐺𝐶𝐿

2
] ∗ 𝜋) − 𝑆𝐴   equation 2.2 

such that AW/2 and GCW+SCW were the short axes while AL/2 and GCL/2 were the long 

axis of SA and SS, respectively. Stomatal density was calculated as the number of stomata 

per unit area (0.15 mm2 field of view) while open stomatal density was determined by 

counting the frequency of open stomata per unit area (less than 0.5 µm aperture width were 

considered close). Stomatal index was calculated as the ratio of stomata to total cells in the 

epidermis (stomata plus non-stomatal cells) multiplied by 100. Three random microscopic 

fields (six total) from the adaxial and abaxial surfaces per biological replicate were measured 

totalling >300 stomata per species in each growth chamber, and the mean of the adaxial and 

abaxial surfaces was used (leaf side p=0.75, df=1,7).  

Maximum stomatal aperture (amax) was measured following Liu et al., (2014) and Mak et 

al., (2014) with some modifications. The mid-portion of the second fully expanded leaf was 

harvested and soaked immediately in stomata opening buffer (50 mM KCl, 5 mM Na-MES, 

pH 6.1) after which the abaxial leaf epidermis was promptly peeled. Peels were mounted in 

a 35-mm petri dish with 0.13 mm glass bottom (MatTek Corp, MA, USA) coated with 

silicone adhesive (B-521, Factor II, Lakeside, AZ 85929), and then 2 ml of opening buffer 

was added. Epidermal peels were incubated for 2 hr at 700 µmol m-2 s-1 light intensity to 

induce stomatal opening. amax was calculated similarly to SA. 

 

2.2.4. Calculation of maximum theoretical conductance (gs_amax) based on stomatal 

traits 

The theoretical maximum conductance to water vapour (gs_amax) was calculated using the 

maximum stomatal aperture (amax) determined from epidermal peels. One-sided gs_amax was 

calculated using the equation presented by Franks & Beerling, (2009) based on the Brown 

& Escombe, (1900) diffusion model of gases for plants. It is written as: 

𝑔𝑠_𝑎𝑚𝑎𝑥 = (
𝑑

𝑣
) (

𝑆𝐷.𝑎𝑚𝑎𝑥

𝑙+
𝜋

2
√

𝑎𝑚𝑎𝑥
𝜋

)   equation 2.3 
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where d = diffusivity of water vapor at 25○C (0.0000249 m-2 s-1); v = molar volume of air 

(0.0224 m3 mol-1); SD = stomata density (m-2); amax = maximum stomatal aperture (m2) and 

l is the stomata pore depth which is assumed to be equivalent to guard cell width (m). The 

total, two-sided gs_amax was calculated as gs_amax (abaxial) + gs_amax (adaxial). The model 

assumes maximal stomatal aperture and that all stomata are open. The total, two-sided gs_amax 

was calculated as gs_amax (abaxial) × 2 since both leaf sides generally do not differ in SD 

similar to Caine et al., (2018). 

 

2.2.5 Statistical analyses 

ANOVA was performed using R (V.3.4.2; R Core Team, 2017) from linear models (lm) 

specifying species (n=8) as the error component of the 2×2 full factorial experimental 

design. Homoscedasticities and normalities were checked by examining the quantile plots 

and the re-fitted when necessary. Since the comparisons consisted of hierarchal (nested) 

terms, the F-statistic was re-calculated such that the signal (numerator mean squares) to 

noise (denominator mean squares) ratio reflected the true inference on the effects of [CO2], 

light, [CO2]+light, type/subtype, and their respective two-way and three-way interactions.  

The effect of glacial [CO2] treatment was the average effects of chambers with [gCO2] 

regardless of light conditions (HL+[gCO2] and LL+[gCO2]) while the effect of ambient 

[CO2] was the average effects of [aCO2] chambers (HL+[aCO2] and LL+[aCO2]) regardless 

of light treatment. The low light effect was the average effect of the chambers with LL 

conditions (LL+[aCO2]and LL+[gCO2]) while the high light effect was the mean variation 

within chambers with HL conditions (HL+[aCO2] and HL+[gCO2]). Subsequently, the 

equivalent p-value was calculated for a given degrees of freedom. When significant, means 

were ranked using Tukey’s post-hoc at a stringency of α=0.05. Linear correlations between 

two variables were expressed in r2, followed by significance values. Figures were plotted 

using the ggplot2 package (Wickham, 2017).  
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2.3 RESULTS 

2.3.1 Glacial [CO2] and low light differentially affect leaf gas exchange of C3 and 

C4 grasses 

When measured under control conditions, photosynthetic rates (Anet) decreased significantly 

under [gCO2] (p=0.0053) and were greatly inhibited under LL (p<0.0000) in all species 

(Figure 2. 1A, Table 2. 1). At HL, [gCO2] reduced Anet in C3 by 45% more than 20% 

reduction in C4 grasses relative to the control (HL+[aCO2]). At [aCO2], LL reduced Anet in 

C4 (-63%) more than in C3 (-44%) grasses (Light × Type: p=0.0068). Combined effects of 

LL+[gCO2]  exacerbated the reduction of Anet, especially in C3 species (Figure 2. 1A, Table 

2. 3).  Multiple comparisons across all species and treatments showed that both PCK species 

(C. gayana and M. maximus) had higher Anet compared to all other species (Table 2. 3).   

Low light had a stronger and opposite effect on gs relative to [gCO2]  (Figure 2. 1B , Table 

2. 1 and Table 2. 3, [CO2] × Light: p= 0.0150). Stomatal conductance increased at [gCO2]  

(p=0.0010; Table 2. 1) and decreased under LL (p<0.0000; Table 2. 1) for all species. 

Relative to the control (HL+[aCO2]), gs increased more in NADP-ME (+100%) and C3 

(+82%) relative to NAD-ME (+54%) and PCK (+40%) under HL+[gCO2]. LL+[aCO2] 

reduced gs more in C4 (-62%) than in C3 (-15%) grasses. LL+[gCO2]  decreased gs in C4 

grasses, while C3 gs was similar to the control (Figure 2. 1B, Table 2. 3). 

Leaf-level water use efficiency (iWUE) were generally higher in C4 than C3 grasses (Type: 

p=0.0001, Table 2. 1). Relative to the control, [gCO2]  reduced iWUE (p=0.0003) in C3 (-

70%) more than in C4 (-50%) grasses. Conversely, LL reduced iWUE in C3 grasses only 

(Figure 2. 1C, Table 2. 1 and Table 2. 3). Overall, Ci followed the same response pattern 

as iWUE (Table 2. 1 and Table 2. 3). 

To estimate photosynthetic acclimation and maximal stomatal conductance (gs_sat), all plants 

were measured under saturating light (2,000 µmol m-2 s-1) and low [CO2] (180 µl l-1). 

Overall, light-saturated and [CO2]-limited photosynthesis rates (Asat) were higher in C4 

compared to C3 grasses (Type: p=0.0392; Table 2. 1 and Table 2. 3). The two Chloridoideae 

species L. fusca and C. gayana had higher Asat relative to the other six species. The responses 

of Asat and gs_sat to LL and gCO2 were mostly species-specific and independent of the 

biochemical subtype. Relative to the control, LL downregulated Asat of S. laxa (C3), P. 
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miliaceum (NAD-ME), S. italica (NADP-ME) and M. maximus (PCK). Glacial [CO2] 

upregulated Asat of five out of the eight grasses under HL. LL+[gCO2] reduced Asat in all 

species except P. bisulcatum (C3) and C. gayana (PCK) (Table 2. 1 and Table 2. 3). Glacial 

[CO2] increased gs_sat of the two C3 species (P. bisulcatum and S. laxa) and reduced it in C. 

gayana (PCK). Low light reduced gs_sat in P. miliaceum (NAD-ME) and M. maximus (PCK), 

while LL+gCO2 reduced gs_sat in L. fusca (NAD-ME) and the two NADP-ME (P. antidotale 

and S. italica) species (Table 2. 3). 

 

2.3.2 Low light reduced stomatal aperture and density while glacial [CO2] elicited 

a trade-off between SA and SS 

The stomatal complex of all the eight grass species was characterized as paracytic 

(composed of two lateral subsidiary cells (SC), non-oblique (SC parallel to the guard cells), 

and amphistomatous (stomata are present on both sides of the leaf) (Figure S2. 2) following 

the morphological definition of Rudall et al., (2017).  

Overall, stomatal aperture (SA) was bigger at gCO2 and smaller under LL (Figure 2. 2A, 

Table 2. 1; CO2: p=0.0004,Light: p=0.0122). Stomatal size (SS) decreased at [gCO2], but 

not affected by LL (Figure 2. 2A, Table 2. 1; [CO2]: p=0.0290, Light: p=0.1646) except for 

PCK species ([CO2] × Light × Type: p=0.0174; Table 2. 1 and Table 2. 4). Under LL, 

stomatal index (SI) and stomatal density (SD), marginally decreased (Figure 2. 2E and 

Figure 2. 2C; Table 2. 1; p=0.0368, p=0.0316,) while the density of open stomata (OD) 

was greatly reduced (Figure 2. 2D; Table 2. 1; p=0.0185). Glacial [CO2] did not affect SI 

and SD (p=0.2515, p=0.2852, Table 2. 1); but marginally increased OD (p=0.0516, Table 

2. 1). Subsequently, the effects of low light were greater than [gCO2] in reducing the ratio 

of stomatal cells to non-stomatal cells (SI, [CO2] × Light: p=0.0271, Table 2. 1). 

Irrespective of growth conditions, OD was lowest in NAD-ME and highest among C3 (Type: 

p=0.0062, Table 2. 1 and Table 2. 4), indicating an evolutionary divergence underlying 

higher iWUE in C4.  

Stomatal traits varied with species independent of subtype (Table 2. 1 and Table 2. 4; 

Figure 2. 2). Across growth treatments, SA and SS were biggest in P. bisulcatum (C3) and 

smallest in C. gayana (PCK) compared to the other species. SD was highest in C. gayana; 
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SI was highest in P. antidotale (NADP-ME), while OD was highest in C. gayana and 

smallest in P. antidotale (Table 2. 1 and Table 2. 4). 

Overall, stomatal aperture increased linearly with stomatal size (r2=0.340, p<0.01, Table 2. 

2) and the linear response were stronger when compared at respective growth conditions 

(Figure 2. 3; control: r2=0.77, p=0.0036; HL+[gCO2]: r2=0.62, p=0.02; LL+[aCO2]: 

r2=0.88, p=0.0006; LL+[gCO2]: r
2=0.72, p=0.0081). SD linearly decreased as stomatal size 

increased (r2=0.307, p<0.01; Figure 2. 3) and SD linearly increased with OD (r2=0.496, 

p<0.01; Table 2. 2), while SI showed negative correlation with SS only (r2=0.131; p<0.05; 

Table 2. 2). Leaf iWUE was strongly negatively correlated with SA at LL and/or [gCO2] 

(Figure 2. 4).  

 

2.3.4 Estimating maximum gs using morphological parameters 

Based on stomatal morphology parameters, gs_amax increased at [gCO2] in five out of the 

eight species (p=0.0326; Table 2. 1 and Table 2. 4). It was also positively and weakly 

correlated to gs (r
2=0.174; p<0.05; Table 2. 2), SD (r2=0.291; p<0.01; Table 2. 2), and OD 

(r2=0.333; p<0.01; Table 2. 2). Species-wise, S. italica (NADP-ME) and C. gayana (PCK) 

had highest gs_amax across all growth conditions (Table 2. 4). 
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2.4 DISCUSSION 

The overall goal of this research was to better understand stomatal control of iWUE in order 

to develop future cereal crops with improved WUE as well as better heat and drought 

tolerance, with the specific objective to compare the stomatal responses of C3 and C4 grasses 

to short-term and long-term manipulations in [CO2] and light. Our results reveal new insight 

into the comparative physiology and differential regulation of C3 and C4 grass stomata by 

[CO2] and light.  

 

2.4.1 Grass stomatal conductance and environmental response acclimate through 

changes on stomatal aperture rather than stomatal density 

Stomata are microscopic structures of leaves and stems formed by two specialised guard 

cells that control the exchange of [CO2] and water vapour. Stomatal size (SS) and density 

(SD) are the anatomical determinants of maximum stomatal conductance of CO2 (gs_amax) to 

sites of assimilation (Franks & Beerling, 2009). In the fossil record, atmospheric [CO2] 

concentration was several times higher than current ambient [CO2] when vascular plants 

first appeared, but subsequent periods of falling [CO2] challenged plants with diminished 

[CO2] availability. Selection for higher gs_amax among angiosperms under lower atmospheric 

CO2 during the Cretaceous is characterised by smaller SS and higher SD (Franks & Beerling, 

2009). It has been shown that grass stomata acclimate to low [CO2] and to some extent, low 

light by changes in stomatal opening and frequency (Maherali et al., 2002). However, our 

data clearly showed that grass stomatal conductance correlates best with SA (r2=0.472; 

p<0.01; Table 2. 2) while SD (p > 0.05; Table 2. 2)  is generally not affected by [gCO2], 

and could not predict gs (Table 2. 2, Figure 2. 5). Only when we accounted for the frequency 

of open stomata, OD, a good relationship was obtained between OD and gs (r2=0.473; 

p<0.01; Table 2. 2). Hence, I concluded that SA, and not SD, predict gs in C3 and C4 grasses 

alike. Although a global inverse relationship exists between SD and atmospheric [CO2] 

concentration (Woodward, 1987; Woodward & Kelly, 1995; Franks & Beerling, 2009; 

Gerald et al., 2016), it appears to be not universal (Gerald et al., 2016) in grasses as 

demonstrated in this study and by Maherali et al., (2002) who reported no correlation 

between SD and gs in C3 and C4 grasses grown at sub-ambient or [eCO2].  
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Stomatal size and density are the anatomical determinants of maximal anatomical stomatal 

conductance (gs_amax) (Franks & Beerling, 2009). In this study, gs strongly correlated with 

SA (r2=0.472; p<0.01; Table 2. 2) and gs_amax (r
2=0.174; p<0.05; Table 2. 2) but not SD 

(Table 2. 2, Figure 2. 5); and gs was a relatively constant fraction of gs_amax across species 

and treatments (Table 2. 3 and Table 2. 4). These patterns appear widespread as they are in 

line with work using Arabidopsis SD mutants demonstrating that operational stomatal 

conductance can be estimated as a function of gs_amax, independently of SD (Dow et al., 

2014a,b). Accordingly, Dow et al., (2014a), concluded that the short‐term gs response to 

[CO2] is a pore‐specific property and that the CO2 sensing mechanism is driven by guard 

cell activities that result in stomatal aperture modulation. This study showed that the same 

applies across different C3 and C4 grass species, demonstrating the universality of these 

stomatal responses to [CO2] but not light as discussed below. 

This study also provides new evidence of stomatal morphological acclimation (SS and SA) 

of C3 grasses and different C4 subtypes to [gCO2] over a shorter time frame compared to 

previous reports (Maherali et al., 2002). Smaller SS is a well-characterized strategy to speed 

up solute flux in and out of guard cells by increasing the surface area to volume ratio (Chen 

et al., 2012), and shown to occur in several species (Tanaka et al., 2013; Lawson & Blatt, 

2014; Papanatsiou et al., 2017). The advantage of grass stomata architecture enables small 

changes in guard cell width to translate into larger changes in SA (Hetherington & 

Woodward, 2003; Franks & Farquhar, 2007). This strategy enables grass stomata to respond 

rapidly to [gCO2]. In line with the effects of [gCO2,] LL reduced gs mainly through smaller 

SA rather than SD or SI (Figure 2. 2). In addition, there was a general negative relationship 

between stomatal size and density (Figure 2. 5). This negative linear relationship is well 

exemplified in the two PCK species which tended to have smaller SS and higher SD relative 

to the other C4 grasses (Figure 2. 2). Yet this indicated no bearing on stomatal conductance 

as all C4 grasses tended to have similar gs.  

 

2.4.2 Acclimation of steady-state stomatal conductance at uniform conditions is 

species-specific 

In addition to gs at growth conditions, maximal stomatal conductance at common gas 

exchange conditions (2,000 µmol m-2 s-1 light and 180 µl l-1 [CO2]) or using stomatal 
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morphological traits was measured to monitor acclimation to growth conditions. Only 

[gCO2] led to acclimations of gs_sat and gs_amax, while LL had little effect. Nevertheless, the 

two stomatal estimates (gs_sat and gs_amax) did not correlate, possibly because gas exchange 

conditions were not sufficient to induce maximal stomatal opening. Earlier studies by 

Maherali et al., (2002) showed that stomatal acclimation of C3 and C4 grasses were grown 

at sub-ambient or elevated [CO2] did not vary according to photosynthetic type. Previous 

studies have also demonstrated that stomatal responses are species-specific not only among 

grasses but also among dicotyledonous herbs (Merilo et al., 2014) and temperate deciduous 

trees (Aasamaa & Sõber, 2011; Aasamaa & Aphalo, 2016).  Within monocots, there is some 

diversity in stomatal morphology (Rudall et al., 2017). Members of the subfamilies Araceae, 

Petrosaviceae, Dioscoreacea; family Liliales and Asparagales possess anomocytic stomata 

(no subsidiary cells) while most members of the Poales where our species belong consist of 

the typical paracytic stomata (Rudall et al., 2017).  

 

2.4.3 C3 and C4 stomata show greater sensitivity to [gCO2] and LL, respectively 

while C4 grasses maintain greater iWUE under all conditions 

iWUE was compromised by both [gCO2] and LL to a greater extent in C3 relative to C4 

grasses. In both cases, this was related to the higher efficiency of C4 photosynthesis as a 

result of the CCM even under sub-optimal conditions (Vogan & Sage, 2012; Pinto et al., 

2014; Taylor et al., 2018; Watson-Lazowski et al., 2019).  

Apart from smaller and faster stomata in the PCK species, the C4 subtypes generally had 

similar stomatal traits and responses, with the exception of a greater stomatal sensitivity to 

[gCO2] exhibited by NADP-ME (on par with C3) relative to other C4 grasses (Figure 2. 2B; 

Table 2. 4). Previous studies using a broader set of species also showed that NADP-ME 

grasses have a greater stomatal sensitivity to low [CO2] relative to species of the other two 

subtypes (Pinto et al., 2014, 2016). In addition, Liu and Osborne, (2015) found that the 

Chloridoideae (NAD-ME and PCK subtypes) generally have smaller and denser stomata 

than Panicoideae (all subtypes, with NADP-ME predominance) grasses. More recently, 

Watson-Lazowski et al., (2019) showed that βCA1 transcript, a gene implicated to play a 

role in stomatal aperture control, was downregulated in NAD-ME subtype relative to 

NADP-ME and PCK.  These differences in stomatal traits and sensitivity align with well-
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known physiological and ecological differences between the highly productive NADP-

ME/Pancoideae grasses and the arid-distributed NAD-ME/Chloridoideae (Hattersley, 1982; 

Liu & Osborne, 2015). Due to these ecological differences, it was suggested that stomata of 

NAD-ME and PCK species do not open as wide as NADP-ME species in response to [gCO2] 

to avoid hydraulic failure or retain water against drought, which are more lethal survival 

factors than reduced photosynthesis under environmental stresses (Aasamaa & Sõber, 2011). 

In addition to the few subtype effects, there were a number of interesting C3 versus C4 

differences in stomatal traits. Firstly, C3 grasses generally had higher gs, SA and SS; and 

lower WUEi relative to C4 grasses, while SD, SI and gs_amax showed no particular trend 

confirming what was previously reported in a small subset of species possessing dumbbell-

shaped stomata (Maherali et al., 2002; Malone et al., 2016). Secondly, the results contrast 

with a previous study by  Morison & Gifford, (1983) which found no differences between 

C4 (Z. mays and P. plicatum) and C3 (O. sativa and P. aquatica) in stomatal sensitivity to 

short-term changes in CO2. This lack of difference may be due to the fact that comparisons 

were made only in cabinet grown grasses at ambient [CO2] and ambient light conditions 

(630 µmol quanta m-2 s-1) in contrast to the glacial [CO2] and low light conditions used in 

this study. Similarly, Vogan & Sage (2012) found no differences in stomatal responses to Ci 

among closely related C3, C3-C4, and C4 Eudicot species (Flaveria, Heliotropium and 

Alternanthera) after acclimation to low [CO2]. The discrepancy with our results may be due 

to the difference in stomatal morphology between Eudicot and grass species, where grasses 

have dumbbell-shaped stomata with subsidiary cells for fast opening and closure (Chen et 

al., 2017; Raissig et al., 2017). Acclimation studies of stomatal traits to LL, specifically 

among grasses, are rather scarce. Our data are in line with previous studies which showed 

that shade reduced gs of C4 grasses (Sonawane et al., 2018), and reduced SD and SI but not 

SS among species with dumbbell-shaped stomata (Carins Murphy et al., 2016; Aasamaa & 

Aphalo, 2016; Gerardin et al., 2018). 
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2.5 CONCLUSION 

The morphological and physiological responses of stomata among closely related C3 and C4 

grasses to [gCO2] and LL were examined to help elucidate current understanding and seek 

new morphological and physiological traits that control leaf iWUE. I have shown that higher 

iWUE during [gCO2] and LL conditions among C4 grasses relative to C3 is largely dependent 

on stomatal aperture. Variations in gas exchange traits were present at the photosynthetic 

type and C4 subtype level, but this did not apply to stomatal morphology. These results 

suggest other mechanisms could explain the variations in iWUE among subtypes (e.g. leaf 

hydraulic conductance). Overall, regardless of the photosynthetic type and C4 biochemical 

subtype, growth at [gCO2] conferred larger SA, smaller SS, elevated gs, and consequently 

reduced iWUE. Conversely, acclimation to low light includes lower operational gs, smaller 

SA, and decrease in SD and SI. Finally, Chapter 2 highlighted that iWUE is dependent on 

the dynamic trait, stomatal aperture, to growth at glacial [CO2] and low light and recommend 

to explore traits that confer faster stomatal aperture control. 
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Table 2. 1 Statistical analysis summary of the main effects and interactions of [CO2], light, species, and type/subtype for leaf gas exchange 

and stomatal morphology parameters among eight grass species acclimated at glacial [CO2] and low light.  

Species was used as a random effect while the functional type was utilised as the fixed effect. Bold numbers indicate significant effect at α=0.05.  

Parameters 

Main Effects (p) Interactions (p) 

[CO
2] Light Type Species 

[CO2] × 

Light 

[CO2] × 

Type 

Light × 

Type 

[CO2] × Light × 

Type 

Gas exchange 

[CO2] assimilation rate,  

Anet (µmol [CO2] m
-2

 s
-1

) 
0.0053 0.0000 0.0094 0.0000 0.0737 0.9341 0.0068 0.9579 

Stomatal conductance, 

gs (mol H2O m
-2

 s
-1

) 
0.0010 0.0000 0.0017 0.0021 0.0150 0.3394 0.0753 0.3124 

Leaf WUE (Anet/gs),  

iWUE (μmol  [CO2] (mol H2O)
–1

) 
0.0003 0.7736 0.0001 0.0152 0.7377 0.1668 0.1293 0.3817 

Intercellular [CO2],  

Ci (µmol mol
-1

) 
0.0004 0.0387 0.0050 0.0000 0.0910 0.7091 0.8211 0.6508 

Light-saturated assimilation rate, 

Asat (µmol [CO2] m
-2

 s
-1

) 
0.6187 0.0540 0.0392 0.0000 0.2764 0.8547 0.6741 0.5941 

Light-saturated maximum 

conductance, gs_sat (mol H2O m
-2

 s
-1

) 
0.3722 0.0229 0.2899 0.0000 0.8880 0.3504 0.0527 0.1935 

Stomatal morphology 

Stomatal aperture, SA (µm
2
) 0.0004 0.0122 0.1714 0.0000 0.0512 0.3253 0.1441 0.3183 

Stomatal size, SS (µm
2
) 0.0290 0.1646 0.3696 0.0000 0.4172 0.1159 0.1275 0.0174 

Stomatal index, SI (%) 0.2515 0.0368 0.1166 0.0000 0.0271 0.6352 0.7032 0.0796 

Stomatal density, SD (mm
-2

) 0.2852 0.0316 0.5337 0.0000 0.5648 0.4558 0.1830 0.3857 

Density of open stomata,  

OD (µm
-2

) 
0.0516 0.0185 0.0062 0.0000 0.7977 0.9144 0.5205 0.3672 

Maximum anatomical conductance,  

gs_amax (mol H2O m
-2

 s
-1

) 
0.0326 0.1596 0.8925 0.0000 0.1662 0.5979 0.4648 0.3769 
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Table 2. 2 Correlation matrices between measured stomatal traits for eight grasses acclimated to glacial [CO2] and low light.  

Linear regression direction is indicated in the parenthesis. Values represent r2 between two parameters. Significance codes are as follows: 

*significant at p<0.05; **significant at p<0.01; nsnot significant (p>0.05).  

 gs
 iWUE Ci

 Asat
 gs_sat

 SA SS SI SD OD gs_amax
 

Anet
 ns 0.179* ns 0.387** 0.291** ns ns ns ns ns ns 

gs
  (-) 0.398** ns ns ns 0.472** ns ns ns 0.473** 0.174* 

iWUE   ns 0.321** ns (-) 0.472** ns ns ns (-) 0.213** ns 

Ci
    (-) 0.394* ns ns ns ns ns ns ns 

Asat
     0.398** (-) 0.175* (-) 0.144* ns ns ns ns 

gs_sat
      ns ns ns ns ns ns 

SA       0.340** ns ns ns ns 

SS        (-) 0.131* (-) 0.307** ns ns 

SI         ns ns ns 

SD          0.496** 0.291** 

OD           0.333** 

gs_amax
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Table 2. 3 Gas exchange parameters for eight grass species acclimated to glacial [CO2] and low light.  

Values are means ± SE (n=3-5). Lower case letters in bold indicate the ranking of species within treatments. Numbers in superscript indicate the 

ranking of treatments within species. Tukey's HSD post hoc at 5% level was employed. Values with the same letter (or number) are not significantly 

different at α=0.05. 

Parameter   Treatment 
  C3 

 NAD-ME  NADP-ME  PCK 

  P. bisulcatum S. laxa   P. miliaceum L. fusca   P. antidotale S. italica   M. maximus C. gayana 

 Anet  

(µmol m
-2

 s
-1

) 

  High Light Ambient [CO2]   17.58 ± 0.55 d
1
 19.79 ± 0.64 d

1
   33.63 ± 0.51 b

1
 32.14 ± 0.34 bc

1
   31.94 ± 0.74 bc

1
 30.64 ± 0.51 c

1
   30.65 ± 0.59 c

1
 37.64 ± 1.28 a

1
 

  High Light Glacial [CO2]   9.10 ± 0.30 d
2
 11.58 ± 0.80 d

2
   22.91 ± 0.58 c

2
 29.24 ± 0.34 a

2
   20.96 ± 0.57 c

2
 27.95 ± 0.37 ab

2
   27.41 ± 1.11 ab

2
 26.52 ± 1.09 b

2
 

  Low Light Ambient [CO2]   10.63 ± 0.29 b
2
 9.48 ± 0.57 b

2
   10.71 ± 0.33 b

3
 14.70 ± 0.61 a

3
   11.75 ± 0.68 b

3
 9.48 ± 0.52 b

3
   11.13 ± 0.28 b

3
 17.27 ± 1.07 a

3
 

  Low Light Glacial [CO2]   5.84 ± 0.14 d
3
 5.87 ± 0.23 d

3
   10.07 ± 0.24 bc

3
 8.61 ± 0.36 c

4
   8.53 ± 0.11 c

4
 8.95 ± 0.31 c

3
   12.11 ± 0.33 ab

3
 14.43 ± 0.10 a

4
 

gs  

(mol m
-2

 s
-1

) 

  High Light Ambient [CO2]   0.34 ± 0.01 a
2
 0.35 ± 0.02 a

2
   0.31 ± 0.01 a

2
 0.34 ± 0.01 a

2
   0.25 ± 0.01 b

2
 0.25 ± 0.01 b

2
   0.25 ± 0.00 b

2
 0.33 ± 0.01 a

2
 

  High Light Glacial [CO2]    0.60 ± 0.03 ab
1
 0.66 ± 0.02 a

1
   0.45 ± 0.02 de

1
 0.54 ± 0.02 c

1
   0.57 ± 0.02 bc

1
 0.46 ± 0.01 d

1
   0.42 ± 0.02 de

1
 0.40 ± 0.01 e

1
 

  Low Light Ambient [CO2]    0.27 ± 0.01 b
3
 0.34 ± 0.01 a

2
   0.10 ± 0.02 cd

4
 0.15 ± 0.01 c

3
   0.11 ± 0.00 cd

3
 0.08 ± 0.01 d

4
   0.09 ± 0.00 cd

3
 0.14 ± 0.02 cd

3
 

  Low Light Glacial [CO2]    0.36 ± 0.01 a
2
 0.34 ± 0.02 a

2
   0.20 ± 0.01 bc

3
 0.15 ± 0.01 c

3
   0.15 ± 0.01 c

3
  0.17 ± 0.01 bc

3
   0.23 ± 0.01 b

2
 0.18 ± 0.01 bc

3
 

iWUE  
[μmol [CO

2
] 

(mol H
2
O)

–1
] 

  High Light Ambient [CO2]    54.82 ± 1.78d
1
 58.94 ± 1.33d

1
   107.12 ± 1.72bc

1
 94.33 ± 2.55c

2
   126.08 ± 1.95a

1
 119.56 ± 6.23ab

1
   122.10 ± 1.50a

1
 102.44 ± 3.52c

1
 

  High Light Glacial [CO2]    15.20 ± 0.49d
3
 18.95 ± 1.00d

3
   50.86 ± 8.06bc

2
 54.69 ± 1.54b

3
   35.57 ± 0.72bc

4
 60.27 ± 1.47c

2
   65.02 ± 1.14bc

2
 65.65 ± 3.27a

3
 

  Low Light Ambient [CO2]    40.23 ± 2.22d
2
 31.59 ± 0.94d

2
   115.02 ± 8.06bc

1
 120.26 ± 3.96ab

1
   103.64 ± 6.75c

2
 119.76 ± 11.17ab

1
   133.42 ± 3.82a

1
 113.96 ± 9.04bc

1
 

  Low Light Glacial [CO2]    16.04 ± 0.42d
3
 17.51 ± 0.77d

3
   50.17 ± 1.83bc

2
 63.68 ± 2.02b

3
   56.40 ± 1.72bc

3
 49.18 ± 0.82c

2
   57.10 ± 1.82bc

2
 79.81 ± 4.84a

2
 

 Ci  

(µmol mol
-1

) 

  High Light Ambient [CO2]    266.99 ± 2.37 a
2
 263.90 ± 1.25 a

2
   129.26 ± 2.14 d

2
 204.31 ± 4.84 b

1
   140.98 ± 5.37 d

2
 174.39 ± 12.85 c

2
   127.58 ± 3.29 d

2
 196.28 ± 6.17 bc

2
 

  High Light Glacial [CO2]    136.33 ± 0.95 a
3
 124.10 ± 1.38 a

3
   43.67 ± 0.46 c

4
 54.12 ± 2.45 c

3
   85.77 ± 0.96 b

3
 40.50 ± 2.56 c

4
   55.56 ± 0.35 c

3
 51.34 ± 5.23 c

3
 

  Low Light Ambient [CO2]    304.86 ± 3.75 a
1
 327.10 ± 2.35 a

1
   221.23 ± 17.18 c

1
 183.48 ± 5.36 d

2
   201.74 ± 10.48 cd

1
 247.65 ± 15.23 b

1
   151.59 ± 5.93 e

1
 219.45 ± 11.72 c

1
 

  Low Light Glacial [CO2]   140.46 ± 0.94 a
3
 140.06 ± 1.31 a

3
   84.18 ± 4.67 b

3
 66.53 ± 3.10 bc

3
   66.23 ± 2.76 bc

3
 82.91 ± 1.62 b

3
   57.00 ± 3.06 c

3
 47.50 ± 1.05 c

3
 

 Asat  

(µmol m
-2

 s
-1

) 

  High Light Ambient [CO2]    8.74 ± 0.46 d
ns

 10.47 ± 0.25 d
2
   25.63 ± 1.01 c

1
 33.79 ± 0.22 a

2
   25.97 ± 0.98 c

1
 30.60 ± 0.23 b

1
   24.54 ± 0.31 c

2
 34.85 ± 0.76 a

2
 

  High Light Glacial [CO2]    9.05 ± 0.37 e
ns

 13.24 ± 0.13 d
1
   25.93 ± 1.53 c

1
 37.08 ± 0.77 a

1
   23.03 ± 0.15 c

2
 31.92 ± 0.55 b

1
   31.01 ± 0.61 b

1
 28.29 ± 1.52 b

3
 

  Low Light Ambient [CO2]    7.71 ± 0.18 e
ns

 8.39 ± 0.08 e
2
   22.19 ± 0.30 c

2
 34.13 ± 1.01 b

2
   21.20 ± 0.09 cd

2
 21.57 ± 0.35 c

2
   18.31 ± 0.67 d

4
 39.53 ± 0.34 a

1
 

  Low Light Glacial [CO2]   8.74 ± 0.30 c
ns

 8.52 ± 0.46 c
2
   22.42 ± 0.44 b

2
 22.05 ± 0.20 b

3
   21.54 ± 0.28 b

2
 20.36 ± 0.48 b

2
   22.00 ± 0.66 b

3
 32.94 ± 0.49 a

2
 

gs_sat  

(mol m
-2

 s
-1

) 

  High Light Ambient [CO2]   0.49 ± 0.03 d
2
 0.51 ± 0.02 d

1,2
   0.76 ± 0.07 abc

1
 0.92 ± 0.04 a

1
   0.82 ± 0.04 ab

1
 0.71 ± 0.05 bc

1
   0.59 ± 0.01 cd

1,2
 0.91 ± 0.03 a

1
 

  High Light Glacial [CO2]   0.69 ± 0.01 ab
1
 0.65 ± 0.03 ab

1
   0.68 ± 0.07 ab

1
 0.81 ± 0.04 a

1,2
   0.76 ± 0.02 a

1
 0.67 ± 0.02 ab

1
   0.57 ± 0.03 b

1,2
 0.54 ± 0.03 b

2
 

  Low Light Ambient [CO2]    0.42 ± 0.03 d
2
 0.55 ± 0.02 bcd

1,2
 0.43 ± 0.03 d

2
 0.73 ± 0.03 ab

2
   0.71 ± 0.04 abc

1
 0.62 ± 0.07 bc

1
   0.53 ± 0.06 cd

2
 0.87 ± 0.01 a

1
 

  Low Light Glacial [CO2]    0.55 ± 0.04 bc
1,2

 0.49 ± 0.03 cd
2
   0.71 ± 0.05 b

1
 0.48 ± 0.06 cd

3
   0.33 ± 0.01 d

2
 0.40 ± 0.01 cd

2
   0.71 ± 0.03 b

1
 0.90 ± 0.09 a

1
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Table 2. 4 Summary of stomatal traits for eight grass species acclimated to glacial [CO2] and low light.  

Values are means ± SE (n=3-5). Lower case letters in bold indicate the ranking of species within treatments. Numbers in superscript indicate the 

ranking of treatments within species. Tukey's HSD post hoc at 5% level was employed. Values with the same letter (or number) are not significantly 

different at α=0.05. 

Parameter 
  
Treatment 

  C3   NAD-ME   NADP-ME   PCK 

  P. bisulcatum S. laxa 
 

P. miliaceum L. fusca 
 

P. antidotale S. italica 
 

M. maximus C. gayana 

SA 

 (µm
2
) 

  High Light Ambient [CO2]    51.96 ± 1.28 a
2
 28.97 ± 1.13 c

3
   42.89 ± 0.86 b

2
 30.20 ± 2.46 c

2
   32.30 ± 1.62 c

2
 25.95 ± 1.73 c

2,3
   15.77 ± 0.92 d

2
 12.21 ± 0.18 d

2
 

  High Light Glacial [CO2]    84.31 ± 1.69 a
1
 45.89 ± 1.58 cd

1
   57.83 ± 4.38 b

1
 49.56 ± 2.44 bcd

1
   54.34 ± 2.14 bc

1
 42.46 ± 2.76 d

1
   28.06 ± 0.25 e

1
 19.21 ± 0.73 f

1,2
 

  Low Light Ambient [CO2]    42.15 ± 1.66 a
3
 28.17 ± 0.69 b

3
   24.80 ± 0.98 bc

3
 17.42 ± 0.83 cd

3
   27.61 ± 0.24 b

2
 20.47 ± 0.72 bc

2
   10.43 ± 0.11 d

1
 17.15 ± 0.68 cd

2
 

  Low Light Glacial [CO2]   57.63 ± 3.44 a
2
 38.13 ± 1.77 b

2
   40.34 ± 0.52 b

2
 21.16 ± 0.98 d

3
   33.42 ± 0.84 bc

2
 29.36 ± 1.53 cd

2
   26.11 ± 1.01 cd

2
 25.66 ± 0.31 cd

1
 

SS  

(µm
2
) 

  High Light Ambient [CO2]    834.56 ± 11.55 b
2
 520.46 ± 42.21 e

1
   1026.06 ± 12.8 a

1
 609.25 ± 15.83 d

1
   713.10 ± 16.07 c

1
 565.88 ± 4.99 de

1
   344.75 ± 12.85 f

1
 254.43 ± 9.56 g

3
 

  High Light Glacial [CO2]    655.92 ± 20.57 b
3
 469.76 ± 16.46 cd

1
   811.39 ± 28.25 a

2
 407.20 ± 6.67 d

2
   497.81 ± 5.69 c

3
 503.92 ± 17.35 c

1
   309.82 ± 5.20 e

1
 308.50 ± 2.50 e

2,3
 

  Low Light Ambient [CO2]    927.47 ± 24.66 a
1
 527.36 ± 13.50 b

1
   603.15 ± 12.83 b

3
 367.44 ± 8.04 c

2
   614.29 ± 25.3 b

2
 387.80 ± 6.77 c

2
   328.99 ± 5.59 c

1
 358.75 ± 2.81 c

1,2
 

  Low Light Glacial [CO2]    693.43 ± 43.42 a
3
 395.08 ± 10.41 bc

2
   635.25 ± 14.98 a

3
 375.92 ± 4.54 bc

2
   636.14 ± 2.83 a

1,2
 415.89 ± 9.02 b

2
   328.08 ± 3.65 c

1
 386.36 ± 2.06 bc

1
 

SD  

(mm
-2

) 

  High Light Ambient [CO2]    121.91 ± 3.01 b
2
 133.09 ± 10.91 b

1
   69.26 ± 1.97 c

1
 123.90 ± 1.94 b

2
   67.49 ± 2.13 c

1
 140.08 ± 3.79 b

1
   133.77 ± 8.41 b

2
 211.45 ± 22.15 a

1
 

  High Light Glacial [CO2]    153.11 ± 5.33 b
1
 133.56 ± 3.81 b

1
   83.52 ± 4.41 c

1
 154.26 ± 6.41 b

1
   75.14 ± 1.44 c

1
 141.82 ± 5.37 b

1
   163.23 ± 3.24 ab

1
 185.81 ± 7.40 a

1,2
 

  Low Light Ambient [CO2]    105.69 ± 2.47 b
2
 110.26 ± 2.71 b

1
   84.41 ± 1.98 bc

1
 96.63 ± 1.04 bc

3
   64.46 ± 0.73 c

1
 149.00 ± 2.67 a

1
   105.79 ± 4.82 b

3
 166.54 ± 7.89 a

2,3
 

  Low Light Glacial [CO2]    130.23 ± 9.23 ab
1,2

 124.07 ± 2.85 abc
1
   80.09 ± 3.34 d

1
 100.57 ± 0.48 bcd

2,3
   84.75 ± 0.59 d

1
 150.18 ± 11.37 a

1
   98.26 ± 3.36 cd

3
 146.01 ± 6.77 a

3
 

SI  

(%) 

  High Light Ambient [CO2]    18.91 ± 0.61 d
2
 24.59 ± 0.58 bc

1
   19.88 ± 0.81 d

1
 21.81 ± 0.60 cd

1
   29.38 ± 0.57 a

1
 25.92 ± 0.36 b

1
   20.81 ± 1.16 d

1,2
 18.77 ± 0.94 d

1
 

  High Light Glacial [CO2]    23.32 ± 0.34 bc
1
 25.62 ± 0.61 b

1
   20.10 ± 0.80 c

1
 22.80 ± 0.69 bc

1
   29.58 ± 1.39 a

1
 24.99 ± 0.66 b

1,2
   23.04 ± 0.55 bc

1
 20.89 ± 0.64 bc

1
 

  Low Light Ambient [CO2]    18.29 ± 0.29 c
2
 22.84 ± 0.38 b

1,2
   19.85 ± 0.20 bc

1
 16.62 ± 0.57 c

2
   28.56 ± 1.51 a

1
 23.16 ± 0.58 b

1,2
   18.30 ± 0.94 c

2
 20.00 ± 0.49 cd

1
 

  Low Light Glacial [CO2]    18.92 ± 0.85 cd
2
 21.51 ± 0.56 bc

2
   17.55 ± 0.94 d

1
 16.99 ± 0.60 d

2
   30.68 ± 0.56 a

1
 22.58 ± 1.04 b

2
   19.37 ± 0.49 bcd

2
 19.78 ± 0.30 bcd

1
 

OD  

(mm
-2

) 

  High Light Ambient [CO2]    98.94 ± 3.38 a
2
 114.21 ± 9.87 a

1,2
   63.73 ± 1.91 b

1,2
 62.58 ± 3.61 b

2
   50.31 ± 5.85 b

1,2
 101.83 ± 7.89 a

1
   95.76 ± 8.36 a

2
 99.08 ± 7.47 a

2
 

  High Light Glacial [CO2]    133.01 ± 4.25 ab
1
 119.24 ± 3.53 bc

1
   77.88 ± 4.87 d

1
 119.34 ± 5.31 bc

1
   70.72 ± 0.96 d

1
 109.82 ± 3.81 c

1
   153.82 ± 3.40 a

1
 126.16 ± 6.06 bc

1
 

  Low Light Ambient [CO2]    49.92 ± 3.21 b
3
 85.72 ± 4.82 a

3
   33.18 ± 2.94 b

3
 40.39 ± 3.78 b

3
   40.45 ± 0.91 b

2
 49.77 ± 1.75 b

2
   32.38 ± 1.43 b

4
 84.20 ± 2.97 a

2
 

  Low Light Glacial [CO2]    107.99 ± 7.88 a
2
 98.81 ± 3.36 ab

2,3
   54.44 ± 3.18 c

2
 57.99 ± 2.09 c

2,3
   57.99 ± 2.09 c

2
 97.47 ± 6.46 ab

1
   52.14 ± 4.56 c

3
 82.83 ± 4.48 b

2
 

gs_amax  

(mol m
-2

 s
-1

) 

  High Light Ambient [CO2]    1.60 ± 0.05 bc
2
 1.22 ± 0.07 cd

3
   1.36 ± 0.11 bcd

2
 1.64 ± 0.04 bc

2
   1.26 ± 0.01 cd

1
 2.13 ± 0.06 a

1
   1.10 ± 0.02 d

1
 1.76 ± 0.20 ab

2
 

  High Light Glacial [CO2]    1.98 ± 0.04 abc
1
 1.87 ± 0.08 cd

1,2
   2.05 ± 0.10 abc

1
 2.33 ± 0.11 ab

1
   1.39 ± 0.03 e

1
 2.37 ± 0.12 a

1
   1.43 ± 0.01 de

1
 1.91 ± 0.08 bc

2
 

  Low Light Ambient [CO2]    1.24 ± 0.03 bc
3
 1.68 ± 0.09 b

2
   1.23 ± 0.07 bc

2
 0.72 ± 0.04 de

3
   1.19 ± 0.01 cd

1
 1.60 ± 0.06 bc

2
   0.66 ± 0.04 e

2
 2.57 ± 0.12 a

1
 

  Low Light Glacial [CO2]    1.31 ± 0.07 c
2,3

 2.22 ± 0.24 a
1
   1.38 ± 0.08 bc

2
 0.78 ± 0.04 d

3
   1.25 ± 0.07 c

1
  2.30 ± 0.11 a

1
   1.06 ± 0.08 cd

1
 1.77 ± 0.15 b

2
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Figure 2. 1 Effects of glacial [CO2] and low light on gas exchange parameters of two C3 

and six C4 grasses (two of each subtype): 

(A) Net CO2 assimilation rate (Anet), (B) stomatal conductance (gs), and (C) Leaf intrinsic 

water-use efficiency (iWUE = Anet/gs) measured at growth conditions. Data represent means ± 

SE with species as replicate within each type/subtype. Means with the same letter are not 

significantly different at α=0.05 using Tukey’s HSD post hoc. 

 

 

(c) 
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Figure 2. 2 Acclimation of stomata traits to glacial [CO2] and low light in two C3 and six 

C4 grasses (two of each subtype)  

(A) stomatal aperture, (B) stomatal size, (C) stomatal density, (D) density of open stomata, (E) 

stomatal index. Data represent means ± SE of the species within each type/subtype consisting 

of 3-5 biological replicates with >300 stomata measured per species. Means with the same 

letter are not significantly different at α=0.05 using Tukey’s HSD post hoc. 
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Figure 2. 3 Acclimation responses of stomatal size and stomatal aperture to glacial [CO2] 

and low light among two C3 and six C4 grasses (two of each subtype).  

Dots represent the mean ± SE of 3-5 biological replicates consisting of >300 stomata in each 

species. Shaded regions represent the 95% confidence interval of the linear model in each 

growth conditions. Fitted linear model equations are: High Light-Ambient [CO2]: SA = 

0.0474 × SS + 1.1798; High Light-Glacial [CO2]: SA = 0.088 × SS + 4.1179; Low Light-

Ambient [CO2]: SA = 0.0456 × SS + 0.0887; Low Light-Glacial [CO2]: SA = 0.0622 × SS + 

3.9239. nsp>0.05; *p<0.05; **p<0.01; ***p<0.001. 
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Figure 2. 4 The relationship between iWUE and SA for eight grasses acclimated to glacial 

[CO2] and low light.  

Data are means ± SE of 3-5 biological replicates consisting of >150 stomata in each species. 

Shaded regions represent the 95% confidence interval of the linear model in each growth 

conditions. Fitted linear model equations are: High Light-Ambient [CO2]: iWUE = 129.36 – 

1.0384 × SA; High Light-Glacial [CO2]: iWUE = 82.464 – 0.769 × SA; Low Light-Ambient 

[CO2]: iWUE = 174.05 – 3.2651 × SA; Low Light-Glacial [CO2]: iWUE = 100.24 – 1.5158 × 

SA. nsp>0.05; *p<0.05; **p<0.01; ***p<0.001. 
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Figure 2. 5 Acclimation responses of stomatal and gas exchange traits to glacial [CO2] 

and low light among two C3 and six C4 grasses (two of each subtype).  

Dots represent the mean ± SE of 3-5 biological replicates consisting of >300 stomata in each 

species whilst colours denote growth conditions. Shaded regions represent the 95% confidence 

interval of the linear model in each growth conditions. Fitted linear models are as follows: (a) 

gs = 0.0067 × SA + 0.0742; (b) SA = 0.0485 × SS + 8.3318; (c) SD = 176.19 - 0.1041 × SS 

*p<0.05; **p<0.01; ***p<0.001.  
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Figure S2. 1 Measurements of stomatal morphology at 400× total magnification. 

The green line represents aperture length (AL) while the white line signifies aperture width 

(AW), which were the parameters used in estimating stomatal aperture (SA). Stomatal size 

(SS) was estimated using guard cell length (GCL) as the long axis of the ellipse (blue line) and 

the sum of guard cell width (GCW, red line) and subsidiary cell width (SCW, yellow) as the 

short axis.  
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Figure S2. 2 Representative leaf epidermal and stomatal structures for eight grass 

species grown under four treatment combinations.  

Control or HL+[aCO2]; HL+[gCO2]; LL+[aCO2]; and LL+[gCO2]. The species are P. 

bisulcatum and S. laxa (C3); P. antidotale and S. italica (C4-NADP-ME); P. miliaceum and 

L. fusca (C4-NAD-ME); and M. maximus and C. gayana (C4-PCK). White triangles indicate 

closed stomata. 
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Figure S2.2 cont’d… 
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Figure S2.2 cont’d… 
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Figure S2.2 cont’d… 
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CHAPTER 3 

 

FASTER STOMATAL OPENING HALF-TIMES IN 

GRASSES LINK TO SMALLER STOMATAL APERTURE 

AND LOWER GUARD CELL K+ INFLUX PROVIDING 

TARGETS FOR IMPROVING LEAF-LEVEL iWUE  
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ABSTRACT 

The rapidity of stomatal closure and opening in grasses is a result of the sophisticated 

stomatal geometry underpinning the superior functional response of grass stomata to 

fluctuating environmental conditions. However, it remains unclear whether the speed of 

stomatal responses of C3 and C4 grasses is influenced by two photosynthetic factors, [CO2] 

and light. This study builds on Chapter 2 and is geared towards examining the response of 

stomatal speed and K+ fluxes in guard cells of grasses acclimated to glacial [CO2] ([gCO2] 

= 180 µl l-1) and low light (LL = 200 µmol m-2 s-1).  I grew four species from the Panicoideae 

subfamily representing the C3 photosynthetic type and the three C4 biochemical subtypes. 

The rate of stomatal closure and opening was measured to estimate the effects of stomatal 

speed on the forgone photosynthesis and excess transpiration during light transitions. I also 

utilised Microelectrode Ion Flux Estimation (MIFE) to measure guard cell K+ fluxes. I found 

a species-specific response in opening and closing t1/2 among the closely related Panicoideae 

grasses with interesting trends. Stomata with faster opening t1/2 showed slower closing t1/2 

under control conditions. This relationship is reversed when the stomata were acclimated to 

[gCO2] or LL treatment. I also report, for the first time, that in dumbbell-shaped stomata, 

faster opening t1/2 forgo less photosynthesis and faster closing t1/2 results in lower water loss 

during light transitions. This study also reports that [gCO2] elicited higher guard cell K+ 

influx for stomatal opening in grass guard cells regardless of photosynthetic types while LL 

stimulated K+ influx only in guard cells of the C3 species. In summary, combined analyses 

of stomatal and gas exchange traits in this study reveal novel mechanistic links between SA, 

gs, iWUE, opening t1/2 and K+ influx, providing new knowledge for breeding crops with high 

iWUE. 

 

 

 

 

 

Keywords: closing and opening half-times, forgone photosynthesis, guard cell K+ flux, light 

transitions, water-use efficiency 
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3.1 INTRODUCTION 

The unique morphological geometry of grass stomata allows for faster shuttling of osmotica 

between the two stomatal cell types (guard cells [GC] and subsidiary cells [SC]), translating 

to faster closing and opening compared to other stomatal types (Franks & Farquhar, 2007; 

McAusland et al., 2016; Cai et al., 2017b; Chen et al., 2017). The uneven sizes of the two 

cell types (with GC being smaller than SC) and dumbbell-shaped GCs, results in lower water 

and solute exchange required for full stomatal opening and closure compared to kidney-

shaped stomata (Chen et al., 2017). When SCs become fully turgid, movement of GCs is 

fully impeded resulting in tighter stomatal closure (Franks & Farquhar, 2007) and eventually 

less water loss (Cai et al., 2017a; Chen et al., 2017). 

Recently, there is a surge of studies investigating the speed of stomatal opening and closure 

in response to light/shade transitions as a surrogate measure for stomatal efficiency. It was 

popularly termed as stomatal kinetics or stomatal dynamics (Lawson & Blatt, 2014; Elliott-

Kingston et al., 2016; Martins et al., 2016; Xiong et al., 2016, 2018; Papanatsiou et al., 

2017; Vialet-Chabrand et al., 2017a; Deans et al., 2018; Taylor et al., 2018). Measurements 

of stomatal kinetics involve monitoring how rates of stomatal conductance (gs) increase or 

decrease by adjusting light intensity within the measuring chamber of an infrared gas 

analyser. The dynamic response of stomatal conductance during light transitions is best 

described by a sigmoidal model (Vico et al., 2011). During stomatal opening, after 

illumination from transient or long-term low light (LL), gs response is divided into three 

steps: (1) an initial lag time; (2) an exponential increase in gs and; (3) a new steady-state 

plateau (Tausz et al., 2005; Vialet-Chabrand et al., 2013; McAusland et al., 2016). The 

rapidity of stomatal closure also follows a similar but inverse pattern. This was demonstrated 

by Elliott-Kingston et al., (2016) where they compared stomatal closing in species with 

different functional types across diverse taxa using the exponential decay function, which 

yielded a model fit of r2 > 0.91. The exponential growth and decay models generated a time 

constant (k) and were used to compare the rapidity of stomatal response. The time constant 

was utilised to allow for the comparison of species with different initial and final steady-

states that is independent of their gs amplitude, providing a more accurate interpretation of 

response times (McAusland et al., 2016; Deans et al., 2018; Gerardin et al., 2018). 

Similar to most of the plant lineages, grasses experience short and long-term light 

perturbations (Qu et al., 2017; Taylor & Long, 2017). During periods of low light, 
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photosynthesis (Anet) and transpiration rates (E) decline, however, under different rates 

(McAusland et al., 2016; Lawson & Vialet-Chabrand, 2018), with E being slower as a result 

of photosynthetic activity down-regulation and stomatal closure (Deans et al., 2018). Under 

stressful conditions, while leaves are not likely to gain more photosynthesis (Anet), slower 

stomatal closure tends to lose more water via transpiration, resulting in a lower instantaneous 

water-use efficiency (Knapp & Smith, 1987; Lawson et al., 2012; Deans et al., 2018). 

Conversely, stomata with faster responses during opening will forgo less [CO2] losses than 

slower opening stomata, reaching the new steady-state Anet uptake (McAusland et al., 2016; 

Vialet-Chabrand et al., 2017a; Deans et al., 2018; Lawson & Vialet-Chabrand, 2018). 

Hence, during conditions such as soil water deficit, high evaporative demand, and long 

periods of low light, faster stomatal movement is advantageous in optimising water-use 

efficiency, thus conserving soil water and decreasing hydraulic stress (Osborne & Sack, 

2012; Lawson & Blatt, 2014; McAusland et al., 2016; Deans et al., 2018; Taylor et al., 

2018). Therefore, the rates of stomatal closure or opening are valuable traits for optimised 

iWUE (Knapp & Smith, 1987; Lawson et al., 2012; Deans et al., 2018). 

Under natural conditions, Deans et al., (2018) showed that shade-adapted leaves among 

fifteen species of ferns, gymnosperms, and angiosperms possessed faster stomatal opening 

but slower stomatal closure. Comparing the three plant groups, Xiong et al., (2018) 

demonstrated that stomatal opening was faster in ferns and gymnosperms compared to 

angiosperms in dark-adapted leaves upon exposure to light, while the opposite was observed 

for the closing time in light-adapted leaves. In addition, Gerardin et al. (2018) showed that 

stomatal closure and opening were attenuated in shade-grown tobacco. Using the 

exponential model of Elliott-Kingston et al., (2016), the speed of stomatal closure and 

opening can be estimated. The exponential growth model has been derived to estimate the 

forgone photosynthesis (potential CO2 assimilation forgone due to non-photosynthetic 

induction during increase irradiance) and excessive transpiration (potential water loss due 

to slow closing stomata during periods of low irradiance) during light transitions. Deans et 

al., (2018) utilised a model that estimated the potential of water loss via excess transpiration 

during transient stomatal closure after a decrease in irradiance and the potential forgone CO2 

assimilation during stomatal opening after an increase in light intensity. The models were 

described as the time-integrated differences between two steady states of Anet and E, which 

showed that species with faster stomatal opening showed less forgone photosynthesis. They 
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also showed shade-adapted species which utilise these faster opening times had slower 

stomatal closure times (Deans et al., 2018). 

Acclimations of stomatal speed to growth at glacial [CO2] ([gCO2]) could provide important 

insights on the adaptations of C4 grass stomata to low [CO2] to increase the efficiency of 

photosynthesis for their evolution and diversification (Ehleringer et al., 1997; Sage, 2004; 

Christin et al., 2008). Most studies involving stomatal acclimation to glacial [CO2] had 

focused mostly on stomatal morphology and leaf biochemistry (Maherali et al., 2002; Vogan 

& Sage, 2012; Pinto et al., 2014). Studies by Merilo et al., (2014) and Morison & Gifford, 

(1983) focused on the effects of low [CO2] concentrations on stomatal responses but did not 

involve acclimations but rather short-term exposure to low-cuvette [CO2] concentrations. 

Only a few studies have focused on the effects of growth to glacial [CO2] on stomatal 

kinetics. Recently, Taylor et al., (2018) compared four C3 and four C4 grass species 

acclimated to glacial [200 µmol mol-1], ambient [400 µmol mol-1], and elevated [640 µmol 

mol-1] [CO2], and showed that C3 leaves decrease gs faster than C4 leaves. However, the 

comparisons included the amplitude of steady-state gs between the two photosynthetic types 

during the estimation of the rates of gs change from light to shade. The limitation of this 

comparison is that plant functional types tend to vary in steady-state gs; hence, plants with 

higher steady-state gs will likely to have higher response rates. Thus, the best way to compare 

the rapidity of the temporal response of gs to a step-change in light among species is by 

comparing their time constants (Vialet-Chabrand et al., 2013; McAusland et al., 2016; 

Deans et al., 2018).  

Aside from the dynamic movement of stomatal aperture, the involvement of potassium ions, 

the major cation that drives water uptake in guard cells of grasses acclimated to [gCO2] and 

low light, were also investigated. Cell-specific ion flux assays in guard cells were initially 

achieved by performing voltage-clamp assays in protoplast isolated cells (Chen et al., 

2012a). However, this method involves laborious steps such as cell wall digestion and the 

problems of protoplast stability under osmotic pressure (Chen et al., 2012a), as well as the 

unwanted selective K+ channel endocytosis in the plasma membrane of plants under the 

presence of abscisic acid (Sutter et al., 2007). The microelectrode ion flux estimation 

(MIFE) assay made it possible to measure fluxes of different ions in different tissues and 

cell types such as barley roots subjected to salt stress (Chen et al., 2005), soybean leaf 

mesophyll in drought stress (Mak et al., 2014) and stomatal guard cells in Arabidopsis (Chen 

et al., 2012; Pornsiriwong et al., 2017) and other plant species (Zhao et al., 2019).  
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In Chapter 2, it was shown that acclimation to a single generation of glacial [CO2] and low 

light elicited morphological responses on stomatal morphology and photosynthetic traits. 

The dynamic role of stomatal aperture in controlling leaf iWUE was particularly highlighted. 

In this chapter, the aims of this Chapter were 1.) to investigate the dynamics of stomatal 

control by examining the rates of stomatal opening and closure and the K+ fluxes in guard 

cells of intact leaves of four Panicoid species, representing the C3 photosynthetic type and 

three C4 biochemical subtypes and 2.) to study whether faster stomatal opening in grasses 

forgoes less photosynthesis and slower closing stomata losses more water vapour during 

transient light transitions. I hypothesised that each grass species follows the species-specific 

response of stomatal kinetics traits to [gCO2] and LL as was observed in Chapter 2 for 

stomatal traits. I likewise hypothesised that more significant net K+ influxes would be found 

during growth to [gCO2] due to the bigger opening of stomatal aperture (SA). Consequently, 

acclimations to LL will induce lower K+ influxes due to smaller SA.  
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3.2 MATERIALS AND METHODS 

3.2.1 Plant culture and growth conditions 

Four grasses representing the C3 photosynthetic type and three C4 biochemical subtypes 

from the Panicoideae subfamily were grown under the same conditions (growth chambers, 

photoperiod, relative humidity, watering cycle, nutrient supplement) as described in Chapter 

2.2.1). The four species were: Panicum bisulcatum (C3), Panicum miliaceum (C4-NAD-

ME), Panicum antidotale (C4-NADP-ME) and Megathyrsus maximus (C4-PCK) (Grass 

Phylogeny Working Group II, 2012). Each species was planted in three biological replicates 

and grown in four chambers with different [CO2] concentration (ambient: 400 µl l-1; glacial: 

180 µl l-1) and light intensity (high: 1,000 µmol m-2 s-1; low: 200 µmol m-2 s-1). The control 

chamber condition includes high light (HL) and ambient [CO2] (HL+[aCO2]). The other 

growth chambers include a single [CO2]-limited chamber (HL+[gCO2]), light-limited 

(LL+[aCO2]) and dual limitations of [CO2] and light (LL+[gCO2]).  

 

3.2.2 Stomatal responses to light transitions 

The rates of stomatal closure in response to low light (100 µmol m-2 s-1) followed by rate of 

stomatal opening in response to high light (1,000 µmol m-2 s-1) were measured under similar 

conditions as steady-state measurements for four Panicoidea species: P. bisulcatum (C3), P. 

miliaceum (C4-NAD-ME), P. antidotale (C4-NADP-ME) and M. maximus (C4-PCK). 

Initially, leaves were pre-adapted at 400 µl [CO2] l
-1 and 1,000 µmol m-2 s-1 for 20-30 min 

until reaching steady-state CO2 uptake. Subsequently, steady-state gs was auto-logged every 

10 s for 15 min after which light intensity was reduced to 100 µmol m-2 s-1. The exponential 

decay of gs was monitored every 10 s until a new steady-state was achieved (~20 min). Light 

intensity was then increased to 1,000 µmol m-2 s-1 to monitor the rate of stomatal opening 

(Figure 3. 1).  

The rate of stomatal closure was fitted using an exponential decay model as described by 

Elliott-Kingston et al., (2016): 

𝑔𝑠(𝑡) = 𝑔𝑠(∞𝑐) + (𝑔𝑠[i] − 𝑔𝑠[∞𝑐]) ∙ 𝑒−𝑘𝑡   equation 3.1 
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where gs(t) is the stomatal conductance at the time point (t), gs (∞c) is the stomatal 

conductance at the new steady-state after irradiance was switched to 100 µmol m-2 s-1, gs[i] 

is the initial steady-state conductance at t = 0, k is the exponential decay constant, and closing 

half-time (t1/2) is the time required for the initial gs to decrease by 50%.  

The rate of gs opening was fitted using an exponential growth model: 

𝑔𝑠(𝑡) = 𝑔𝑠(∞𝑟) + (𝑔𝑠[i] − 𝑔𝑠[∞𝑟]) ∙ (1 − 𝑒−𝑘𝑡)   equation 3.2 

where gs(t) is the stomatal conductance at the time point (t), gs (∞r) is the stomatal 

conductance at the new steady-state after irradiance was switched back to 1000 µmol m-2 s-

1, gs[i] is the initial steady-state conductance at 100 µmol m-2 s-1, k is the exponential growth 

constant, and opening half-time (t1/2) is the time required for the steady-state gs at 100 µmol 

m-2 s-1 to double exponentially. Closing and opening half-times were calculated using the 

respective exponential decay or rise constants (k) as t1/2 = Loge(2)/k. Lower opening and 

closing t1/2 means faster response time. 

 

3.2.3 Estimation of excess transpiration and forgone photosynthesis during light 

transitions 

Excess transpiration (ΔW, Figure 3. 2A) due to slow stomatal closure during transitions 

from HL (1,000 µmol m-2 s-1) to LL (100 µmol m-2 s-1) was estimated according to Deans et 

al., (2018). It was defined as the time-integrated difference between the initial and final 

steady-state transpiration rates (E):  

𝐸𝑥𝑐𝑒𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 (∆𝑊) = ∫ (𝐸[𝑖] − 𝐸[∞])
𝑡∞

0
d𝑡  equation 3.3 

where E[i] was the initial steady-state E at 1,000 µmol m-2 s-1, and E[∞] was the transpiration 

rate at time point 90% (t90) wherein 90% of the residual E is no longer changing under the 

new steady-state (100 µmol m-2 s-1).  

Forgone potential photosynthesis (ΔC, Figure 3. 2B) due to slow stomatal opening during 

transitions from LL to HL was defined as the time-integrated difference between the final 

and initial Anet rates according to (Deans et al., 2018): 
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𝐹𝑜𝑟𝑔𝑜𝑛𝑒 𝑝ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 (∆𝐶) = ∫ (𝐴𝑛𝑒𝑡[∞] − 𝐴𝑛𝑒𝑡[𝑖])
𝑡∞

0
d𝑡  equation 3.4 

where Anet[∞] was the final steady-state assimilation rate at HL (1,000 µmol m-2 s-1) and 

Anet[i] was the residual steady-state assimilation rate at LL (100 µmol m-2 s-1). 

 

3.2.4 Microelectrode ion flux estimation 

The fluxes of K+, a major ion responsible for controlling the volume of guard cells to achieve 

the opening and closure of stomata, were measured for four Panicoidea species: P. 

bisulcatum (C3), P. miliaceum (C4-NAD-ME), P. antidotale (C4-NADP-ME) and M. 

maximus (C4-PCK). Measurements were performed using microelectrode ion flux 

estimation on guard cells of leaf epidermal peels (Chen et al., 2005, 2012a; Pornsiriwong et 

al., 2017) with some modifications. Prior to measurements, ion-selective microelectrodes 

were prepared as described by  Chen et al., (2005) and subsequently backfilled with 

backfilling solution (200 mM KCl). The tip was broken to achieve a small (2-3 µm) diameter 

and was front-filled with potassium ionophore I (Sigma, Switzerland), a liquid ion exchanger 

to achieve high microelectrode resistance (4–6 GΩ). The microelectrodes were then 

mounted into the micromanipulator holder with AgCl wire together with a reference 

microelectrode backfilled with 1 M KCl in 2% agar. The microelectrodes were calibrated 

using 2, 5, and 10 mM KCl achieving a calibration slope of 55 mV and a correlation 

coefficient ≥ 0.999.  

Leaf epidermal layers from the abaxial leaf surface were peeled and were soaked in an 

opening buffer (50 mM KCl, 5 mM Na-MES, pH 6.1) after prompt-peeling to ensure 

stomatal integrity and reduce mechanical damage to the cells. The peels were mounted on a 

glass cover slide using a silicon prosthetic adhesive (Dow-Corning, USA) and immersed in 

a chamber filled with the stomatal measuring solution (10 mM KCl, 0.5 mM CaCl2, 5 mM 

MES-KOH, pH 6.1) in a 45-degree position. The peels equilibrated in the stomata measuring 

solution were focused on the same plane together with the microelectrodes that were focused 

on top of the guard cells and moving in two positions, near the cells (10 µm) and away from 

the cell surface (40 µm) in 5-sec cycle, 80 µm amplitude for 10 min. The first and last-

minute measurements were disregarded from the calculation. The steady-state ion flux was 

calculated using the basic planar diffusion geometry described by (Newman, 2001) via the 
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MIFEFLUX software. The same leaf and species used for gs kinetics measurements were 

assayed. Leaves from LL+[gCO2] conditions were not assayed as the integrity of the 

epidermal peels were not fit for analysis. 

 

3.2.5 Statistical analyses 

Analysis of variance (ANOVA) was performed using R  (V.3.4.2; R Core Team, 2017).  

Linear models (lm) were used to calculate the effects of [CO2], light, [CO2]+ light, species 

and respective two-way and three-way interactions. Similar to Chapter 2, I calculated the 

effects of [CO2], light and [CO2]+ light using the species as the error component (n=4, df=3) 

rather than the residual error of the linear model.  

Likewise, [gCO2] effect was the average effects of chambers with glacial [CO2] treatment 

while [aCO2] effect was the mean variation based from chambers with ambient [CO2] 

treatment regardless of light conditions. Meanwhile, HL effects were the average effects 

containing high light treatment (HL+[aCO2] and HL+[gCO2]) while LL effects were the 

mean variation for chambers with LL treatment (LL+[aCO2] and LL+[gCO2]) regardless of 

[CO2] conditions. Tukey’s HSD post hoc test was employed to infer multiple comparisons 

at α=0.05, and figures were plotted using the ggplot2 package (Wickham, 2017).  

Model fitting for the gs kinetics was carried out using SigmaPlot 12 (Systat Software Inc., 

USA) and means were also compared using Tukey’s post-hoc test at α=0.05. Stomatal traits 

and gas exchange parameters were correlated from the stomatal dynamics and ion flux traits 

from the four species used in this study.  
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3.3 RESULTS 

3.3.1 Speed of grass stomatal closure and opening to light transitions 

Closing and opening t1/2 varied between species and exhibited significant Species × [CO2] 

(p<0.0000, Table 3. 1) and Species × Light interactions (p<0.0000, Table 3. 1). In two C4 

subtypes, single and dual effects of glacial CO2 and low light decreased closing t1/2 in M. 

maximus (PCK) and opening t1/2 in P. antidotale (NADP-ME) relative to control conditions 

(Species × [CO2]: p<0.0000; Table 3. 3; Figure 3. 3). In P. bisulcatum (C3), acclimation to 

[aCO2]+LL stimulated faster closing t1/2 while acclimation to [gCO2]+HL elicited slower 

opening t1/2 relative to the other three growth conditions (Species × [CO2]; Species × Light; 

p<0.0000, Table 3. 3; Figure 3. 3). LL imparted slower closing t1/2 in P. antidotale while 

faster opening t1/2 in P. miliaceum. On the other hand, closing t1/2 in P. miliaceum and 

opening t1/2 in M. maximus were unchanged (Table 3. 3; Figure 3. 3). 

Comparing the closing t1/2 between species, P. antidotale had the fastest closing t1/2 under 

control conditions ([aCO2]+HL) (Figure 3. 3A). In contrast, growth at [gCO2]+HL resulted 

in slowest closing t1/2 in P. bisulcatum compared to the other three C4 Panicoids (Table 3. 

3). Growth at [aCO2]+LL resulted to faster closing t1/2 in M. maximus while acclimation 

[gCO2]+LL attenuated closing t1/2 in P. bisulcatum and P. miliaceum relative to the other 

two C4 subtype representative.  

M. maximus had consistently faster opening t1/2 when grown at the control and single 

limitations of [CO2] and light conditions (Table 3. 3, Figure 3. 3). At conditions where both 

light intensity and [CO2] concentrations were limited, there were no discernible variations 

in opening t1/2 between the four closely-related grass species (Table 3. 3). Opening t1/2 was 

negatively correlated to closing t1/2 under control conditions (r2=0.42, p=0.023, Figure 3. 

4A). Under single effects of [gCO2] and LL, closing t1/2 and opening t1/2 had a positive linear 

correlation (r2=0.58, p=0.004; r2=0.45, p=0.018, Figure 3. 4). In contrast, no correlation 

was found between closing t1/2 and opening t1/2 to growth at [gCO2]+LL (r2=0.08, p=0.38, 

Figure 3. 4D). 
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3.3.2 Excess transpiration and forgone photosynthesis are most affected by low 

light 

Growth at low light decreased excess transpiration in P. bisulcatum during transitions from 

high light (HL) to low light (LL). Lower excess transpiration (∆W) during stomatal closure 

was elicited only at [aCO2]+LL in P. miliaceum while acclimation to gCO2+LL in M. 

maximus. On the other hand, no differences in water loss were detected between growth 

conditions in P. antidotale (Figure 3. 3A). During low light transitions, ∆W was consistently 

highest in P. bisulcatum (C3) relative to the other three C4 Panicoids in all growth conditions 

(Table 3. 3).  

Forgone photosynthesis (∆C) during transitions from LL to HL decreased in P. miliaceum 

and P. antidotale under acclimation to low light (Figure 3. 5B). In contrast, there were no 

differences in forgone photosynthesis during stomatal opening in P. bisulcatum and M. 

maximus across all the four growth conditions (Figure 3. 5B). HL stimulated the highest 

forgone photosynthesis in P. antidotale followed by P. miliaceum then P. bisulcatum and 

M. maximus regardless of [CO2] conditions (Table 3. 3). LL, however, did not elicit 

differences in forgone photosynthesis among the grass species (Table 3. 3). 

Excess transpiration during HL to LL transitions was positively correlated to closing t1/2 

(r2=0.41, p=0.02, Figure 3. 6A, Table 3. 3). Similarly, forgone photosynthesis during 

transitions from LL to HL was positively correlated to opening t1/2 (r
2=0.47, p=0.0035, 

Figure 3. 6A, Table 3. 3). 

 

3.3.3 High guard cell K+ influx is negatively correlated to iWUE 

[CO2] and light intensity significantly affected the guard cell K+ homeostasis ([CO2]: 

p<0.0000, Light: p<0.0000, Table 3. 1). Relative to the control, net K+ influx into guard 

cells increased at [gCO2] for all four species, but only significantly decreased at LL in P. 

bisulcatum. (Figure 3. 7A, Table 3. 1 and Table 3. 3). C3 grass P. bisulcatum maintained 

a higher net K+ influx rate compared to the C4 grasses under most conditions (Figure 3. 7A, 

Table 3. 3). Under LL conditions, P. bisulcatum and P. miliaceum had higher guard cell K+ 

influx compared to P. antidotale and M. maximus (Light × Species: p=0.0032, Figure 3. 7A, 

Table 3. 3). Net K+ influx in grass guard cells was positively correlated to SA (r2=0.588, 
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p<0.01, Table 3. 2), gs_amax (r
2=0.664, p<0.01, Table 3. 2), ∆W during transient stomatal 

closure (r2=0.588, p<0.01, Table 3. 2), gs (r
2=0.563, p<0.01, Table 3. 2) and OD (r2=0.365, 

p<0.05, Table 3. 2).  

 

3.3.4 Correlation between gas exchange and stomatal traits 

The traits measured for the four grass species from Chapter 2 was analysed for correlations 

between the stomatal dynamics and guard cell ion fluxes from this chapter. There were no 

correlations for closing t1/2 to any gas exchange, stomatal morphology, and guard cell ion 

flux traits (Table 3. 2) but moderately strong linear correlation with excess transpiration 

during HL to LL transitions (∆W; r2=0.410, p=0.01; Table 3. 2). Weak linear correlations 

were found between opening t1/2 and stomatal conductance (gs; r
2=0.283, p=0.034; (Table 

3. 2); stomatal aperture (SA; r2=0.397, p=0.009, Table 3. 2); stomatal size (SS; r2=0.284, 

p=0.050, Table 3. 2); and maximum theoretical conductance (gs_amax; r
2=0.283, p=0.044; 

Table 3. 2). ∆W loss was negatively correlated to CO2 assimilation rate at saturated light 

and [CO2]-limited conditions (Asat; r
2=0.567, p=0.001; Table 3. 2), and positively correlated 

to SA (r2=0.457, p=0.004; Figure 3. 6C, Table 3. 2); closing t1/2 (r
2=0.410, p=0.01; Table 

3. 2); net K+ influx (r2=0.588, p=0.004; Table 3. 2) and SS (r2=0.26, p=0.045; Figure 3. 

6D, Table 3. 2). Forgone photosynthesis (∆C) was moderately correlated to net 

photosynthetic rates at growth conditions (Anet; r2=0.365, p=0.013; Table 3. 2); gs at 

saturated light and [CO2]-limited conditions (gs_sat; r2=0.567, p=0.003; Table 3. 2); and 

opening t1/2 (r
2=0.468, p<0.05; Table 3. 2). Forgone photosynthesis was also negatively 

correlated to stomatal density (SD; r2= 0.292, p=0.031; Table 3. 2). Lastly, I found that net 

K+ influx was strongly correlated to SA (r2=0.830, p<0.0000; Figure 3. 6C, Table 3. 2) and 

gs_amax (r2=0.664, p=0.001; Table 3. 2); moderately strong positive correlation to gs 

(r2=0.563, p=0.005; Figure 3. 7B, Table 3. 2); negatively correlation to intrinsic water use 

efficiency (iWUE; r2= 0.587, p=0.004; Table 3. 2); and weakly correlated with the density 

of open stomata (OD; r2= 0.365, p=0.037; Table 3. 2). 
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3.4 DISCUSSION 

In this study, I subjected one C3 and three C4 grasses belonging to three biochemical 

subtypes of the Panicoidea lineage to different growth conditions in order to decipher vital 

stomatal kinetic and ion flux traits that correlate to iWUE in grasses. I found key species-

specific differences in the responses of these grasses to [gCO2] and LL.  

 

3.4.1 C4 grasses show more efficient stomatal dynamics in response to high light 

transition 

Stomata constantly respond to changing light intensity on a scale of seconds through to 

seasons (Lawson & Blatt, 2014; McAusland et al., 2016; Lawson & Vialet-Chabrand, 2018). 

Stomatal opening and closing usually occur at a slower rate than photosynthetic activation 

(Henry et al., 2020), creating asynchrony between CO2 uptake and H2O loss which 

compromises iWUE (Deans et al., 2018; Lawson & Vialet-Chabrand, 2018). Hence, 

dynamic stomatal responses are critical for the optimisation of iWUE, in addition to 

advanced stomatal morphology and patterning (Cai et al., 2017b; Vialet-Chabrand et al., 

2017b; Lawson & Vialet-Chabrand, 2018; Slattery et al., 2018). Stomatal kinetics in 

response to short-term sun and shade flecks have been examined from various angles, 

including the effects of phylogeny (Xiong et al., 2018), the period of taxa diversification 

(Elliott-Kingston et al., 2016), photosynthetic type (Taylor et al., 2018), the effect of 

stomatal clustering (Papanatsiou et al., 2017) and guard cell shape (McAusland et al., 2016; 

Xiong et al., 2018).  

In this study, stomatal opening (measured as SA), had profound impacts on stomatal 

efficiency such that more open stomata (higher SA) tended to have lower iWUE (r2= 0.397, 

p<0.01; Table 3. 2), slower opening (i.e., greater opening half-time), greater excessive 

transpiration and forgone photosynthesis on the transition to HL (Table 3. 2). Overall, 

stomatal opening (Figure 3. 3B). was in magnitude faster than stomatal closure (Figure 3. 

3A). This variation could be due to differences in the utilisation of ion transport mechanisms 

(e.g. channels versus transporters), metabolism of starch and sucrose relating stomatal 

movement, and differential response to environmental cues (Chen et al., 2017; Lawson & 

Matthews, 2020).     
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Stomatal opening was significantly faster (i.e., smaller opening half-time) in C4 grasses 

relative to the C3 grass, especially under [gCO2] and LL (Figure 3. 3B). Hence, natural 

selection pressures have led to characteristic adaptation in grasses, whereby stomata of 

[CO2]-saturated C4 leaves open fast on transition to HL, achieving high productivity. In 

contrast, [CO2]-limited C3 leaves show slower stomatal opening at [gCO2], possibly due to 

hydraulic constraints. The results suggest that the complexity of C4 photosynthesis with its 

two C3 and C4 metabolic cycles operating across two photosynthetic tissues and requiring 

substantial transfer metabolite gradients does not compromise the ability of C4 plants to 

utilise high light transients (Slattery et al., 2018). These results are also in line with the 

greater photosynthetic efficiency of C4 grasses in response to sun flecks highlighting their 

heightened photosynthetic efficiency and productivity in response to increased light 

(McAusland et al., 2016). Amongst the three subtypes of C4 grasses, the PCK species 

showed a faster stomatal opening in response to HL. The PCK subtype is characterised by 

high photosynthetic efficiency at LL (Sonawane et al., 2018; Sagun et al., 2019) and more 

efficient Rubisco (Sharwood, 2017). 

In contrast, stomatal closing half-time neither differed systematically between C3 and C4 

grasses nor showed a consistent response to [gCO2] or LL. Rather, C3 and NAD-ME grasses 

showed more excessive transpiration due to their slower stomatal closure rate on the 

transition to LL. This may highlight the [CO2] limitation of C3 versus C4 pathway and of 

NAD-ME versus NADP-ME and PCK subtypes (Pinto et al., 2016; Sonawane et al., 2018). 

Slower stomatal closing time may also be related to hydraulic conductivity. Although 

stomatal closing half-time did not directly correlate with any parameter (other than opening 

half-time), there were interesting observations. Firstly, excessive water loss, derived from 

closing half-time and transpiration rates at initial and final steady states, correlated strongly 

with K+ influx. Secondly, grass leaves with higher stomatal density (r2= 0.292, p<0.05; 

Table 3. 2) showed less forgone photosynthesis on opening to HL. These aspects are worth 

investigating further using a larger set of C3 and C4 species as Deans et al., (2018) showed 

that excessive transpiration and stomatal closing have no relationship among C3 kidney-

shaped stomata. 
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3.4.2 C3 and C4 grass guard cell K+ flux responds similarly to [gCO2] but differently 

to LL  

Stomata respond distinctively to [CO2] and light, and grass stomata have evolved specialised 

molecular, physiological, and morphological features for long-term geological [CO2] 

variation and short-term light fluctuation (Shimazaki et al., 2007; Kim et al., 2010; Chen et 

al., 2017). During stomatal opening and closure, K+ fluxes across the guard cell membranes 

are one of the key determinants of the complex signalling pathways in response to variations 

of [CO2], light and other stimuli (Kim et al., 2010). In this study, both SA (r2= 0.830, p<0.01; 

Table 3. 2) and gs (r2= 0.563, p<0.01; Table 3. 2) measured under growth conditions 

strongly and positively correlated with guard cell K+ influx (Table 3. 2 and Figure 3. 7). 

These results indicated that stomatal are tightly regulated by K+, which can accumulate up 

to a few hundred mill moles of concentration in guard cells (Hills et al., 2012). These 

relationships are based on well-understood guard cell function, whereby K+, anion and solute 

influx are followed by H2O uptake, leading to stomatal opening (Chen et al., 2012b, 2017). 

What is significant in this study is that gs measured in planta using leaf gas exchange 

correlated well with K+ influx measured on epidermal peels under standard conditions (r2= 

0.563, p<0.01; Table 3. 2), indicating K+ homeostasis of guard cells of isolated epidermal 

peels may generally reflect in vivo leaf gas exchange. This was true for the C3 grass under 

all conditions, and for the C4 grasses under control and [gCO2], but not in the LL conditions. 

Therefore, the increase in guard cell K+ influx at [gCO2] was proportional to gs, indicating a 

common [CO2] acclimation and signalling response in grasses. Moreover, there was 

different stomatal acclimation and possibly signalling responses to light between C3 and C4 

grasses because K+ influx was not affected by growth at LL in C4 grasses while it was 

decreased in proportion with gs in the C3 grass (Figure 3. 7A). It has been proposed that 

chloride ions were not sufficient to compensate for the high K+ influx, and thus, malate ions 

were postulated and were observed to be correlated to stomatal opening in guard cells 

(Pearson, 1973; Vavasseur & Raghavendra, 2005). In the C4 cycle, malate production is 

highly dependent on the activity of phosphoenol carboxylase (PEPC) (Sage, 2004; 

Vavasseur & Raghavendra, 2005) which suggests that C4 photosynthesis may profoundly 

affect the K+ fluxes between the two photosynthetic types. On the other hand, Aubry et al., 

(2016) compared the transcriptome profile of guard cells between C3 and C4 stomata and 

showed that the core C4 cycle genes were upregulated in C4 guard cells, but no variations 

were detected in ion signalling and CO2 sensing pathways. These two important conclusions 
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may have profound implications for the way stomata operate and acclimate in C3 and C4 

grasses (Vavasseur & Raghavendra, 2005; Aubry et al., 2016). Understanding the different 

acclimation and signalling pathways of stomata in C3 and C4 grasses will be the subject of 

another future research.  

 

3.4.3 Linking stomatal dynamics with gs and iWUE 

The other objective of this study was to determine whether C3 and C4 grasses have different 

stomatal and guard cell dynamics that could be linked to variations in gs or iWUE.  The 

speed of opening and closing in response to short-term light transitions was considered as 

criteria for assessing stomatal sensitivity and efficiency. Rapid stomatal opening and closure 

during fluctuating environmental conditions underpin the superior functional responses of 

grass stomata which are thought to impact the temporal response of iWUE (Chen et al., 

2016; Lawson & Blatt, 2014; Vialet-Chabrand et al., 2017). In our study, larger SA was 

correlated with slower stomatal opening response time and greater guard cell K+ influx 

across species and treatments. In particular, my results showed that the impact of [gCO2] 

and LL on the closing ([CO2], Light: p<0.0000; Table 3. 1)  and opening half-times ([CO2]: 

p=0.0023, Light: p=0.0062; Table 3. 1) of one C3 and three C4 grasses were small and 

species-specific (Figure 3. 3; Table 3. 1 and Table 3. 3). However, species with bigger SA, 

gs and gs_amax showed a slower response to light transitions, i.e., had greater opening t1/2. In 

contrast, closing t1/2 showed no correlation to any of the important stomatal and gas 

exchange traits, suggesting that these grasses could possess a different mechanism for 

opening and closing. C3 stomata wasted more H2O on the transition to LL and fixed less 

[CO2] on transition to HL relative to C4 grasses, under all conditions. Hence, C3 grasses had 

a lower [CO2]/[H2O] balance under both steady-state and dynamic conditions.  Taken 

together, my data indicate that larger SA and gs impart slower stomatal opening rates which 

are associated with higher guard cell K+ influx and ultimately, lower iWUE. Therefore, the 

negative relationship of iWUE with SA, K+ influx and stomatal opening among C3 and C4 

grasses offer a mechanistic explanation for the link between iWUE and gs that can be 

exploited for identifying molecular targets for breeding crops with high iWUE. 
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3.5 CONCLUSION 

The stomatal kinetics and net K+ fluxes in guard cells of four Panicoid grasses representing 

C3 photosynthetic type and C4 biochemical subtype acclimated to [gCO2] and LL were 

investigated to probe for physiological traits controlling leaf iWUE in grasses. The findings 

show that the responses of stomatal closure and opening were highly species-specific with 

interesting trends. Under control conditions, slow-closing stomata tended to have faster 

opening times. However, when grown under [gCO2] or LL, the pattern faster closing stomata 

also correlated positively with faster opening half-time. It was also found that faster closing 

stomata indeed forgo less water vapour and faster stomatal opening forgo less 

photosynthesis during light/dark transitions. Likewise, it was shown that K+ influx in guard 

cells of C3 and C4 stomata increase as a result of bigger stomata aperture during growth at 

[gCO2]. LL induced lower guard cell K+ influx only in C3 species relative to control 

conditions. Taken together with the morphological and gas exchange traits from Chapter 2, 

it is summarised that iWUE is dependent on stomatal aperture driven by turgor control 

through K+ flux in guard cells. In the future, breeding for high iWUE in C3 and C4 cereal 

crop genotypes may also need to consider those with highly efficient K+ uptake for speedy 

stomatal regulation.  
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Table 3. 1 Summary of statistical analyses for stomatal kinetics and ion flux parameters in four grass species representing C3, 

C4 NAD-ME, C4 NADP-ME, and C4 PCK Panicoidea acclimated to glacial [CO2] and low light.  

Bold values indicate significant main and interactive effects at 95% confidence interval using species as the error component in [CO2], 

Light, and [CO2] × Light effects. 

 

 

 

 

Parameters 

Main Effects (p) Interactions (p) 

[CO2] Light Species [CO2] × Light [CO2] × Species Light × Species 
[CO2] × Light × 

Species 

Closing half-time 

Closing t1/2 (min) 
0.4239 0.6658 0.0000 0.6811 0.0000 0.0000 0.0001 

Opening half-time 

Opening t1/2 (min) 
0.8976 0.0609 0.0000 0.7284 0.0023 0.0062 0.0018 

Excessive 

transpiration, 

∆W (mol m-2) 

0.3888 0.1440 0.0000 0.2505 0.0473 0.0000 0.4580 

Forgone 

photosynthesis, 

∆C (mmol m-2) 

0.2408 0.2077 0.0000 0.6223 0.0274 0.0000 0.6005 

Net K+ influx 

K+ flux (nmol m
-2

 s
-1

) 
0.0000 0.0000 0.0000 - 0.0000 0.0032 - 
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Table 3. 2 Correlation matrix between stomatal dynamics, ion fluxes, stomatal 

morphology, and gas exchange traits.  

Values represent r2 between two parameters. Linear regression direction is 

indicated in the parenthesis. Significance codes are as follows: *significant at 

p<0.05; **significant at p<0.01; nsnot significant (p>0.05). aLow light glacial 

[CO2] treatment was not included. 

 

 

 Closing t
1/2

 Opening t
1/2

 ∆W ∆C K
+ 

fluxa 
A

net
 ns ns ns 0.365* ns 

g
s
 ns 0.283* ns ns 0.563** 

iWUE ns ns ns ns (-) 0.587** 
C

i
 ns ns 0.25* ns ns 

A
sat
 ns ns (-) 0.567** ns ns 

g
s_sat

 ns ns ns 0.403** ns 
SA ns 0.397** 0.457** ns 0.830** 
SS ns 0.284* 0.256* ns ns 
SI ns ns ns ns ns 
SD ns ns ns (-) 0.292* ns 
OD ns ns ns ns 0.365* 
g

s_amax
 ns 0.260* 0.292* ns 0.664** 

Closing t
1/2

  ns 0.410* ns ns 
Opening t

1/2
   ns 0.468* ns 

∆W    ns 0.588** 
∆C     ns 
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Table 3. 3 Summary of stomatal kinetics and ion flux parameters for four grass species acclimated to glacial [CO2] and low light.  

Values are means ± SE (n=3). Lower case letters in bold indicate the ranking of species within treatments. Numbers in superscript indicate 

the ranking of treatments within species. Tukey's HSD post hoc at 5% level was employed. Values with the same letter (or number) are not 

significantly different at α=0.05. 

Parameter 
  
Treatment 

  C3   NAD-ME   NADP-ME   PCK 

  P. bisulcatum   P. miliaceum   P. antidotale   M. maximus 

Closing t1/2  

(min) 

  High Light Ambient [CO2]    6.78 ± 0.87 a
1
   4.94 ± 0.68 a

1
   2.00 ± 0.74 b

2
   7.58 ± 1.41 a

1
 

  High Light Glacial [CO2]     7.33 ± 1.30 a
1
   4.44 ± 0.62 b

1
   2.00 ± 0.17 b

2
   2.00 ± 0.17 b

2
 

  Low Light Ambient [CO2]     4.00 ± 0.73 b
2
   4.50 ± 0.19 ab

1
   6.94 ± 0.75 a

1
   1.28 ± 0.11 c

2
 

  Low Light Glacial [CO2]     5.44 ± 0.94 a
1,2

   6.06 ± 0.45 a
1
   2.17 ± 0.38 b

2
   1.50 ± 0.19 b

2
 

Opening t1/2  

(min) 

  High Light Ambient [CO2]     0.94 ± 0.28 bc
2
   1.50 ± 0.10 b

1
   2.50 ± 0.51 a

1
   0.58 ± 0.05 c

1
 

  High Light Glacial [CO2]     2.28 ± 0.28 a
1
   1.44 ± 0.06 b

1
   1.67 ± 0.10 ab

2
   0.61 ± 0.06 c

1
 

  Low Light Ambient [CO2]     1.28 ± 0.06 a
2
   0.61 ± 0.06 ab

2
   1.17 ± 0.10 a

2
   0.44 ± 0.06 b

1
 

  Low Light Glacial [CO2]     1.17 ± 0.20 a
2
   0.56 ± 0.15 a

2
   1.06 ± 0.06 a

2
   0.50 ± 0.10 a

1
 

Excess transpiration 

(mol
-2

 s
-1

) 

  High Light Ambient [CO2]     2.66 ± 0.10 a
1
   1.19 ± 0.18 b

1
   1.00 ± 0.12 b

1
   1.21 ± 0.07 b

1
 

  High Light Glacial [CO2]     2.27 ± 0.15 a
1
   1.28 ± 0.17 b

1
   0.83 ± 0.20 b

1
   0.81± 0.10 b

1,2
 

  Low Light Ambient [CO2]     1.26 ± 0.17 a
2
   0.63 ± 0.02 b

2
   0.91 ± 0.23 ab

1
   0.87 ± 0.08 ab

1,2
 

  Low Light Glacial [CO2]     1.36 ± 0.14 a
2
   0.76 ± 0.16 bc

1,2
   1.07 ± 0.14 ab

1
   0.38 ± 0.07 c

2
 

Forgone photosynthesis 

(mmol m
-2

 s
-1

) 

  High Light Ambient [CO2]     3.25 ± 0.58 c
1
   6.61 ± 0.44 b

1
   9.97 ± 0.96 a

1
   2.25 ± 0.14 c

1
 

  High Light Glacial [CO2]     2.67 ± 0.36 c
1
   5.71 ± 0.48 b

1
   8.36 ± 1.03 a

1
   2.10 ± 0.38 c

1
 

  Low Light Ambient [CO2]   2.67 ± 0.47 a
1
   3.51 ± 0.15 a

2
   3.24 ± 0.51 a

2
   1.86 ± 0.47 a

1
 

  Low Light Glacial [CO2]   2.40 ± 0.28 a
1
   2.02 ± 0.25 a

2
   1.49 ± 0.25 a

2
   3.04 ± 0.52 a

1
 

K
+
 flux  

(nmol
-2 

s
-1

) 

  High Light Ambient [CO2]   813.21 ± 37.10 a
2
   428.72 ± 23.96 b

2
   340.59 ± 10.76 b

2
   266.96 ± 22.89 b

2
 

  High Light Glacial [CO2]     1584.48 ± 83.49 a
1
   754.97 ± 56.63 b

1
   540.40 ± 28.11 c

1
   477.43 ± 22.79 c

1
 

  Low Light Ambient [CO2]   443.07 ± 40.65 a
3
   347.74 ± 9.44 ab

2
   267.06 ± 11.15 bc

2
   175.36 ± 8.40 c

2
 



101 

 

 

Figure 3. 1 Representation of time-resolved stomatal dynamics during short-term light transitions (1000 to 100 to 1000 µmol quanta 

m-2 s-1) in P. bisulcatum (C3), P. miliaceum (C4-NAD-ME), P. antidotale (C4-NADP-ME) and M. maximus (C4-PCK).  

A young fully expanded leaf was initially acclimatized at 1000 quanta µmol m-2 s-1, 400 µmol [CO2] l
-1 and 28oC until steady-state gs was 

achieved. Subsequently, light intensity was switched down to 100 µmol m-2 s-1, and gs was monitored every 10 s for 20 min to examine the 

rate of gs decay. After a new steady state was reached, light intensity was switched back to 1000 µmol m-2 s-1 to monitor stomatal opening. 

Each dot represents the mean ± SE of three biological replicates. 
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Figure 3. 2 Estimating excess transpiration and forgone photosynthesis. 

Illustration of the time-integrated difference between initial and final transpiration 

rates (A); and CO2 assimilation rates (B) used in estimating the potential water loss 

during transient stomatal closure due to decrease in light intensity (red area) and 

forgone photosynthesis (blue area) during transient stomatal opening due to 

increase in irradiance. Time points tE[i] and tA[i] represents the initial time where 

light intensity was modified while tE[90] and tA[90] signifies the time point where each 

parameter is 90% steady-state. Likewise, time points tE[∞] and tA[∞] illustrates the 

time where both parameters are incomplete stead-state. 
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Figure 3. 3 Stomatal responses to light transitions in four grass species 

acclimated to glacial [CO2] and low light: 

(A) closing half-time and (B) opening half-time of P. bisulcatum (PB, C3), P. 

miliaceum (PM, C4-NAD-ME), P. antidotale (PA, C4-NADP-ME) and M. maximus 

(MM, C4-PCK). Values are means ± SE (n=3 plants). Means with the same letter 

are not significantly different at α=0.05 using Tukey’s HSD post hoc. 
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Figure 3. 4 Stomatal opening and closing correlation among four grasses 

acclimated to glacial [CO2] and low light.  

Dots represent the biological replicates (n=3) of each species. Shaded regions 

represent the 95% confidence interval of the linear model in each growth 

conditions. Fitted linear model equations are: High Light-Ambient [CO2]: opening 

t1/2 = 2.5327 - 0.216 × closing t1/2; High Light-Glacial [CO2]: opening t1/2 = 0.1992 

× closing t1/2 + 0.7141; Low Light-Ambient [CO2]: opening t1/2 = 0.1142 × closing 

t1/2 + 0.3977; Low Light-Glacial [CO2]: opening t1/2 = 0.0454 × closing t1/2 + 

0.6474. . nsp>0.05; *p<0.05; **p<0.01; ***p<0.001. 
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Figure 3. 5 Effects of glacial [CO2] and low light to water loss (A) due to excess 

transpiration during transient stomatal closure from high light to low light 

transition; and forgone photosynthesis (B) during transient stomatal opening 

from low light to high light transitions.  

Values are means ± SE (n=3). The effects of growth treatments among each species 

were ranked using Tukey’s HSD post hoc at α=0.05. Species label: P. bisulcatum 

(PB, C3), P. miliaceum (PM, C4-NAD-ME), P. antidotale (PA, C4-NADP-ME) and 

M. maximus (MM, C4-PCK). 
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Figure 3. 6 Correlations between stomatal morphology and stomatal kinetics 

traits. 

Linear correlations between stomatal closing half-time (closing t1/2) and water loss 

(H2O loss) due to excessive transpiration (A); and stomatal opening half-time 

(opening t1/2), forgone photosynthesis (∆C, B), relationships between water loss 

(H2O loss) due to excessive transpiration to stomatal morphology traits: (C) 

stomatal aperture and (D) stomatal size; among four Panicoid grasses acclimated to 

glacial [CO2] and/or low light. Dots represent mean ± SE (n=3) while colours 

represent growing conditions. Shaded regions represent the 95% confidence 

interval of the linear model. Fitted linear model equations are: (a) ∆W= 0.1719 × 

t1/2(close) + 0.4828; (b) ∆C = 2.7417 × t1/2(open) + 0.684; (c) ∆W = 1.3594 × SA + 

12.634; (d) ∆W = 0.087 × SS + 11.993. nsp>0.05; *p<0.05; **p<0.01; ***p<0.001. 
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Figure 3. 7 Potassium ion influx profiles and correlations to gas exchange and 

stomatal traits. 

Net K+ influx of guard cells (A) and its relationship with gs (B) and stomatal 

aperture (C) in four grass species acclimated to glacial [CO2] or low light. Values 

are means ± SE of n=7-9 stomata and ranked using Tukey’s HSD post hoc test at 

α=0.05. Fitted linear models are as follows: (b) gs = 0.0003 × K+flux + 0.1319, and 

(c) SA = 0.0494 × K+flux + 14.729. nsp>0.05; *p<0.05; **p<0.01; ***p<0.001. 

See Figure 3.3 for species abbreviations. 
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CHAPTER 4 

 

WET CHEMICAL OXIDATION SYSTEM: A TOOL FOR 

ANALYSING CARBON ISOTOPE COMPOSITION OF 

SUGARS EXTRACTED FROM LEAVES OF C3 AND C4 

GRASSES 
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ABSTRACT 

In C3 plants, the composition of stable carbon isotopes (13C) has been used to screen for 

improved water-use efficiency (WUE). Carbon isotope discrimination is more complex in 

C4 plants, weakening the links between 13C and WUE. Therefore, there is a need to better 

understand photosynthetic and post-photosynthetic discrimination in C4 leaves in order to 

improve our interpretation of 13C variations. Post-photosynthetic fractionations include 

those occurring during carbohydrate metabolism. This chapter focuses on developing a 

method to analyse the δ13C of leaf sugars extracted from C3 and C4 grasses. The classical 

analysis of CO2 isotopologues (12C and 13C) includes pyrolysis of whole leaf materials in 

elemental analysers coupled to isotope ratio mass spectrometry (EA-IRMS). Recent 

advances in high-performance liquid chromatography (HPLC) interfaced to a wet chemical 

oxidiser (WCO) permit compound-specific isotope analysis of suitable compounds in 

aqueous solutions. Here, I utilised the Liquiface® WCO system coupled to Agilent 1260 

Infinity HPLC and Isoprime 1000 IRMS to examine the reproducibility and accuracy of the 

equipment in measuring the δ13C of international standards and soluble sugars extracted 

from leaves of Oryza sativa (C3) and Zea mays (C4). Results showed that the WCO interface 

produced reproducible and accurate measurements (<0.5‰ SD) of two sucrose standards 

and is comparable to the classical EA-IRMS method. The data also showed that rice sucrose 

was 13C enriched compared to fructose and glucose, while maize had 13C-enriched sucrose, 

glucose and fructose relative to the whole leaf. In conclusion, this method can resolve δ13C 

of sucrose, glucose, and fructose in leaves, paving the way for screening more species under 

different conditions to improve our understanding of post-photosynthetic fractionation.  

 

 

 

 

 

Keywords: carbon isotope composition, CSIA, EA-IRMS, HPLC-IRMS, wet chemical 

oxidation, δ13C. 
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4.1 INTRODUCTION 

There are three naturally occurring isotopes of carbon: 12, 13 and 14, with 12C and 13C being 

stable, occurring in a natural proportion of approximately 99:1 (Smith, 1972). In the 

troposphere, the photosynthetic substrate, CO2, contains the two naturally occurring stable 

carbon isotopes, 12C and 13C, with the heavier isotope being scarcer (1.1%) (O’Leary, 1981; 

Farquhar et al., 1989; von Caemmerer et al., 2014). The lighter isotopologue is often 

preferentially selected and has a higher enzymatic rate during leaf biochemical reactions 

when compared to the heavier isotopologue, and thus creates products with more negative 

carbon isotope composition (signature) compared to the atmosphere (O’Leary, 1981; Fry, 

2006; Tcherkez et al., 2011; Cernusak et al., 2013). The stable carbon isotope composition 

in leaves, commonly expressed in delta notation (δ13C, ‰), is the deviation of the 

heavier/lighter ratio (13C/12C) of the sample carbon isotopes (Rsample) relative to the 13C/12C 

ratio of the international carbonate standard, the Vienna Pee-Dee Belemnite (RPDB= 

0.0112372).  

 


13C = (𝑅𝑠𝑎𝑚𝑝𝑙𝑒 𝑅𝑃𝐷𝐵) − 1⁄   equation 4.1 

 

Fractionations occur during the physical-chemical reactions of carbon fixation in leaves, 

passing on their reduced signatures. Hence, biogenic materials have more depleted δ13C 

compared to the atmosphere (Craig, 1953, 1957; Tcherkez et al., 2011; Cernusak et al., 

2013). Another isotopic term, ∆13C, has been introduced by Farquhar et al., (1982) to refer 

to the photosynthetic carbon isotope discrimination in leaves relative to the atmospheric CO2 

(13C/12Cair). It was defined as: 

  

∆13𝐶𝑝𝑟𝑜𝑑𝑢𝑐𝑡  = ([𝑅𝑎𝑖𝑟 𝑅𝑝𝑟𝑜𝑑𝑢𝑐𝑡] − 1) × 1000⁄   equation 4.2 

 

where 𝑅𝑎𝑖𝑟 and 𝑅𝑝𝑟𝑜𝑑𝑢𝑐𝑡 are the 13C/12C ratios of the atmosphere and the photosynthetic 

product, respectively (Farquhar et al., 1982; von Caemmerer et al., 2014) and are obtained 

from δ notation expressed per mil: 

 

∆13𝐶𝑝𝑟𝑜𝑑𝑢𝑐𝑡  (‰) =  
𝛿𝑎𝑖𝑟(‰)− 𝛿𝑝𝑟𝑜𝑑𝑢𝑐𝑡(‰)

𝛿𝑝𝑟𝑜𝑑𝑢𝑐𝑡(‰)+1000
× 1000  equation 4.3 
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Farquhar and colleagues also developed an expression of ∆13C derived from leaf gas 

exchange parameters and which explicitly includes Ci/Ca (the ratio of intercellular to 

ambient CO2 partial pressure) for both C3 and C4 plants. During C3 photosynthesis, carbon 

isotope discrimination can be expressed as: 

  

   
a

i

C

C
abaC )(13 −+=     equation 4.4 

 

where a = discrimination due to diffusion through stomata (4.4‰) and b = discrimination 

due to Rubisco carboxylation (27-30‰) (Farquhar et al., 1989). At the leaf-level, water-use 

efficiency (iWUE) can be expressed as:  

   i
a

i

s C

C

g

A
WUE −== 1      equation 4.5 

where A is photosynthetic rates and gs is stomatal conductance. Hence, equations 4.4 and 

4.5 demonstrate a direct link between ∆13C and Ci/Ca, or iWUE in C3 leaves. Measurements 

employing stable carbon isotope signatures have been popularly used as proxy selection tool 

ever since Farquhar & Richards (1984) pioneered the work on selecting wheat genotypes 

with improved WUE using ∆13C. Breeding crops with improved iWUE has been successful 

for C3 plants as ∆13C is primarily controlled by Ci/Ca, and the mechanism is relatively 

straightforward and well understood (Farquhar et al., 1989). 

During C4 photosynthesis, carbon isotope discrimination (∆13C) can be related to the ratio 

of intercellular to ambient CO2 partial pressure (Ci/Ca) and leakiness (), defined as the ratio 

of bundle sheath leak rate to PEP carboxylase (PEPC) rate: 

∆13𝐶 = 𝑎 + (𝑏4 + (𝑏3 − 𝑠)𝜙 − 𝑎)
𝐶𝑖

𝐶𝑎
  equation 4.6 

where a is the fractionation during diffusion of CO2 in air (4.4 ‰), b4 is the fractionation 

associated with PEP carboxylation and the preceding isotopic equilibrium during dissolution 

and conversion to bicarbonate (fractionations defined below), s is the fractionation during 

the leakage of CO2 out of the bundle sheath cells (1.8 ‰), and b3 is the fractionation during 

Rubisco carboxylation (Farquhar, 1983). This equation has recently been updated to include 

the ternary formulation to take into account the influence of transpiration on CO2 diffusion 
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between the atmosphere and the intercellular air spaces (Farquhar & Cernusak, 2012). 

Importantly, equation 4.6 shows that the dependence of ∆ on Ci/Ca varies with , which 

complicates the interpretation of ∆13C and even more δ13C in C4 leaves (Henderson et al., 

1992a,b). Nevertheless, there have been attempts to correlate ∆13C with iWUE, which 

yielded limited success (Henderson et al., 1992a; Cousins et al., 2008; von Caemmerer et 

al., 2014; Ellsworth & Cousins, 2016).  

Leaf dry matter δ13C provides an integrated measure of leaf carbon isotope exchange as 

opposed to ∆13C, which can only provide a spot measure of carbon isotope discrimination. 

In addition, measuring δ13C is quicker and more straightforward than measuring ∆13C, and 

hence makes an attractive tool for estimating WUE for a large number of lines such as in a 

breeding program. Recently, Cousins and colleagues (Feldman et al., 2018; Ellsworth et al., 

2019) have reported a relationship between whole plant WUE and δ13C measured within a 

recombinant inbred population of the model C4 grass Setaria viridis grown under highly 

controlled environments. However, the effectiveness of δ13C as a tool for measuring WUE 

across multiple C4 grass species (Ghannoum et al., 2001b) or multiple genotypes was grown 

under less controlled environments Henderson et al., (1998) remains limited. Therefore, 

there is a need to better understand the causes of variations in δ13C, in order to improve our 

ability to interpret it and improve its usefulness as a proxy for iWUE in C4 plants (von 

Caemmerer et al., 2014; Ellsworth & Cousins, 2016). In particular, we need to better 

understand the impact of post-photosynthetic carbon isotope fraction on δ13C. 

Significant gaps still exist in our knowledge about post-photosynthetic leaf level and 

downstream metabolic processes and isotopic fractionations. The role of post-

photosynthetic fractionation has received little attention with respect to variations in δ13C 

among C4 plants (Ghannoum et al., 2001b; von Caemmerer et al., 2014). For example, 

isotopic discrimination during respiration may impact the carbon isotope composition of leaf 

dry matter (Henderson et al., 1992a; Hobbie & Werner, 2004). Leaf dry matter carbon is in 

part derived from photosynthesis from older leaves rather than current photosynthates. In 

addition, the isotopic composition of organic compounds within a leaf vary due to the 

isotope effects of the biochemical pathways used for their synthesis, and it is well-known 

that different carbon pools have different 13C signatures (Hobbie & Werner, 2004; Bowling 

et al., 2008; Cernusak et al., 2009; Tcherkez et al., 2011). For example, lipid, lignin, protein 

and organic acids are typically depleted in 13C compared to the bulk leaf isotopic signature, 

while sucrose, starch and cellulose are typically isotopically enriched. Hence, differences in 
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δ13C can arise if the different plants partition their carbon in varying proportions to the 

different pools. The role of C isotope fractionation during metabolism is pursued in this 

thesis by comparing the 13C signature of leaf dry matter with that of sugars (short term C 

storage) and cellulose (long term C storage). Therefore, Chapter 4 focusses on developing 

the analytical tools, while Chapter 5 explores metabolic fractionation between C4 grasses 

with different biochemical subtypes. 

The traditional technique for measuring carbon isotope signature is through the combustion 

of bulk plant material by an elemental analyser (EA) coupled to isotope ratio mass 

spectrometry (IRMS) (Godin & McCullagh, 2011). The disadvantage of this method is that 

it cannot assay the isotope composition of a particular compound from the bulk sample 

directly. Hence, a key challenge of my PhD project was to find a technique that would assay 

the isotopic signatures of these metabolites as they are in aqueous solution in the leaf. 

Compound-specific isotope analysis (CSIA) is still a developing field in stable isotope 

analysis and has been designed to examine the δ13C of various metabolites that must 

generally be isolated from bulk sample materials. Nevertheless, state of the art of the 

technique is limited to gas chromatography (GC)-based assays, and non-volatile organic 

compounds must be derivatized by silylation, alkylation, acylation, esterification or other 

methods in order to volatilise the compounds and improve chromatographic separation 

(Meier-Augenstein, 2004; Morrison et al., 2010; Elsner et al., 2012). For example, CSIA of 

monosaccharides was previously achieved by derivatising the sugars through the addition 

of trimethylsilyl groups [−Si(CH3)3], alditol acetate [−OCH3COOH], or methylboronic acid 

[-CH3B(OH)2] (Merkle & Poppe, 1994; MacKo et al., 1998; Gross & Glaser, 2004; Faraco 

et al., 2016). This technique involves the addition of carbon atoms from the derivatising 

agents that dilute the 13C signal and pose challenges when comparing isotopic signatures 

with lesser differences (Gross & Glaser, 2004; Krummen et al., 2004). For instance, 

derivatising through trimethylsilyl ether adds all the three methyl constituents to the 

compound, thus adding to the whole 13C signature of the analyte (Godin & McCullagh, 

2011).  

An LC-based (liquid chromatography) system, interfaced to a wet chemical oxidiser (WCO), 

converts metabolites from an aqueous solution to CO2 which is then carried by helium gas 

through an open split into an IRMS (Krummen et al., 2004). This makes it possible for an 

LC-based CSIA without derivatisation of the compounds to conduct assays (Krummen et 

al., 2004; Boschker et al., 2008; Abaye et al., 2011; Federherr et al., 2016). Of the two 
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market-available WCO system (LC-isolink and Liquiface), the latter is less utilised due to 

its later introduction in the market and hence scantier studies (Morrison et al., 2010; Godin 

& McCullagh, 2011).  

The aim of this chapter was to develop a method for measuring carbon isotope signatures of 

sugars using the WCO interface (Liquiface, Isoprime Ltd) in order to better understand 

variations in leaf δ13C due to post-photosynthetic fractionation, and ultimately develop a 

high throughput screening tool for leaf-level water-use efficiency. In particular, this chapter 

will assess the accuracy and reproducibility of the HPLC-WCO-IRMS for examining the 

δ13C of sugar standards and sugars extracted from leaf materials of common C3 and C4 crop 

species. The specific objectives of the study were to (i) assess the suitability of Hi-Plex H 

column (Agilent Technologies Inc.) in resolving sugar standards and sugar mixtures in leaf 

materials; (ii) test the limits of detection, accuracy, and memory effects of the HPLC-WCO-

IRMS interface; and (iii) to measure the δ13C of major leaf sugar metabolites in C3 (Oryza 

sativa) and C4 (Zea mays) crops. These methods can then be used in a subsequent experiment 

described in Chapter 5. 
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4.2 MATERIALS AND METHODS 

4.2.1 Plant culture 

Two grass crops, Oryza sativa L. and Zea mays L., representing C3 and C4 photosynthetic 

pathways were grown in a naturally-lit glasshouse at the Hawkesbury Institute for the 

Environment (33º36’49” S, 150º44’54” E) from December 2017, to February 2018. A total 

of six biological replicates were transplanted into 6 L pots containing soil (Osmocote® 

Professional Seed Raising Mix, Scotts, Australia) and trace elements supplement 

(Osmocote® Plus Trace Elements, Scotts, Australia). The glasshouse conditions were 

maintained at a day/night temperature of 28○C/22○C, relative humidity (RH) of 60-65%, and 

a photoperiod of 16 h. Plants were watered throughout the experiment. Species were 

randomised twice a week to minimise within-chamber variations. Non-senescing fully 

expanded leaves were harvested and immediately immersed in liquid nitrogen. Snap-frozen 

leaves were freeze-dried at -55○C for 48 hr using Martin Christ Alpha 1-2 LD plus freeze 

dryer (John Morris Scientific Pty Ltd., Australia). Subsequently, the leaf samples were finely 

ground at 30 hertz for two minutes using Retsch Mixer Mill MM 200 (The McCrone Group, 

Illinois, USA). The ground leaf tissues were stored in 20 ml glass vials and kept in the dark 

at 4○C until further use. 

 

4.2.2 Sugar standards 

Two sucrose standards with C3 and C4 carbon isotope signatures were used to optimise run 

efficiency and compare fractionation between the two chromatographic methods described 

below. The sucrose international standard IAEA-CH-6 (a.k.a ANU sucrose) is a C4-derived 

sugar (sugarcane) with a δ13C signature of -10.45‰ relative to Vienna Pee Dee Belemnite 

(VPDB) standard while Beet89 sucrose is a laboratory standard from a Beet (C3) sugar 

bought in 1989 and repeatedly analysed against international standards. It has a δ13C 

signature of -24.62‰ relative to VPDB.  
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4.2.3 Preparation of standards and purification of soluble sugars 

The ground leaf samples collected from the glasshouse-grown species were weighed to 120 

± 1.0 mg and transferred to 2 ml tubes. The soluble carbohydrates from the ground leaves 

were twice-extracted using 1.5 ml of cold Milli-Q grade water, mixed for 20 sec using a 

vortex until homogenous, and centrifuged at 13000 rpm for 3 min. The pooled aqueous 

fraction (2.5 ml) was filtered using a Millex™GP filter unit with a 0.22 µm membrane pore 

size (Merck Millipore Ltd, MA, USA). Consequently, the aqueous fractions were deionised 

using CentriPure® P10 columns (EMP BIOTECH, Berlin, Germany). The column matrix 

(Zetadex 25) is constituted of a mixed bed ion exchange resin with size exclusion capacity 

for rapid desalting and removal of ionic (mostly organic acids and salts) and heavy protein 

contaminants. The column pore size had a molecular weight cut-off of 5 kD. The purified 

fraction was stored at -5οC until further analysis. For HPLC analysis, 1.5 ml of the purified 

fraction was divided into aliquots of 2 ml in screw cap autosampler vials made of 

borosilicate glass (Agilent Technologies). Similarly, sugar standards were weighed and 

dissolved to degassed Milli-Q grade water and transferred to tinted autosampler vials for 

HPLC analysis. D-(+)-glucose (G8270; Sigma Aldrich) and D-(-)-fructose (F2543; Sigma 

Aldrich) were used as HPLC standards along with IAEA-CH-6 and Beet89 sucrose to 

compare the elution time with the sugars from the leaf samples (Figure 4. 3A).  

 

4.2.4 HPLC-Liquiface-IRMS instrumentation and analytical set-up 

The separation of three major post-photosynthetic sugar metabolites and sugar standards 

(sucrose, glucose, and fructose) were eluted isocratically using an Agilent 1260 Infinity II 

high-performance liquid chromatography (HPLC) system (Agilent Technologies, Inc., Santa 

Clara, CA, USA). The mobile phase consisted of 0.0085 M sulfuric acid degassed in 

ultrapure helium (1260 degasser; G1322A) and stored in a 2 L bottle. The elution conditions 

were: flow rate of 0.5 ml min-1; sample injection volume of 20 µl, refractive index detector 

(RID) temperature of 35οC, and HPLC column temperature of 25οC based on the 

manufacturer's recommendation (Ball et al., 2011). The sugars were separated using an 

Agilent Hi-Plex H column (p/n PL1170-6830) consisting of 8% cross-linked H+ resin (8 µm 

resin size) with column dimension of 7.7 mm diameter and 300 mm length (Ball et al., 2011). 

The Agilent Hi-Plex H column was fitted with a Pursuit XRs guard column for Hi-Plex H 

(PL 1170-1830, Agilent Inc., Santa Clara, CA, USA) with a pore size of 5 microns to 
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preserve the column efficiency. Real-time detection of eluted sugars was monitored using 

the Agilent G1362A refractive index detector (RID) and the column oven temperature was 

maintained using the thermostat column compartment (Agilent TCC, G1316A). The sugars 

were identified based form the elution times of a mixture containing IAEA sucrose, glucose, 

and fructose described in Section 4.2.2 and from the Hi-Plex H compendium library 

(Appendix 4. 1). As citric acid co-elutes with glucose (Appendix 4. 1), previous removal 

of organic acids using CentriPure® P10 columns allowed for the single peak resolution of 

glucose (Figure 4. 3A).  

The HPLC was interfaced with Liquiface (Isoprime Ltd, Cheadle Hulme, UK; Figure 4. 1), 

a wet chemical oxidation system that oxidises organic compounds in aqueous solution to 

CO2 which is then carried by a helium gas carrier towards the IRMS interface to measure 

the carbon isotope signature (Isoprime, 2011). Sugar eluates from the HPLC interface mix 

with a degassed 20% sodium persulfate (Sigma Aldrich, St. Louis, MO, USA; CAS: 7775-

27-1) oxidiser; and a degassed dilute acid catalyst, 1% orthophosphoric acid (Univar, Ajax 

Finechem Pty. Ltd.; UN No. 1805 PG III) inside the mixing cross (Figure 4. 1). The eluates, 

together with the oxidiser and the catalyst undergo oxidation accelerated by a heated 

chamber (90οC), converting the eluates to CO2 and water. The converted CO2 and water are 

then cooled to ambient room temperature in the cooling loop consisting of a coiled capillary 

stainless steel spiral tube with a fan (Isoprime, 2011). Cooled CO2 and water pass through 

the gas exchanger where CO2 is separated from water. The water is exhausted to a waste 

bottle while the stream of CO2 is dried using a Nafion™ membrane (Permapure) in counter-

flowing dry helium. The WCO flow rate is controlled using a peristaltic pump and was 

maintained at 0.3 ml min-1. Prior to measurement, the instrument CO2 background was 

checked to ensure that it was <1.5×10-9A with a 600µA trap current. The Liquiface WCO 

interface also allows for a direct injection of pre-purified solutions using a 20 µL loop 

rheodyne valve. The resulting purified CO2 gas stream from the WCO system flows through 

an open split and then to the IRMS (Figure 4. 1; Isoprime, 2011). The Liquiface WCO 

system was coupled to an Isoprime100 IRMS system (Isoprime Ltd, Cheadle, UK) where 

the isotope signatures of 12C16O2 (m/z 44), 13C16O2 (m/z 45), and 12C18O16O (m/z 46) were 

measured. Four pulses of reference gas were acquired at the beginning (three pulses) and at 

the end (one pulse) to calibrate the sample δ13C (Figure 4. 9 and Figure 4. 10).  

Chromatogram analyses in the HPLC system were performed using Chemstation for LC 

Systems software (Rev. B.04.03 [16], Agilent Technology, 2001-2010) while IRMS 
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analyses were performed using the IonVantage for Isoprime software (Build1610, with 1601 

Patch1, 2014). The entire EA-IRMS and WCO-IRMS analyses were performed at the Stable 

Isotopes Laboratory/Farquhar Laboratory, Research School of Biology, The Australian 

National University, Canberra, Australia. 

 

4.2.5 EA-IRMS carbon isotope analysis 

Whole bulk leaf δ13C was analysed using an Elemental Analyser (EA) coupled to IRMS. 

Prior to measurements, finely ground lyophilised leaf tissues were transferred to tin capsules 

(Sercon Ltd, Crewe UK) and weighed to 2 ± 0.1 mg using a Mettler Toledo AT21 balance. 

Folded tin capsules containing the samples were loaded in a sample carousel and combusted 

by the Dumas oxidation process using a CE1100 Elemental Analyser at 1000○C with oxygen 

and chromium oxide, and subsequently reduced over copper at 650○C. Gaseous water and 

nitrogen from combustion was scrubbed out using magnesium perchlorate and Porapak 

column while the resulting CO2 was processed utilising a helium gas carrier. Carbon isotope 

signatures were analysed using Isoprime100 IRMS system described in Section 4.2.4.  

 

4.2.6 Data Analysis and δ13C Normalisation 

Measured carbon isotope signatures (δ13C) were expressed per mil (‰). For both the HPLC-

WCO-IRMS interface and the EA-IRMS system, the δ13C were referenced to an 

international carbonate standard, converting them to the VPDB scale using the equation: 

 

𝛿13𝐶𝑠𝑎𝑚𝑝𝑙𝑒(‰) = ( 
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑉𝑃𝐷𝑃
− 1) × 1000   equation 4.7 

 

where 𝑅𝑠𝑎𝑚𝑝𝑙𝑒  and 𝑅𝑉𝑃𝐷𝑃 were the 13C/12C of the samples and the international standard, 

Vienna Pee Dee Belemnite (0.0111802) (Craig, 1957; Farquhar et al., 1989; Werner & 

Brand, 2001). The δ13C sample offsets for both HPLC-WCO-IRMS and EA-IRMS were 

corrected using two-point normalisation utilising the two sucrose standards described in 

Section 4.2.1. The normalisation equation was a linear regression equation plotting ANU 

sucrose and Beet89 sucrose together with the unknown sample:  
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𝛿13𝐶𝑠𝑎𝑚𝑝𝑙𝑒 =  
𝛿13𝐶𝐴,𝐶4 𝑠𝑢𝑐 − 𝛿13𝐶𝐴,𝐶3 𝑠𝑢𝑐

𝛿13𝐶𝑀,𝐶4 𝑠𝑢𝑐 − 𝛿13𝐶𝑀,𝐶3 𝑠𝑢𝑐
 × (𝛿13𝐶𝑀,𝑠𝑎𝑚𝑝𝑙𝑒 − 𝛿13𝐶𝑀,𝐶3 𝑠𝑢𝑐) +  𝛿13𝐶𝐴,𝐶4 𝑠𝑢𝑐  

equation 4.8 

where 𝛿13𝐶𝑠𝑎𝑚𝑝𝑙𝑒 is the normalised value of the sample; 𝛿13𝐶𝐴,𝐶4 𝑠𝑢𝑐 describes the accepted 

value of ANU sucrose (-10.45‰); while 𝛿13𝐶𝐴,𝐶3 𝑠𝑢𝑐 is the accepted value for Beet89 

sucrose (-24.62‰); 𝛿13𝐶𝑀,𝐶4 𝑠𝑢𝑐 , 𝛿13𝐶𝑀,𝐶3 𝑠𝑢𝑐 and 𝛿13𝐶𝑀,𝑠𝑎𝑚𝑝𝑙𝑒 represents the analytical 

values of both standards and the sample of interest, measured either by HPLC-WCO-IRMS 

or EA-IRMS.  

Analyses were performed using R (V.3.4.2; R Core Team, 2017) Values were expressed as 

mean ± SE or ± SD (to facilitate comparisons to other literatures) and ranked using Fisher’s 

LSD post hoc at α=0.05. 
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4.3 RESULTS 

4.3.1 HPLC column resolution of sugars, limits of detection, and reproducibility 

The elution of IAEA-CH-6, the C4 sucrose standard, using the Hi-Plex column showed 

baseline isocratic resolution for a range of concentrations (Table 4. 1 and Figure 4. 2). 

Across different sucrose concentrations, retention time did not vary significantly (Table 4. 

1). IRMS m/z signal intensity linearly decreased as the sucrose concentration decreased 

(Table 4. 1). Similarly, CO2 peak intensity measured from the IRMS decreased as sucrose 

concentration decreased (Table 4. 1 and Figure 4. 2). Between 0.1 to 2.5 mg ml-1 sugar 

concentrations, the δ13C signatures were within the acceptable δ13C of IAEA-CH-6. Diluting 

it further showed large discrepancies and inconsistent δ13C values relative to the true value 

of IAEA-CH-6 (Table 4. 1).  

A mixture of three neutral sugars: sucrose (peak 1, 12.5 min), glucose (peak 2, 14 min), and 

fructose (peak 3, 15.5 min) showed isocratic and baseline separation using the Agilent Hi-

Plex H column under the parameters outlined in section 4.2.4 (Figure 4. 3A). However, a 

peculiar negative peak was observed during HPLC runs whether with standards (Figure 4. 

3A and Figure 4. 4B), blanks, (Figure 4. 3B and Figure 4. 4A) or leaf materials (Figure 

4. 5). At 11 minutes after the run commenced, a negative peak protrudes before resolving 

the three major sugars (Figure 4. 2). Injection of blank solutions (Figure 4. 3B and Figure 

4. 4A) showed the presence of a similar negative peak. Investigation of the chromatogram 

RID signals showed stable RID real-time readings and absence of other negative peaks other 

than the ones observed. Close examination of the column properties from the Hi-Plex H 

column compendium (Ball et al., 2011) showed that the negative peak was intrinsic to the 

column (Appendix 4. 1 and Appendix 4. 2) during sample injection and resolution of 

sugars, sugar derivatives, alcohols, and organic acids. Fortunately, the presence of the 

negative peak did not result in discrepancies in resolving sugar peaks and carbon isotope 

signatures of either the standards (Figure 4. 2 and Figure 4. 3A) or leaf samples (Figure 4. 

5 and Figure 4. 8). A higher concentration of mobile phase (0.05 M phosphoric acid) also 

showed noisy RID signals in blank solutions (Figure 4. 4A) and demonstrated weak 

hydrolysis of IEAE sucrose into its monosaccharide components (Figure 4. 4B). 

The extent of fractionation was also measured for both EA-IRMS and HPLC-WCO-IRMS 

interfaces. Results showed that both interfaces did not have significant fractionation when 
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compared to the accepted δ13C of both IAEA-CH-6 and Beet89 sucrose standards (Figure 

4. 6). Using the EA-IRMS, the average deviation from the accepted values of both sugar 

standards was 0.08 ± 0.02 ‰ (Figure 4. 6A) while the HPLC-WCO-IRMS interface had an 

average deviation of 0.17 ± 0.08 ‰ (Figure 4. 6B). Overall, the linear regression slopes 

were ~1 for both interfaces and similarly had an r2 of ≥ 0.999 (Figure 4. 6A and Figure 4. 

6B). Plotting, both EA-IRMS and WCO-IRMS interfaces showed a strong 1:1 relationship 

(Figure 4. 6C; r2=0.9991, p<0.0000). 

 

4.3.2 Memory effects 

The memory effect is the carryover δ13C signature from the previous sample (Skrzypek & 

Ford, 2018). It is most apparent when consecutive samples of dissimilar carbon isotope 

signatures are measured (Skrzypek & Ford, 2018). This phenomenon occurs when traces of 

the previous samples are not eliminated from the system and contaminates the succeeding 

analytes, and thus altering the carbon isotope composition leading to inaccurate 

measurements. 

In this study, the two sucrose standards with contrasting δ13C signatures were analysed to 

examine the memory effects of the HPLC-WCO-IRMS interface (Agilent-Isoprime 

tandem). IAEA-CH-6 having a δ13C of -10.45‰ was analysed in four consecutive runs 

followed by Beet89 with a δ13C signature of -24.62‰, also with four analytical runs. This 

was performed twice in one batch run for a total of 16 analyses. The results showed that the 

WCO interface did not have memory effects at the flow rate of 0.5 ml min-1 and 20 µl 

injection volume of samples (Figure 4. 7) as the normalised values for both IAEA-CH-6 

and Beet89 sucrose remained near the true values despite the consecutive runs and 

contrasting carbon isotope signatures. 

 

4.3.3 Measuring δ13C of neutral carbohydrates in leaf samples 

The Agilent Hi-Plex H column run with the parameters described in section 4.2.4 

successfully resolved sucrose (peak 1), glucose (peak 2) and fructose (peak 3) extracted from 

whole leaves of the C3 crop, O. sativa (Figure 4. 5A) and the C4 crop, Z. mays (Figure 4. 

5B). The retention times of sucrose, glucose, and fructose in both leaves were 10.5 min, 11.5 
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min, and 12.5 min, respectively (Figure 4. 5). In both species, sucrose had the lowest peak 

height, and glucose had slightly higher peaks relative to fructose (Figure 4. 5). 

On the other hand, the carbon isotope composition of these three sugars showed precise 

values as evident in the small standard errors (0.32‰ average SE; Figure 4.8). In both 

species, whole-leaf δ13C measured using EA-IRMS had an error value of <0.18‰ (SE, n=6 

biological replicates). For the two monosaccharides and a disaccharide, the standard error 

range was between 0.16‰ to 0.33‰ for both O. sativa and Z. mays. In O. sativa, sucrose 

was 13C-enriched and fructose 13C-depleted relative to whole leaf, which had 13C signature 

similar to glucose. In Z. mays, sucrose, glucose and fructose were 13C-enriched relative to 

the whole leaf, with sucrose being more 13C-enriched relative to glucose and fructose 

(Figure 4. 8). 
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4.4 DISCUSSION 

In this study, I analysed the HPLC-WCO-IRMS analytical set-up from Agilent Technologies 

Inc. and Isoprime Ltd to elucidate the compound-specific carbon isotope composition of 

sugar standards with C3 and C4 signatures and sugar metabolites extracted from 

representative C3 and C4 grass crops. The interface was able to resolve neutral sugars in 

aqueous solutions and precisely measured the δ13C of these compounds in leaf samples of 

common cereal crops. 

 

4.4.1 HPLC resolution of neutral sugars using Agilent Hi-Plex H 

The first objective of this experiment was to determine whether the Hi-Plex H column is 

suitable for resolving mono and di-saccharides isotopic standards in solutions. The isocratic 

elution of a single sugar (IAEA-CH-6 or Beet89 sucrose, Figure 4. 2) and baseline 

separations of multiple sugars (Figure 4. 3A and Figure 4. 5A-B) is one of the critical 

requirements for a successful HPLC-based compound-specific carbon isotope assay in 

aqueous solutions (Chen et al., 2010b; Sevcik et al., 2011; Rinne et al., 2012; Zhang, 2013). 

In this study, it was possible to successfully resolve IAEA-CH-6 (Figure 4. 2) and solutions 

containing a mixture of sucrose, glucose and fructose isocratically (Figure 4. 3A) using the 

Hi-Plex H column and the recommended HPLC conditions outlined by Ball et al., (2011). 

However, a peculiar negative peak consistently emerged after chromatography runs (Figure 

4. 3A and Figure 4. 5A-B). Careful examination of bubbles within the LC system and 

refractive index detectors was prompted, but the negative peak persisted even when running 

a blank (Figure 4. 3B). Scrutiny of the column properties showed that this negative peak 

observed at 9 minutes after LC run commenced, was intrinsic to the column when using 

dilute acids as mobile phase (Ball et al., 2011). The intensity of the negative peak also 

corresponds to what was described in the Hi-Plex column compendium (Ball et al., 2011). 

The negative peak was seemingly more pronounced in this study compared to the 

compendium. However, an examination of the compendium data showed similar intensity. 

This might be due to the lower amounts of soluble sugars injected, thus having lower peaks 

and exacerbating the positive peaks when compared to the negative peak. Based on the 

manufacturer's analysis, they injected 10 mg ml-1 while I injected between 0.1 to 0.3 mg ml-

1. Nonetheless, the carbon isotope signatures were not affected as the metabolites of interest 
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were resolved after the negative peak. Similar peak resolution including the negative peak 

was also observed from identifying and quantifying sugars, carboxylates, alcohols, and 

aldehydes of microbial fermentation products utilising the same column and HPLC system 

(Lai et al., 2016). In the same way, the mixture of sugars, alcohols, and organic acids was 

resolved after the negative peak using the refractive index detector. This was not observed 

when the UV detector was utilised instead of RID (Lai et al., 2016). Nonetheless, they were 

able to quantify 21 compounds from microbial products of E.coli and S. cerevisiae (Lai et 

al., 2016), including the sugars of interest. 

This study, therefore, pioneers the analysis of sugar standards and whole leaf soluble sugars 

analysis using the Agilent Hi-Plex H column coupled to the Isoprime Liquiface wet chemical 

oxidation system.  

 

4.4.2 Detection limits, linearity and memory effects 

The second objective of the study was to examine the reproducibility and accuracy of the 

Liquiface WCO analytical system. The δ13C of the international sucrose standard IEAE-CH-

6 had an acceptable reproducibility (SE <0.50‰) from a concentration range between 0.1 

mg ml-1 to 2.5 mg ml-1. Further dilution reduced the accuracy and precision of the δ13C 

assessments (Table 4. 1). To date between the two WCO interfaces, IsoLink (Thermo 

Electron) and Liquiface (Isoprime Ltd), the latter had been used less popularly; hence, little 

literature was available on its application (Morrison et al., 2010; Abaye et al., 2011; Godin 

& McCullagh, 2011). Using direct injection to the Liquiface WCO system, Morrison et al., 

(2010) demonstrated that a high level of analytical precision when glucose (SD = 0.06‰) 

and sucrose (SD = 0.03‰) were assayed using an ICS-3000 ion chromatography system 

coupled to Liquiface WCO interface. On the other hand, Abaye et al., (2011) reported a 

precise measurement of IEAE-CH-6 sucrose (SD = 0.41‰) using the Isoprime WCO and 

IRMS analytical set up coupled to the same HPLC used by Morrison et al., (2010) when 

they examined the δ13C of amino acids employing strong anion exchange chromatography. 

Employing the LC-Isolink WCO system, Boschker et al., (2008) reported an accuracy of ± 

0.50‰ (SD) when δ13C signatures of neutral soluble sugars were analysed in typical coastal 

marine materials. Similarly, Rinne et al., (2012) also showed ± 0.16‰ to ± 0.50‰ accuracy 

in δ13C of fructose, glucose, and sucrose. Moreover, Basler & Dyckmans, (2013) reported 
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an accuracy of <0.6‰ for δ13C of sugars with greater than 2.5nM extracted from soils 

samples utilising a Carbo Pac 20 HPLC column (3 × 150 mm) and the LC-Isolink WCO 

system coupled to Delta-V IRMS. My results have demonstrated that the measurements fall 

within the acceptable range (<0.50‰ SD; <0.40‰ SE) and therefore accurate values were 

demonstrated using the Agilent 1260 Infinity II HPLC system coupled to Liquiface WCO 

and Isoprime IRMS interface. 

The results also highlight a miniscule to negligible fractionation against the acceptable 

values of IEAE-CH-6 sucrose and Beet89 sucrose standards (Figure 4. 6). The ‘gold 

standard’ for measuring δ13C signatures, the EA-IRMS and the new HPLC-WCO-IRMS 

analytical system showed similar offset against the two internal sucrose standards (Figure 

4. 6A and Figure 4. 6B). The study also showed that the two-point calibration between EA-

IRMS and HPLC-WCO-IRMS had a slope of 1 (r2 = 0.999, Figure 4. 6C) signifying a 

similar accuracy between the two analytical systems. Comparable results were also reported 

by Morrison et al., (2010) utilising the Liquiface as a choice of WCO system. Utilising the 

LC-Isolink system, similar regression slopes were also reported using the same sugar 

standards (Boschker et al., 2008; Basler & Dyckmans, 2013; Skrzypek & Ford, 2018).  

The memory effect was also measured as a criterion for reproducibility. The results 

demonstrated that successive runs of metabolites with contrasting δ13C did not produce 

sample-to-sample carry-over signals. Skrzypek & Ford (2018) recently showed that the LC-

Isolink system did not display memory effects by employing drastic spread in δ13C 

(ANCA61 [-28.76‰] versus USGS41 [+37.63‰]). I, therefore, report that the Liquiface 

(Isoprime Ltd) WCO system did not show memory effects and thus produce accurate and 

reproducible measurements. 

 

4.4.3 Analysis of δ13C of three major soluble sugars in leaves of major C3 and C4 

crops 

It has been established that photosynthetic types have varied carbon isotope signatures due 

to the significant differences in leaf photosynthetic biochemistry  (Cernusak et al., 2013). 

This has been exploited to ascertain the photosynthetic pathways of unknown species 

(Bender, 1968). The variations in δ13C between photosynthetic types are highly attributed to 

the affinity of initial enzymes in fractionating against the heavier isotopologue, 13CO2  
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(Tcherkez et al., 2011). In C3 species, CO2 (
12CO2 and 13CO2) from the atmosphere diffuses 

inside the leaf, and Rubisco (the first enzyme that integrates CO2 into organic metabolite 

pools) greatly discriminates against 13CO2 by 29‰ (Farquhar & von Caemmerer, 1981; 

Farquhar et al., 1982, 1989). On the other hand, the C4 pathway enables the initial hydration 

of CO2 to bicarbonate (through carbonic anhydrase) favouring 13C enrichment coupled by 

carboxylation of PEPC which exerts a lower fractionation (3‰) relative to Rubisco 

(Farquhar, 1983; Farquhar et al., 1989; Tcherkez et al., 2011; Cernusak et al., 2013). PEPC 

fixes CO2 transiently into C4 acids which are decarboxylated in the bundle sheath where 

CO2 is subsequently released for ultimate fixation by Rubisco. This CO2 concentrating 

mechanism elevates CO2 partial pressure inside the bundle sheath leaving little opportunity 

for Rubisco to further fractionate CO2, except for a small window during the leakage of CO2 

out of the bundle sheath (s  1.8‰; equation 4.5) (Henderson et al., 1992a; von Caemmerer 

et al., 2014). Consequently, bulk C4 leaves have an average δ13C of -12.5‰ (Cerling et al., 

1997; Cernusak et al., 2013) compared to a depleted δ13C signature (-28‰) in C3 leaves 

(Kohn, 2010; Cernusak et al., 2013). To further elucidate how post-photosynthetic 

fractionations affect leaf δ13C, this chapter aimed at developing methods for accurately 

analysing the δ13C signatures of the major fast-turnover and transport sugars in grass leaves. 

Data presented here showed that sucrose had the lowest chromatogram peaks relative to 

glucose and fructose, which were present in a roughly similar amount for both O. sativa and 

Z. mays. Similarly, sucrose concentration was lower than fructose and glucose in leaves of 

eucalypt (C3) trees (Merchant et al., 2010). Sucrose synthesis and accumulation in leaves 

depends on the concerted action of three enzymes: sucrose synthase (SS), invertase (INV) 

and sucrose phosphate synthase (SPS). INV irreversibly cleaves sucrose into glucose and 

fructose and is localised into the cell wall, vacuole and cytoplasm. SS catalyses the reversible 

cleavage/synthesis of sucrose into/from UDP-glucose (UDPG) and fructose. SPS is the main 

sucrose synthesising enzyme. It uses UDPG and Fructose-6-P to synthesise sucrose-6-P that 

is then dephosphorylated into sucrose by sucrose phosphate phosphatase (SPP) (Turgeon, 

1989; Paul & Foyer, 2001; Ruan, 2014). When plants are growing fast and have a high 

demand for sugars, sucrose-cleaving enzymes are very active, especially in developing 

leaves, and sucrose is generally the least abundant sugar. In mature leaves, sucrose-cleaving 

enzymes usually maintain lower activities compared to sucrose-synthesising enzymes (Zhu 

et al., 2018). Hence, low sucrose concentration in this study likely reflects the active growth 

of the two grass species. 
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In addition, the carbon isotope signatures of the three major sugar metabolites in the C3 and 

C4 species displayed varied patterns compared to their whole leaf δ13C signatures (Figure 

4. 8). In this study, sucrose was heaviest in both species compared to the leaf as a whole for 

both C3 and C4 representative crops. In control leaves of eucalypts, δ13C of sucrose was 

intermediate between more enriched glucose and more depleted fructose (Smith et al., 

2016). In several Quercus species, fructose exhibited the most 13C enrichment compared 

with glucose and sucrose, and there were no marked differences in isotopic signature 

between the light and the dark period (Werner et al., 2009a). Other studies reported diurnal 

variations in sucrose δ13C, with day-sucrose being typically 13C depleted as most 13C is 

carried through by triose phosphates towards starch biosynthesis, while night sucrose is 13C 

enriched due to starch breakdown during respiration (Tcherkez et al., 2004, 2011). Hence, 

various factors can affect the carbon isotope signature of the three interconnected 

metabolites measured in this study, including water supply, time of day, the contribution 

from the phloem, and respiration (Werner et al., 2009a; Merchant et al., 2010; Smith et al., 

2016; Dethloff et al., 2017). In this study, leaves were harvested during the day; however, 

the origin of the sucrose measured could not be ascertained as diurnal carbon isotope 

composition of leaf starch were not measured, which could partly explain why sucrose was 

13C enriched in the two species. Also, the phenomenon of sugar mixing during metabolite 

exchange through phloem transport between the heterotrophic and autotrophic tissues 

(Brüggemann et al., 2011) adds to this complexity. Glucose δ13C was intermediate to sucrose 

and fructose signatures, but the origins of the free glucose (e.g. fructose isomerisation, starch 

breakdown, cellulose degradation, etc.) was not assayed. In addition, photosynthetic 

pathway (C3 or C4) can affect the δ13C of sugar metabolites. For example, sucrose and starch 

synthesis occur in the mesophyll of C3 leaves. In C4 leaves, starch synthesis almost 

exclusively occurs in the bundle sheath, while sucrose synthesis predominantly occurs in the 

mesophyll with a variable contribution from the bundle sheath (Lunn & Furbank, 1999a). 

Hence, metabolite trafficking between the two cell types and specific localisation of 

carbohydrate biosynthesis will likely involve variable fractionations in the C4 leaf. Tracing 

the fate of carbon incorporated into the leaves after photosynthesis could identify the origins 

of these carbons atoms and could better unravel the carbon fluxomics in leaves. 

Several applications of WCO have previously endeavoured. In the food industry, this method 

has been employed to discriminate pure honey with adulterated honey. Results from 

Cabañero et al., (2006) showed that unadulterated honey had δ13C for sucrose, glucose, and 
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fructose fall within -26.3 + 1.0‰, -25.0 + 1.0‰, and -25.2 + 1.0‰ (mean + SD) 

respectively; while adulterated honey contained had δ13C signatures which were more 13C-

enriched and were probably due to C4-photosynthesis-derived fructose contamination- for 

example, high fructose corn syrup. On the other hand, C3 needles from tree species (Picea 

abies and Larix decidua) subjected to HPLC-WCO-IRMS assay showed heavier fructose 

δ13C than glucose and sucrose (Rinne et al., 2012). In Nicotiana sylvestris leaves assayed 

for compound-specific-isotope analysis of different leaf metabolites, well-watered plants 

showed heavier glucose δ13C compared to sucrose and fructose (Ghashghaie et al., 2001). 

The technique, however, did not employ a WCO system but rather a more laborious HPLC-

IRMS method whereby metabolite fractions were individually collected after peak 

resolution from HPLC and then subsequently freeze-dried and subjected to IRMS. 

Nonetheless, it provided insights on carbon fluxes during drought in this species. Earlier 

studies by Brugnoli et al., (1988) in several C3 species demonstrated the strong correlation 

of soluble sugar δ13C with instantaneous water-use efficiency. The method, however, 

involved laborious steps, including acid digestions and overnight incubations. 

In summary, there is a considerable variation in patterns of δ13C of polar sugars within 

species of the same photosynthetic type. The results have demonstrated the potential of 

HPLC-WCO-IRMS interface for high throughput screening of sugars from C3 and C4 crops 

and could measure δ13C of different sugar metabolites in leaves using a reproducible and 

less laborious WCO system. 
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4.5 CONCLUSION 

The wet-chemical oxidation system, coupled to HPLC and IRMS was investigated for its 

capacity to analyse compound-specific carbon isotope analysis of sugar standards and sugar 

metabolites representing C3 and C4 photosynthetic type. My results have demonstrated the 

accuracy and reproducibility of the Agilent Infinity System (HPLC) coupled to Liquiface 

WCO interface as a means to measure δ13C of sucrose, glucose, and fructose. Only a few 

studies have reported on the utilisation of Liquiface as a choice of WCO assay (Morrison et 

al., 2010; Abaye et al., 2011; Basler & Dyckmans, 2013) compared to the more popular 

Isolink interface (Krummen et al., 2004; Godin & McCullagh, 2011). Therefore, my data 

can be added to the scanty literature examining Liquiface as WCO system for analysing leaf 

sugars and sugar standards. In the future, I recommend the analysis of a larger number of 

species at different times of the days and different growth conditions to analyse general 

trends in sugar ‘fluxomics’ (Ratcliffe & Shachar-Hill, 2006; Kruger & Ratcliffe, 2009; 

Tcherkez et al., 2011). Between photosynthetic types and C4 biochemical subtypes as a tool 

to examine post-photosynthetic turn-over of 13C in leaves and better understand how leaf 

δ13C can be used as a screening tool for leaf-level water-use efficiency.  
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Figure 4. 1 The schematic diagram of the wet chemical oxidation system interfaced 

with the HPLC system and IRMS used to assay compound-specific carbon isotope 

signature of sugars.  

Metabolites are separated using HPLC. Sequential peaks are oxidised in the WCO system, 

and each metabolite is subjected to IRMS analyses for δ13C measurements. The diagram was 

redrawn from Isoprime (2011) compendium. 
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Figure 4. 2 HPLC elution profile of the international sucrose standard, IAEA-CH-6 (peak 12.5 min), over time in different 

concentrations to estimate the limits of detection.  
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Table 4. 1 Testing the limits of detection and reproducibility of the Hi-Plex H HPLC 

column interfaced to the Liquiface (Isoprime) wet chemical oxidation system.  

Values for retention time and m/z peak height are mean ± SE (n=5) while δ13C represents 

mean + SE, SD (n=5) of unnormalised values of IAEA-CH-6 sucrose (δ13C signature of -

10.45‰) at several concentrations. Means with the same letters are not significantly 

different at α=0.05 using Fisher’s LSD post hoc. n.d denotes not detected in the IRMS. 

 

Concentration 

(mg ml
-1

) 

Retention time 

(sec) 

Carbon isotope 

composition, 

δ13C (‰) 

m/z peak height 

(nA) 

2.50 832.76 + 2.11 a -9.63 + 0.16, 0.36 a 1.69 + 0.14 a 

1.00 827.32 + 0.73 a -9.53 + 0.14, 0.32 a 0.86 + 0.09 b 

0.50 831.86 + 2.79 a -9.36 + 0.14, 0.31 a 0.50 + 0.08 c 

0.25 827.33 + 1.01 a -9.17 + 0.28, 0.57 a 0.22 + 0.04 d 

0.10 826.15 + 0.93 a -9.61 + 0.40, 0.80 a 0.15 + 0.04 d 

0.05 831.74 + 4.26 a -12.96 + 10.10, 22.59 a 0.05 + 0.01 d 

0.01 n.d. n.d. n.d. 
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Figure 4. 3 The isocratic elution (A) of a sugar mixture constituting 2 mg ml-1 sucrose 

(1), glucose (2), and fructose (3) along with the peculiar negative peak in both sample 

(a) and blank solutions (B), before the elution of three sugars.  

The negative peak is typical to the column as outlined in the HPLC column compendium 

(Ball et al., 2011), which did not affect the analysis of δ13C in the three sugars. The flow rate 

was adjusted to 0.6 ml min-1 in b to facilitate faster resolution. 
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Figure 4. 4 Effects of mobile phase in the resolving IEAE sucrose using HPLC-RID.   

Mobile phase assay using dilute phosphoric acid (0.05 M) showed noisy background 

refractive index signal (A) and weak hydrolysis of IEAE sucrose to its component 

monosaccharides, glucose and fructose (B) across different concentrations. 
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Figure 4. 5 Representative chromatographic resolution of sucrose (1), glucose (2), and 

fructose (3) in leaves of C3 crop Oryza sativa (A) and in leaves of C4 crop Zea mays (B) 

and using the Agilent Hi-Plex H column.  

HPLC run parameters were: 0.0085 M H2SO4 as mobile phase; 0.6 ml min-1 flow rate; 25οC 

column temperature; 35οC RID temperature and 20 µL injection volume. The flow rate was 

adjusted to 0.6 ml min-1 to facilitate faster elution of sugars while not affecting the δ13C. 
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Figure 4. 6 Estimating the fractionation of EA-IRMS system (A) and HPLC-WCO-

IRMS (B) against the accepted carbon isotope signature of ANU sucrose (n=4) and 

Beet89 sucrose (n=4).  

Comparison between the δ13C obtained from EA-IRMS and HPLC-WCO-IRMS (C) 

systems. Dotted lines represent the 1:1 values. Significance codes: *p<0.05; **p<0.01; 

***p<0.001; nsp>0.05.  
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Figure 4. 7 Examination of the memory effect in HPLC-WCO-IRMS assay utilising 

two contrasting sucrose δ13C.  

Dots represent the values of normalised δ13C in successive runs. Blue dots represent a C4 

sucrose signature (IAEA-CH-6 sucrose) while red dots represent C3 sucrose (Beet 89). 

 

 

 

 

 

 

 

 

  



138 

 

 

Figure 4. 8 The carbon isotope composition of the whole leaf (black) analysed using 

EA-IRMS and fructose (red), glucose (blue), and sucrose (green) measured using the 

HPLC-WCO-IRMS interface of O. sativa (C3, n=6) and Z. mays (C4, n=6).  

Values are mean ± SE and ranked within species using Fisher’s LSD post-hoc at α=0.05. 

Similar letters indicate non-significant difference within species. 
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Figure 4. 9 The IRMS chromatogram of IAEA-CH-6 (2.5 mg ml-1) after wet chemical oxidation using Liquiface-IRMS (Isoprime) 

system.  

The three lines represent the signals of 12C16O2 (m/z 44, orange), 13C16O2 (m/z 45, blue), and 12C18O16O (m/z 46, purple).  Three pulses of 

references gases from the beginning of the run and one pulse before the end were used to calibrate and monitor the carbon isotope signature. 
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Figure 4. 10 The m/z chromatogram of sucrose (peak 1), glucose (peak 2), and fructose (peak 3) in Z. mays leaves after wet chemical 

oxidation using HPLC-Liquiface-IRMS (Agilent-Isoprime) system.  

The three lines represent the signals of 12C16O2 (m/z 44, orange), 13C16O2 (m/z 45, blue), and 12C18O16O (m/z 46, purple).  Three pulses of 

references gases from the beginning of the run and one pulse before the end were used to calibrate and monitor the carbon isotope signature.

time (sec) 
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Appendix 4. 1 Resolution of sugars, alcohols, and organic acids using the Hi-Plex H 

column based from the Compendium of Hi-Plex columns for Agilent HPLC system.  

The figure was obtained from Compendium of Hi-Plex columns, page 47 in support of the 

negative peak observed in this study. The red arrow indicates the negative peak before the 

elution of target compounds, as also observed in this study (Ball et al., 2011).  
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Appendix 4. 2 Resolution of sugars, sugar-derivatives and organic acids using the Hi-Plex 

H column based from the Compendium of Hi-Plex columns for Agilent HPLC system.  

The figure was obtained from Compendium of Hi-Plex columns, page 64, in support of the 

negative peak observed in this study. The red arrow indicates the negative peak before the 

elution of target compounds similarly observed in this experiment (Ball et al., 2011). 
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CHAPTER 5 

 

CARBON ISOTOPE COMPOSITION OF SOLUBLE SUGARS 

IN LEAVES OF C3 AND C4 GRASSES WITH DIFFERENT 

BIOCHEMICAL SUBTYPES 
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ABSTRACT 

Post-photosynthetic carbon isotope fractionation may partly explain why leaf carbon isotope 

composition (δ13C) and intrinsic water use efficiency (iWUE) do not correlate well in C4 pants, 

as well as the difference in leaf δ13C between the two main subtypes (NADP-ME and NAD-

ME) of C4 photosynthesis. Four C3, five NAD-ME, and four NADP-ME grass species were 

grown in a glasshouse under common conditions. Fully expanded and non-senescing leaves 

were lyophilised and analysed. Leaf dry matter and cellulose δ13C were measured using EA-

IRMS, while δ13C of three main soluble sugars (sucrose, glucose and fructose) were analysed 

using HPLC-WCO-IRMS. Overall, sucrose δ13C deviated the most and cellulose δ13C deviated 

the least relative to the bulk leaf. Among C3 grasses, the δ13C of soluble sugars did not differ 

but were positively correlated with each other, reflecting the simpler carbon metabolism in C3 

leaves. Among NADP-ME and NAD-ME species, the previously observed differences in leaf 

and cellulose δ13C were not significant due to Z. mays having δ13C untypical of NADP-ME 

subtype. However, fructose δ13C was 1.6 ‰ more 13C-enriched in NADP-ME relative to NAD-

ME species. In addition, leaf and cellulose δ13C correlated well with stomatal conductance (but 

not with iWUE) in C4 (but in C3) grasses, highlighting the dominant role played by stomata in 

determining leaf δ13C and iWUE of C4 species. It is proposed that examining position-specific 

isotope analysis (PSIA) of fructose, glucose and sucrose in species of the two C4 subtypes as 

well as fractionation studies on leaf carbohydrate enzymes such as the invertases may shed 

light on the contribution of soluble sugars and post-photosynthetic carboxylation on variations 

in leaf δ13C, and better understand the link between leaf δ13C and iWUE amongst C4 species. 

 

 

 

 

 

 

Keywords: C4 subtypes, HPLC, IRMS, post-photosynthetic fractionation, wet chemical 

oxidation. 
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5.1 INTRODUCTION 

The CO2 concentrating mechanism (CCM) leads to the saturation of C4 photosynthesis at lower 

intercellular CO2 partial pressure (Ci) and stomatal conductance (gs) relative to C3 

photosynthesis. Consequently, C4 plants generally have better leaf-level intrinsic water-use 

efficiency (iWUE) as well as whole plant WUE than their C3 counterparts (Taylor et al., 2012). 

In C3 plants, leaf carbon isotope composition (δ13C) has been used with relative success as a 

proxy tool for screening WUE (Farquhar & Richards, 1984; Condon et al., 2004). The 

application of this technique for C4 plants has been hampered by a number of factors, even 

though a theoretical framework has been developed linking C4 photosynthesis with carbon 

isotope discrimination (∆13C) as follows (Farquhar, 1983; Henderson et al., 1992b):  

∆13𝐶 = 𝑎 + (𝑏4 + (𝑏3 − 𝑠)𝜙 − 𝑎)
𝐶𝑖

𝐶𝑎
  equation 5.1 

where Ci/Ca is the ratio of intercellular to ambient CO2 partial pressure,  is leakiness defined 

as the ratio of the CO2 leak rate out of the bundle sheath to the rate of PEP carboxylase (PEPC), 

a  is the fractionation during diffusion of CO2 in air (4.4 ‰), b4 is the fractionation associated 

with PEPC and the preceding isotopic equilibrium during dissolution and conversion to 

bicarbonate, s is the fractionation during the leakage of CO2 out of the bundle sheath (1.8 ‰), 

and b3 is the fractionation during Rubisco carboxylation. This equation has recently been 

updated to include the ternary formulation to take into account the influence of transpiration 

on CO2 diffusion between the atmosphere and the intercellular air spaces (Farquhar & 

Cernusak, 2012). Additionally, Ci/Ca is linked to iWUEi and  is linked to δ13C as follows:  

𝑖𝑊𝑈𝐸 =  
𝐴𝑛𝑒𝑡

𝑔𝑠
= 1 −

𝐶𝑖

𝐶𝑎
   equation 5.2 

∆13𝐶𝑑𝑟𝑦𝑚𝑎𝑡𝑡𝑒𝑟 (‰) =  
𝛿𝑎𝑖𝑟(‰)− 𝛿𝑑𝑟𝑦𝑚𝑎𝑡𝑡𝑒𝑟(‰)

𝛿𝑑𝑟𝑦𝑚𝑎𝑡𝑡𝑒𝑟(‰)+1000
× 1000  equation 5.3 

where δ13Cair and δ13Cdrymatter are the stable carbon isotope composition of air and leaf dry 

matter, respectively. δ13C (‰) is the deviation of the heavier/lighter ratio (13C/12C) of the 

sample carbon isotopes (Rsample) relative to the 13C/12C ratio of the international carbonate 

standard, the Vienna Pee-Dee Belemnite (RPDB
  = 0.0112372): 


13C = (𝑅𝑠𝑎𝑚𝑝𝑙𝑒 𝑅𝑃𝐷𝐵) − 1⁄         equation 5.4 
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Equation 5.1 is primarily derived from photosynthetic parameters and indicates that the 

dependence of ∆13C on Ci/Ca (and hence, iWUE) varies with bundle sheath leakiness 

(Henderson et al., 1992b). The advent of tuneable diode laser absorption spectroscopy (TDL) 

allowed for instantaneous measurements (on-line) of leaf-level ∆13C during leaf gas exchange 

measurements and thus sparked a renewed interest in understanding the basis of leaf-level 

carbon isotope discrimination in C4 species. Therefore, a number of studies have attempted to 

measure  in C4 leaves in order to both understand its variations and its effect on ∆13C 

(Henderson et al., 1992a; Cousins et al., 2008; von Caemmerer et al., 2014; Sonawane et al., 

2017, 2018). However, variations in  are still poorly understood (von Caemmerer et al., 2014). 

While ∆13C is useful for understanding C4 photosynthesis, it is laborious to measure, and δ13C 

is a more convenient parameter for screening large populations for variations in iWUE 

(Ellsworth & Cousins, 2016). In addition, our improved ability to measure ∆13C and estimate 

 has shed little light on the relationship between leaf dry matter δ13C and WUE. Early attempts 

using C4 crops and grasses have not been conclusive (Meinzer et al., 1994; Henderson et al., 

1998; Ghannoum et al., 2001a, 2002). Recently, Feldman et al., (2018) and Ellsworth et al., 

(2019) have reported a relationship between whole plant WUE and dry matter δ13C measured 

within a recombinant inbred population of the model C4 grass Setaria viridis grown under 

highly controlled environments. These recent studies renew hopes in the effectiveness of δ13C 

as a tool for measuring iWUE. Nevertheless, the overall evidence, so far, suggests that we need 

to better understand the causes of variation in leaf dry matter δ13C before it can widely be 

applied for screening iWUEi in C4 plants.  

The C4 photosynthetic pathway exists in different subtypes (NADP-ME, NAD-ME, and PCK) 

with different leaf biochemistry and anatomy (Hatch, 1987). Amongst C4 grasses, species with 

the NAD-ME C4 subtype tend to have higher WUE than NADP-ME grasses under water stress 

(Ghannoum et al., 2002). Additionally, the C4 subtypes have long been known to have 

variations in their carbon isotope composition (Hattersley, 1982; von Caemmerer et al., 2014). 

Early work by Hattersley (1982) demonstrated a 1.35‰ difference in the whole leaf δ13C 

between NADP-ME and NAD-ME subtypes of C4 grasses, with NADP-ME having higher 

δ13C. These differences have fuelled hypotheses that the two C4 subtypes vary in bundle sheath 

leakiness and hence the efficiency of their C4-CCM; however, this has not been supported by 

subsequent work. Using a number of monocots and dicots, Henderson et al., (1992a) showed 

that bundle sheath leakiness did not differ between subtypes possessing suberised lamella 

(NADP-ME) and those without suberised lamellae (NAD-ME). In addition, Cousins et al., 
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(2008) validated these results and showed that photosynthetic carbon isotope discrimination, 

measured instantaneously using TDL, was not different among C4 grasses with different 

biochemical subtypes while maintaining their difference in whole leaf carbon isotope signature. 

Subsequently, Sonawane et al., (2017, 2018) showed that ∆13C is similar between C4 grasses 

with different subtypes exposed to various leaf temperatures and that photosynthetic ∆13C and 

leaf dry matter δ13C differed between NAD-ME and NADP-ME subtypes under low light. 

Moreover, studies using a large number of species showed that leaf dry matter δ13C was 

consistently different between 18 species of NAD-ME and NADP-ME grown under drought 

and well-watered conditions (Ghannoum et al., 2002). These differences were carried up to the 

leaf cellulose δ13C signature under different growth conditions (Ghannoum et al., 2001a, 2011; 

von Caemmerer et al., 2014). Taken together, these findings suggest that variations in leaf δ13C 

amongst the C4 subtypes could occur after photosynthesis (post-photosynthetic). 

Variations in δ13C are due to factors which affect ∆13C (e.g., Ci/Ca, ) as well as post-

photosynthetic factors such as fractionations (von Caemmerer et al., 2014). Several studies 

have postulated the involvement of post-photosynthetic fractionation as a major contributor to 

variations in leaf carbon isotope composition (Tcherkez et al., 2011; Cernusak et al., 2013; von 

Caemmerer et al., 2014; Ellsworth & Cousins, 2016). However, there is still a scarcity of 

information regarding the contribution of post-photosynthetic metabolites in these δ13C 

differences. Post-photosynthetic fractionation encompasses the redistribution 13C after Rubisco 

carboxylation, including post-carboxylation (metabolic) fractionation, respiratory 

fractionation, and fractionation during transport (Gessler et al., 2008; Brüggemann et al., 

2011). These processes are of particular importance as they alter the isotopic signatures 

imprinted on the newly assimilated metabolite during the downstream metabolic processes 

(Werner et al., 2011). For example, different leaf metabolic pools differ in carbon isotope 

signatures. Cellulose, sucrose, and starch are usually 13C enriched relative to the whole leaf 

while lipids, organic acids, amino acids are typically 13C depleted (Park & Epstein, 1961; 

O’Leary, 1981; Hobbie & Werner, 2004; von Caemmerer et al., 2014). Between major plant 

organs, the autotrophic tissues (e.g. leaves) are isotopically lighter than the heterotrophic 

tissues (stem and roots) (Badeck et al., 2005; Cernusak et al., 2009). This chapter focuses on 

the post-carboxylation fractionation specifically the major short-term, soluble sugar pools 

(sucrose, glucose, and fructose) as the other two fractionation processes (respiration and 

transport) occur further downstream in terms of isotopic redistribution. I also consider cellulose 

as a long-term carbon store. Therefore, I hypothesise that differences in leaf δ13C between 
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NADP-ME and NAD-ME subtypes (and between C3 and C4 photosynthetic types) are partly 

due to post-photosynthetic metabolic fractions. Consequently, variations in leaf δ13C will be 

partly explained by variations in δ13C of soluble sugars and will be carried through to the 

cellulose δ13C. The specific aim of this study was to compare the carbon isotope signatures of 

primary leaf non-structural carbohydrates (sucrose, glucose, and fructose) using HPLC-WCO-

IRMS previously optimised from Chapter 4 among C3 and C4 grasses, and between NAD-ME 

and NADP-ME C4 subtypes. 
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5.2 MATERIALS AND METHODS 

5.2.1 Plant culture  

Grasses representing C3 and two subtypes (NAD-ME and NADP-ME) of C4 photosynthesis 

were grown in a naturally-lit glasshouse under similar conditions as outlined in Chapter 4 from 

February 23, 2018 to April 26, 2018. Plants were randomised twice a week to reduce within 

chamber variations and well-watered as required. The species included C3: Oryza sativa (L.), 

Panicum bisulcatum (Thunb.), Triticum turgidum (L.), Steinchisma laxa (Zuloaga); C4 NAD-

ME: Panicum coloratum (L.), Eragrostis curvula (Schrad.), Panicum miliaceum (L.), Cynodon 

dactylon (L.), and Leptochloa fusca [(L.) Kunth.]; C4 NADP-ME: Z. mays (L.), Panicum 

antidotale (Retz.), Cenchrus cilirais (L.), and Setaria viridis [(L.) Beauv.] (Grass Phylogeny 

Working Group II, 2012). Fully expanded and non-senescing leaves were harvested from 15:00 

to 17:00 and snap-frozen in liquid nitrogen. Leaves were then lyophilised using Martin Christ 

Alpha 1-2 LD plus freeze dryer (John Morris Scientific Pty Ltd., Australia) at -55○C for 48 hr. 

Subsequently, freeze-dried leaves were finely ground at 30 hertz for two minutes using Retsch 

Mixer Mill MM 200 (The McCrone Group, Illinois, USA) and stored in glass vials until 

analysis.  

 

5.2.2 Leaf gas exchange 

Gas exchange measurements were made using LI-6400XT infrared gas analyser (LI-COR Inc., 

Lincoln, NE, USA) on the first fully expanded leaves of six-week-old plants. For grasses with 

very narrow leaves (e.g. E. curvula, C. dactylon, C. ciliaris), three to four leaves were placed 

in the 3 × 2 cm cuvette, and the leaf area was corrected. Measurement conditions were: 1000 

µmol m-2 s-1 PPFD, 28○C leaf temperature, 350 mol s-1 flow rate, and 60-65% relative humidity. 

Steady-state measurements of CO2 assimilation rate (Anet), stomatal conductance (gs), 

intercellular CO2 partial pressure (Ci), the ratio of intercellular CO2 to ambient CO2 (Ci/Ca), 

and intrinsic water-use efficiency (iWUEi) were obtained from four to six biological replicates 

between 10:00 to 16:00.  
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5.2.3 Standards 

Similar to Chapter 4, the two sucrose standards, IAEA-CH-6 (δ13C = -10.45‰) and Beet89 

sucrose (δ13C = -24.62‰) were also utilised in both EA-IRMS and HPLC-WCO-IRMS assays 

to calculate carbon isotope signature offsets.  

 

5.2.4 Soluble sugars and cellulose extraction/purification 

Ground freeze-dried leaf samples were weighed to 120 ± 1.0 mg and transferred to 2 ml screw-

cap tubes. In the same way, soluble carbohydrates were twice extracted using 1.5 ml Milli-Q 

grade water, vortexed, and centrifuged at 13,000 rpm for 2 min. The aqueous fraction was 

filtered using a Millex™GP membrane filter (Merck Millipore Ltd, MA, USA), and 

deionised/deproteinised using CentriPure P10 columns (EMP BIOTECH, Berlin, Germany). 

The purified aqueous fractions were aliquoted to crim-top autosampler vials for HPLC-WCO-

IRMS assay.  

Cellulose extraction and purification from leaves were assayed using a modified Zhou et al., 

(2010) method. The pellet from the above step was added with 1000 µl chloroform: methanol 

(1:1), vortexed, and incubated at 40οC for 20 min. The mixture was centrifuged at 13,000 rpm 

for 5 min, and the organic phase was discarded. The chloroform: methanol (1:1) step was 

repeated for four to five times until pigments were removed. Excess chloroform was removed 

by washing with 1000 µl methanol incubated at 40οC for 20 min and pelleted at 13,000 rpm 

for 5 min. After which, the pellet was subsequently washed with 1000 µl acetone and digested 

with 1000 µl 8:2:1 acetic acid: nitric acid: water solution at 90οC for 1 hr. The mixture was 

cooled down to ambient room temperature and spun at 13,000 rpm for 10 min and subsequently 

washed twice with 95% ethanol. The resulting pellet was air-dried to evaporate excess ethanol 

and oven-dried at 50οC for 12 hrs. The resulting cellulose pellet was transferred to new 2 ml 

Eppendorf tubes. 

 

5.2.5 Carbon isotope assays using HPLC-WCO-IRMS and EA-IRMS 

The desalted and deproteinised aqueous fraction from the above step (Section 5.2.4) was 

subjected to HPLC-WCO-IRMS using Agilent 1260 Infinity II high-performance liquid 
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chromatography (HPLC) system (Agilent Technologies, Inc., Santa Clara, CA, USA) 

interfaced to a wet chemical oxidiser, Liquiface (Isoprime Ltd, Cheadle Hulme, UK), and unto 

an isotope ratio mass spectrometer (Isoprime, 2011). Similar HPLC-WCO-IRMS parameters, 

reagents, and HPLC column were utilised as outlined in Chapter 4.2.4. 

EA-IRMS was employed to assay for cellulose and whole leaf δ13C. Finely ground whole leaf 

materials from section 5.2.1 and air-dried cellulose from section 5.2.4 was weighed to 2 ± 0.1 

mg using a Mettler Toledo AT21 balance. Consequently, the samples were transferred in tin 

capsules (Sercon Ltd, Crewe UK), folded and subjected to pyrolysis and mass spectrometry 

assay as described in Chapter 4.2.5.  

Photosynthetic carbon isotope discrimination (Δ13C) was calculated using equation 5.3 

assuming 𝛿𝑎𝑖𝑟(‰) is -8‰ (Sonawane et al., 2018).  

 

5.2.6 Data analysis 

The carbon isotope composition and data normalisation were expressed relative to the VPDB 

scale, similar to Chapter 4.2.6. Statistical analyses were performed using R (V.3.4.2; R Core 

Team, 2017). Values represent mean + SE of biological replicates when compared between 

species. Among functional types comparison, values represent mean + SE with species as 

replicate. When significant, means were ranked using Fisher’s LSD post hoc at α=0.05. 

Correlations were expressed as r2, followed by significance values. 
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5.3 RESULTS 

5.3.1 Leaf gas exchange 

Relative to C3 grasses, C4 grasses had higher net CO2 assimilation rates (Anet) and intrinsic 

water-use efficiency (iWUEi); and lower stomatal conductance (gs) and intercellular CO2 (Ci) 

(Figure 5. 1, Table 5. 1 and Table 5. 2). Ci/Ca ratio was highest in C3 species followed by 

NADP-ME then NAD-ME (Figure 5. 1C, Table 5. 2). Photosynthetic type (C4 > C3) and C4 

subtype (NAD-ME > NADP-ME) differences were also evident in iWUEi (Figure 5. 1D, 

Table 5. 1 and Table 5. 2).  

Species-wise, O. sativa had the lowest Anet, gs, and WUEi amongst the glasshouse-grown C3 

grasses (Table 5. 2). Among C4 subtypes, two NAD-ME species, L. fusca and P. coloratum 

had the highest Anet while two NADP-ME species, P. antidotale and S. viridis had the lowest 

Anet (Table 5. 2). Two species with morphologically narrow leaf width, E. curvula (NAD-ME) 

and C. ciliaris (NADP-ME) had the lowest gs, Ci, Ci/Ca, and highest iWUE (Table 5. 2).  

iWUE was inversely correlated with Ci and Ci/Ca in C3 and C4 species. Within C4 species, 

iWUE was inversely correlated gs. In addition, gs, Ci and Ci/Ca were positively correlated 

among the C4 grasses (Table 5. 4 and Table 5. 5). 

 

5.3.2 Carbon isotope composition 

As expected, C3 leaves were more 13C-depleted (i.e., more negative δ13C), followed by NAD-

ME than NADP-ME, although the difference between the two C4 subtypes was marginally 

significant possibly due to small number of species (Figure 5. 2, Table 5. 3). C3 species also 

had lighter cellulose and sugar signatures relative to C4 leaves (Figure 5. 2, Table 5. 3). The 

carbon isotope signatures of leaf cellulose, glucose and sucrose did not differ between the two 

C4 subtypes; however, fructose δ13C was 1.69‰ heavier in NADP-ME than NAD-ME grasses 

(Figure 5. 2, Table 5. 3).  

For each species, sucrose was the most 13C-enriched metabolite amongst the three measured 

sugars (Table 5. 5). On average, δ13C of sucrose increased by 2.28 ‰ (92.5 %) and 3.76-4.11 

‰ (71.4-72.7 %) relative to the leaf in C3 and C4 species, respectively (Figure 5. 6). In the C3 

species, cellulose, sucrose and glucose were more enriched in 13C while fructose was less 
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enriched relative to the leaf (Figure 5. 2 and Figure 5. 6, Table 5. 3). In the C4 species, 

cellulose, sucrose, glucose and fructose were more 13C-enriched relative to the leaf. The largest 

discrimination step occurred at the level of sucrose (from glucose and fructose) and cellulose 

synthesis, with very little difference between leaf and cellulose δ13C (Figure 5. 2 and Figure 

5. 6, Table 5. 3). Interestingly, the carbon isotope signatures of glucose and fructose were 

opposite between the two C4 subtypes; with fructose being lighter than glucose in NAD-ME 

species and vice versa for NADP-ME species (Figure 5. 6).  

 

5.3.3 Correlations with leaf and metabolite δ13C among C3 and C4 grasses 

Due to large differences in carbon isotopic signatures between photosynthetic types, C3 and C4 

species were grouped separately for correlation analysis (Table 5. 4 and Table 5. 5). Among 

C3 grasses, there were no correlations between leaf gas exchange parameters and any of the 

leaf or metabolite carbon isotope compositions (Table 5. 4). Leaf δ13C linearly correlated with 

δ13C of glucose (r2=0.927, p<0.05), sucrose (r2=0.992, p<0.01; Table 5. 4) and cellulose 

(r2=0.916, p<0.05; Table 5. 4). Likewise, δ13C of cellulose and glucose were correlated 

(r2=0.964, p<0.05; Table 5. 4) in C3 species (Figure 5. 4, Table 5. 4).  

Among NAD-ME and NADP-ME C4 grasses, leaf and cellulose δ13C were positively correlated 

(r2=0.619, p<0.05). In addition, stomatal conductance (gs) was negatively correlated with leaf 

δ13C (r2=0.466, p<0.05) and cellulose δ13C (r2=0.596, p<0.05) in C4 species (Figure 5. 5, Table 

5. 5). The key parameter iWUE was not correlated with leaf or metabolite δ13C in either C3 or 

C4 species (Table 5. 4 and Table 5. 5).  
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5.4 DISCUSSION 

In this study, four C3, five C4/NAD-ME and four C4/NADP-ME grass species were grown 

under common conditions to compare the carbon isotope signatures of major soluble and 

structural carbohydrates in leaves (Figure 5. 7A) using a coupled HPLC-WCO-IRMS system 

to better understand the metabolic aspects of post-photosynthetic fractionation. Leaf gas 

exchange was also measured to reveal how iWUE and its components correlate with leaf and 

metabolite δ13C. The study revealed novel insights about both aspects, and the key points are 

discussed below. 

 

5.4.1 Compound specific carbon isotope analysis reveals differences in C3 and C4 

carbohydrate metabolism 

As expected, leaf dry matter and carbohydrates were more 13C depleted in C3 relative to C4 

grasses (Bender, 1971; Brugnoli et al., 1988; Cerling et al., 1997). Enrichment of whole leaf 

and cellulose δ13C may be due to the enrichment of non-structural carbohydrates (Figure 5. 4), 

the immediate product of photosynthesis (Tcherkez et al., 2011; Cernusak et al., 2013). The 

results of this study are in line with what is typically observed for C3 plants where the carbon 

isotope signatures of sugars largely reflect the average fractionation of the initial carboxylation 

reaction by Rubisco (around 29‰) (Farquhar et al., 1982, 1989; Evans et al., 1986; Cernusak 

et al., 2013).  

Very few studies have analysed the carbon isotopic signatures of leaf metabolites in C3 or C4 

plants (Brugnoli et al., 1988; Ghashghaie et al., 2001). This study revealed a number of 

interesting differences in the δ13C of soluble carbohydrates behaviour between the two 

photosynthetic types (Figure 5. 2 and Figure 5. 6). In the C3 species, fructose was more 13C 

depleted (i.e., greater 13C discrimination) while the other three compounds (cellulose, sucrose 

and glucose) were less 13C depleted relative to the leaf (Figure 5. 2, Figure 5. 3, and Figure 

5. 6). Analysis of intramolecular patterns in C3 hexoses showed that invertase (EC 3.2.1.26), 

the enzyme that hydrolyses sucrose into glucose and fructose moieties (Figure 5. 7A), 

fractionates against 13C producing a depleted C-2 position (carbon atom position) in fructose 

(Gilbert et al., 2012).  
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In the C4 species, all metabolites were less 13C depleted relative to the leaf. Moreover, sucrose 

was the most 13C depleted metabolite relative to the leaf, and this difference was greater in C4 

relative to C3 leaves (Figure 5. 2, Figure 5. 3, and Figure 5. 6). These results point to the 

differences in carbohydrate, particularly sucrose, metabolism between C3 and C4 plants. In C3 

leaves, sucrose metabolism occurs in one cell type, while sucrose metabolism occurs 

predominantly, but not exclusively, in the mesophyll cells of C4 leaves (Lunn & Furbank, 

1999b). In addition, the precursors for sugar metabolism arising from the Calvin cycle (e.g., 

phosphoglycerate and glyceraldehyde 3-phosphate) are shuttled back and forth between the 

two cell types of C4 leaves (Hatch, 1987). Moreover, sucrose must be transported to the bundle 

sheath on its way to the phloem for export out of the source leaf (Figure 5. 7B). Therefore, it 

is likely that sucrose, glucose, and fructose are more frequently interconverted by SPS/SPP, 

SS, and INV in C4 relative to C3 leaves (Figure 5. 7B), which would markedly change the 13C 

signatures between the two photosynthetic types. Hence, the strong correlations observed 

among the δ13C of the leaf, cellulose, sucrose, glucose, and fructose in C3 (but not in C4 species) 

reflect the linearity of metabolism in the former species (Figure 5. 2 and Figure 5. 4). 

 

5.4.2 Differences in δ13C of leaf dry matter and carbohydrates between NAD-ME and 

NADP-ME C4 grasses 

The difference in leaf carbon isotope composition between NAD-ME and NADP-ME species 

was not significant in this study (Figure 5. 2 and Table 5. 2) contrary to what was reported 

previously (Hattersley, 1982; Ghannoum et al., 2001a; Cousins et al., 2008; von Caemmerer 

et al., 2014). This could be due to the small number of species (4 NADP-ME and 5 NAD-ME 

species) used herein comparison with previous studies. For example, Ghannoum et al., (2001) 

compared 15 NADP-ME and 9 NAD-ME species, while Hattersley, (1982) utilised 11 NADP-

ME and 9 NAD-ME species. Cousins et al. (2008) used a similar number of species (5 NAD-

ME and 7 NADP-ME). In this study, Z. mays belonging to the Andropogonea tribe in the grass 

family (Grass Phylogeny Working Group II, 2012), had the most 13C depleted leaf dry matter 

among all the C4 species (Table 5. 3) which is unusual for an NADP-ME species, whichThis 

in turn, caused the statistically insignificant difference between the two C4 subtypes (Table 5. 

1). The atypical differences could be due to the δ13C varietal differences that exist within the 

Z. mays species (Monneveux et al., 2007; Kolbe et al., 2018; Twohey et al., 2019) and as also 
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observed for S. bicolor (Henderson et al., 1998) which could be a consequence of selection and 

domestication. 

There were a number of significant differences in the carbon isotope signatures of 

carbohydrates between the two C4 subtypes. Relative to the leaf, the discrimination profile of 

fructose and glucose seems to be reversed between the two C4 subtypes, culminating into a 

similar deviation of sucrose δ13C relative to the leaf (Figure 5. 6B-C). These differences may 

partly reflect differences in sugar metabolism between the C4 subtypes. For example, the 

compartmentation of sucrose and starch synthesis differs between NAD-ME and NADP-ME 

species (Lunn & Furbank, 1999b). As argued above, this will affect the pathway of sucrose 

metabolism and transport along the mesophyll-bundle sheath-phloem continuum, and hence 

impact the 13C signatures of the three soluble sugars in the various C4 species.  

Moreover, fructose δ13C was 1.6 ‰ 13C more enriched in NADP-ME relative to NAD-ME 

species (Figure 5. 2 and Figure 5. 3, Table 5. 3). To my knowledge, there has not been an 

attempt to assay the δ13C of immediate post-photosynthetic metabolites (major soluble sugars) 

for the purpose of elucidating the variations in δ13C in C4 grasses. In leaves of Quercus species 

(oaks, C3 trees), it was shown that fructose was 13C-enriched relative to sucrose and glucose 

(Werner et al., 2009b). Here, it is also shown that fructose might be one of the candidate 

metabolites that could contribute to the differences in whole leaf and cellulose δ13C between 

the two subtypes, although metabolites other than sugars should also be considered. This raises 

the prospect of probing of the fractionation and enzyme activities of invertases in leaves of 

these two subtypes. Earlier work by Mauve et al., (2010) showed that fructose has a minimal 

fractionation of 1 ‰ when assayed in vitro. Another prospect is to investigate intramolecular 

δ13C patterns within the fructose molecule in these two C4 subtypes to better understand 

fluxomics and sugar allocations in leaves of C4 species (Kruger & Ratcliffe, 2009; Tcherkez et 

al., 2011). 

 

5.4.3 Leaf and cellulose δ13C correlate with stomatal conductance in C4 grasses 

One of the objectives of this study was to better understand variations in leaf δ13C because it is 

being considered as a selection tool for WUEi among C4 plants (von Caemmerer et al., 2014; 

Ellsworth & Cousins, 2016). There have been various attempts to relate leaf δ13C and WUE 

among C4 species with contradictory results. Across diverse C4 grasses, leaf δ13C did not 
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correlate with the leaf or plant WUE (Ghannoum et al., 2001a, 2002). Across sorghum 

genotypes, leaf δ13C showed a good relationship with plant WUE (Henderson et al., 1998). The 

same was also found within a population of recombinant inbred lines of the C4 grass Setaria 

viridis under highly controlled environments (Feldman et al., 2018; Ellsworth et al., 2019). 

Hence, it seems leaf δ13C can predict iWUE within the same species and under well-controlled 

conditions. However, the theoretical framework primarily links ∆13C with Ci/Ca, i.e., leaf 

iWUEi rather than plant WUE (Farquhar, 1983). Therefore, it was suspected for sometimes 

that the poor relationship between ∆13C and iWUEi is due to leakiness (equation 5.1).  

It was hypothesised that the presence of suberized lamella in NADP-ME species could reduce 

of bundle sheath leakiness (Hattersley, 1982; Henderson et al., 1992b; von Caemmerer et al., 

2014). However, measurements bundle sheath CO2 leakiness by Henderson et al., (1992a),  

Cousins et al., (2008), and Sonawane et al., (2017, 2018) showed that there were no differences 

in leakiness nor Ci/Ca between the C4 subtypes under high light and well-watered conditions. 

Consequently, measurements of leakiness in a number of studies showed (1) limited and 

unpredictable variations in , and (2) could not reconcile leaf δ13C with iWUE (Sonawane et 

al., 2017, 2018). It must be noted that leaf and gas exchange operate on different time scales. 

While leaf gas exchange measurements describe instantaneous events, leaf δ13C is a long-term 

parameter that integrates isotopic fractionation over the leaf lifespan. Taken together, these 

factors postulate for the role of post-photosynthetic fractionation in determining leaf δ13C 

(Cousins et al., 2008; von Caemmerer et al., 2014; Ellsworth & Cousins, 2016).  

Therefore, leaf gas exchange was measured together with leaf and carbohydrate δ13C. Among 

C3 grasses, leaf gas exchange parameters showed no relationships with any of the δ13C 

parameters measured. In contrast, leaf and cellulose δ13C negatively correlated with stomatal 

conductance, but not with iWUE, among the C4 grasses. It has been repeatedly demonstrated 

that gs is the primary driver of iWUE in C4 grasses (Li et al., 2017; Cano et al., 2019), unlike 

in C3 plants where both photosynthesis and stomatal conductance profoundly influence iWUE, 

and consequently carbon isotope discrimination (Farquhar et al., 1989; Sun et al., 1996). 

Moreover, CCM in C4 photosynthesis operates with a saturating Ci. Hence changes in gs, do 

not affect Ci appreciably, and hence assimilation rates remain constant over a large range of gs. 

The greater dependence of iWUE on gs in C4 plants is well understood and is due to the 

operation of the CCM in C4 leaves which leads to the saturation of C4 photosynthesis at low Ci 

(von Caemmerer & Furbank, 1999; von Caemmerer et al., 2014).  Hence, in ambient air, and 

under conditions where gs is not too low, and Ci is not limiting, C4 photosynthesis is often 
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saturated and does not change much (Cano et al., 2019). Hence, most of the variations in iWUE 

under these conditions are brought about by low gs (Ghannoum, 2016). This is well documented 

about C4 photosynthesis and warrants caution in interpreting the relationship between leaf δ13C 

and iWUE in C4 plants. It is likely that most gas exchange-related variations in leaf δ13C are 

related to variations in gs in C4 plants. This conclusion is well-supported by a recent study 

where it has been shown that a genomic segment on maize chromosome 7 influenced both 

carbon isotope composition and water use efficiency, possibly by affecting stomatal properties 

(Avramova et al., 2019). A genomic link between leaf carbon isotope composition and plant 

water use efficiency has also been established for a recombinant inbred population of Setaria 

viridis under well-watered and water-stressed conditions (Feldman et al., 2018). In conclusion, 

my results show the dominance of gs in influencing iWUE and δ13C in C4 grasses (Table 5. 5, 

Figure 5. 5) and demonstrated that leaf width might be a better predictor of iWUE among C4 

grasses (Cano et al., 2019).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



159 

 

5.5 CONCLUSION 

The HPLC-WCO-IRMS system optimised in Chapter 4 was utilised to examine the carbon-

isotope signatures of three major soluble sugars (sucrose, glucose, and fructose) among C3, 

C4/NADP-ME and C4/NAD-ME grasses grown under common conditions in order to 

understand post-photosynthetic fractionation. Bulk leaf dry matter and cellulose δ13C were also 

assayed using EA-IRMS. Among C3 grasses, there were no differences in the carbon isotope 

discrimination of all fractions but δ13C of sugar metabolites linearly correlated with leaf δ13C. 

Using the wet chemical oxidation system, I show for the first time here that fructose δ13C varied 

between NADP-ME and NAD-ME subtypes by 1.6 ‰, but no variation was detected in δ13C 

of glucose and sucrose. Further assays on fructose and the invertase enzyme are recommended 

to elucidate the sugar turnover in the leaves of C4 grasses in order to develop a proxy method 

for screening iWUE. 
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Table 5. 1 Statistical summary using one-factor ANOVA on the gas exchange and carbon 

isotope traits of glasshouse-grown C3 (n=4), C4 NADP-ME (n=4), and C4 NAD-ME (n=5) 

grasses.  

Species was considered as replicate, and each species consist of n=4-6 biological replicates. 

 

 

 

 

 

 

 

Parameter Species 
Type Subtype 

C3 vs C4 NADP-ME vs NAD-ME  

Gas exchange 

Anet (µmol m-2 s-1) <0.0001 <0.0001 0.0940 

gs (mol m-2 s-1) <0.0001 0.0114 0.5062 

Ci <0.0001 <0.0001 0.3087 

Ci/Ca <0.0001 <0.0001 0.2990 

iWUE (µmol [CO2] mol H2O -1) <0.0001 0.0001 0.3083 

Isotope traits 

whole leaf δ13C <0.0001 <0.0001 0.3201 

cellulose δ13C <0.0001 <0.0001 0.7107 

sucrose δ13C <0.0001 <0.0001 0.7320 

glucose δ13C <0.0001 <0.0001 0.6213 

fructose δ13C <0.0001 <0.0001 0.0772 
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Table 5. 2 Summary of gas exchange traits of four C3, five NAD-ME, and four NADP-ME grasses grown at glasshouse conditions for 

isotopic assay of leaf metabolites.  

Values are mean + SE of 4-6 biological replicates. Letters in bold black represent the ranking of between species at a particular gas exchange trait 

while red letters represent the ranking of means between types/subtypes where species were considered as replicate. Means were ranked using 

Fisher’s LSD post hoc at α=0.05. 

Type Species Anet  gs  Ci  Ci/Ca  iWUE 

C3 

O. sativa 17.01 ± 0.16 h  0.218 ± 0.006 efg  244.50 ± 2.23 b  0.636 ± 0.006 b  78.06 ± 1.42 f 

P. bisulcatum 23.12 ± 0.40 f  0.373 ± 0.025 a  259.79 ± 4.40 ab  0.691 ± 0.013 a  62.65 ± 3.1 g 

S. laxa 24.36 ± 0.25 f  0.345 ± 0.010 a  247.84 ± 1.84 b  0.657 ± 0.005 ab  70.77 ± 1.29 fg 

T. turgidum 20.60 ± 0.26 g  0.343 ± 0.016 a  266.58 ± 2.94 a  0.704 ± 0.008 a  60.38 ± 2.03 g 

NAD-

ME 

C. dactylon 33.25 ± 0.38 b  0.224 ± 0.003 def  100.34 ± 1.35 f  0.281 ± 0.004 g  148.66 ± 0.83 b 

E. curvula 32.89 ± 0.28 bc  0.187 ± 0.004 g  61.45 ± 2.57 g  0.170 ± 0.007 h  176.28 ± 1.8 a 

L. fusca 35.89 ± 0.62 a  0.250 ± 0.005 bcde  108.03 ± 0.87 ef  0.302 ± 0.003 fg  143.62 ± 0.73 bc 

P. coloratum 34.80 ± 0.04 a  0.255 ± 0.001 bcd  111.98 ± 0.51 ef  0.320 ± 0.002 efg  136.59 ± 0.39 c 

P. miliaceum 31.69 ± 0.33 c  0.238 ± 0.003 cde  117.66 ± 3.64 ef  0.336 ± 0.011 ef  133.16 ± 2.33 c 

NADP-

ME 

C. ciliaris 33.16 ± 0.88 b  0.191 ± 0.005 fg  64.60 ± 3.20 g  0.179 ± 0.009 h  174.27 ± 2.41 a 

P. antidotale 29.67 ± 1.74 d  0.251 ± 0.011 bcde  140.44 ± 3.99 d  0.401 ± 0.010 d  118.70 ± 2.16 d 

S. viridis 28.08 ± 1.60 e  0.264 ± 0.004 bc  168.25 ± 8.83 c  0.471 ± 0.020 c  106.42 ± 2.85 e 

Z .mays 33.10 ± 0.90 b  0.279 ± 0.021 b  124.34 ± 14.16 de  0.365 ± 0.041 de  121.87 ± 8.79 d 

C3 21.27 ± 1.62 c  0.320 ± 0.035 a  254.68 ± 5.15 a  0.672 ± 0.016 a  67.97 ± 4.04 c 

NAD-ME 33.70 ± 0.74 a  0.231 ± 0.012 b  99.89 ± 10.02 c  0.282 ± 0.029 c  147.66 ± 7.65 a 

NADP-ME 31.00 ± 1.27 b  0.246 ± 0.019 b  124.41 ± 21.9 b  0.354 ± 0.062 b  130.31 ± 15.0 b 
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Table 5. 3 Summary of gas exchange traits of four C3, five NAD-ME, and four NADP-ME grasses grown at glasshouse conditions for 

isotopic assay of leaf metabolites.  

Values are mean + SE of 4-6 biological replicates. Letters in bold black represent the ranking of means between species at particular δ13C trait 

while red letters represent the ranking of means between types where species were considered as replicate. Letters in italic superscripts represent 

comparisons between δ13C of individual metabolic pools within species while red italic superscripts were comparisons within type/subtype. Means 

were ranked using Fisher’s LSD post hoc at α=0.05. 

Type Species Leaf δ13C 
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Sucrose δ13C 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Cellulose δ13C 

C3 

O. sativa -31.09 ± 0.21 f 
bc -32.15 ± 0.42 d 

c -31.03 ± 0.54 h 
bc -28.61 ± 0.19 f 

a -30.40 ± 0.10 f 
b 

P. bisulcatum -27.30 ± 0.11 e 
b -30.73 ± 1.07 d 

c -26.33 ± 0.24 f 
b -24.1 ± 0.2 e 

a -26.78 ± 0.21 d 
b 

S. laxa -31.22 ± 0.21 f 
b -31.15 ± 1.49 d 

b -29.57 ± 0.71 g 
a -29.28 ± 0.25 f 

a -29.29 ± 0.33 e 
a 

T. turgidum -32.52 ± 0.18 g 
b -31.77 ± 0.93 d 

ab -31.65 ± 0.36 h 
ab -31.01 ± 0.21 g 

a -31.85 ± 0.18 g 
ab 

NAD-

ME 

C. dactylon -14.69 ± 0.13 cd 
c -13.13 ± 0.33 ab 

b -10.95 ± 0.09 a 
a -10.68 ± 0.27 cd 

a -14.40 ± 0.38 c 
c 

E. curvula -13.13 ± 0.06 b 
c -14.51 ± 0.62 bcd 

d -10.52 ± 0.44 a 
b -8.92 ± 0.83 a 

a -13.07 ± 0.10 b 
c 

L. fusca -14.61 ± 0.07 cd 
c -15.91 ± 0.93 c 

d -13.19 ± 0.34 b 
b -11.44 ± 0.19 d 

a -14.42 ± 0.17 c 
c 

P. coloratum -14.50 ± 0.29 cd 
bc -13.52 ± 0.16 b 

b -15.44 ± 0.12 e 
c -9.36 ± 0.12 ab 

a -14.76 ± 0.20 c 
c 

P. miliaceum -14.71 ± 0.12 cd 
c -13.02 ± 0.25 ab 

b -13.6 ± 0.19 bc 
b -10.5 ± 0.25 bcd 

a -13.29 ± 0.11 b 
b 

NADP-

ME 

C. ciliaris -12.48 ± 0.06 a 
b -12.84 ± 0.18 ab 

b -14.31 ± 0.17 cd 
c -9.80 ± 0.74 abc 

a -12.37 ± 0.03 a 
b 

P. antidotale -13.03 ± 0.14 b 
b -13.83 ± 0.43 b 

b -15.28 ± 0.52 de 
c -9.81 ± 0.8 abc 

a -13.50 ± 0.14 b 
b 

S. viridis -14.31 ± 0.20 c 
cd -11.31 ± 0.38 a 

b -13.28 ± 0.51 bc 
c -9.97 ± 0.4 abc 

a -14.73 ± 0.35 c 
d 

Z .mays -14.92 ± 0.18 d 
b -11.3 ± 0.25 a 

a -10.83 ± 0.04 a 
a -10.38 ± 0.29 bcd 

a -14.42 ± 0.21 c 
b 

C3 -30.53 ± 0.51 b 
a -31.45 ± 0.49 c 

a -29.65 ± 0.58 b 
a -28.25 ± 0.67 b 

a -29.58 ± 0.49 b 
a 

NAD-ME -14.39 ± 0.13 a 
b -13.98 ± 0.32 b 

b -12.76 ± 0.37 a 
b -10.28 ± 0.24 a 

a -13.96 ± 0.16 a 
b 

NADP-ME -13.78 ± 0.24 a 
b -12.29 ± 0.30 a 

b -13.25 ± 0.45 a 
b -10.02 ± 0.27 a 

a -13.81 ± 0.23 a 
b 
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Table 5. 4 Correlation between measured gas exchange and carbon isotope traits in four C3 grasses.    

Linear regression direction is indicated in the parenthesis. Values represent r2 between two parameters. Significance codes are as follows: 

*significant at p<0.05; **significant at p<0.01; nsnot significant (p>0.05).  

 gs
 Ci

 Ci/ Ca
 iWUE Whole leaf δ13C  Fructose δ13C Glucose δ13C Sucrose δ13C Cellulose δ13C 

Anet
 ns ns ns ns ns ns ns ns ns 

gs
  ns ns ns ns ns ns ns ns 

Ci   0.972* (-) 0.921* ns ns ns ns ns 

Ci/ Ca    (-) 0.986** ns ns ns ns ns 

iWUE     ns ns ns ns ns 

Whole leaf δ13C      ns 0.927* 0.992** 0.916* 

Fructose δ13C       ns ns ns 

Glucose δ13C        ns 0.964* 

Sucrose δ13C         ns 
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Table 5. 5 Correlation between measured gas exchange and carbon isotope traits in nine C4 grasses (four NADP-ME and five NAD-ME 

species).    

Linear regression direction is indicated in the parenthesis. Values represent r2 between two parameters. Significance codes are as follows: 

*significant at p<0.05; **significant at p<0.01; nsnot significant (p>0.05).  

 

 gs
 Ci

 Ci/ Ca
 iWUE Whole leaf δ13C  Fructose δ13C Glucose δ13C Sucrose δ13C Cellulose δ13C 

Anet
 ns ns ns ns ns ns ns ns ns 

gs
  0.726* 0.762** (-) 0.832** (-) 0.466* ns ns ns (-) 0.596* 

Ci   0.996** (-) 0.968* ns ns ns ns ns 

Ci/ Ca    (-) 0.986** ns ns ns ns ns 

iWUE     ns ns ns ns ns 

Whole leaf δ13C      ns ns ns 0.619* 

Fructose δ13C       ns ns ns 

Glucose δ13C        ns ns 

Sucrose δ13C         ns 
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Figure 5. 1 Gas exchange traits of glasshouse-grown C3 (n=4 species), NAD-ME (n=5 

species), and NADP-ME (n=4 species) grasses.  

Net CO2 assimilation rate (A, Anet); stomatal conductance (B, gs); Intercellular CO2 (C, Ci); the 

ratio of intercellular CO2 to the atmospheric CO2 (D, Ci/Ca); and intrinsic water-use efficiency 

(E, iWUE). Data represent mean + SE with species as replicate. Means with the same letters 

are not significantly different at α=0.05 using Fisher’s LSD post hoc. 
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Figure 5. 2 Carbon isotope signatures of different metabolite pools among C3, NAD-ME 

and NADP-ME.  

Filled squares inside the boxplot represent means and means with the same letters between 

types among metabolite pools are not significantly different at α=0.05 using Fisher’s LSD post 

hoc. 
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Figure 5. 3 Carbon isotope discrimination of C3 (black), NAD-ME (red), and NADP-ME 

(blue) using the parameters in equation 5.3.  

Filled coloured bars represent mean + SE of C3 (black), NAD-ME (red), and NADP-ME (blue) 

among bulk and sugar metabolites Means with the same letter are not significantly different at 

α=0.05 using Fisher’s LSD post hoc. 
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Figure 5. 4 Linear relationships between carbon isotope composition of metabolite pools 

in four C3 grasses.  

Dots represent the mean ± SE of four C3 species as replicates Shaded regions represent the 95% 

confidence interval of the linear model. Regression equations were: (A) glucose δ13C=1.0157 

× whole leaf δ13C + 1.3673; (B) sucrose δ13C=1.3047 × whole leaf δ13C + 11.586; (C) 

cellulose δ13C=0.9103 × whole leaf δ13C – 1.787; and (D) cellulose δ13C=0.8853 × glucose 

δ13C – 3.3354. Significance codes: *p<0.05; **p<0.01.  
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Figure 5. 5 Correlations between δ13C of metabolite pools in nine C4 grasses (five NAD-

ME and four NADP-ME).  

Squares represent the mean ± SE of nine C4 species as replicates Shaded regions represent the 

95% confidence interval of the linear model. Regression equations were: (A) whole leaf δ13C 

= -19.474 × gs – 9.4173; (B) cellulose δ13C = -20.701 × gs – 8.9681; and (C) cellulose δ13C = 

0.7339 × whole leaf – 3.4952. Significance code: *p<0.05. 
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Figure 5. 6 Deviation of metabolite δ13C expressed relative to the whole leaf δ13C 

The figures illustrate deviation of cellulose (purple), sucrose (green), glucose (blue), and fructose (red) to the whole leaf among C3 (A), NAD-ME 

(B), and NADP-ME (C). 

 

 

 

 

 

 

(a) (b) (c) 
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Figure 5. 7 Schematic flow of sugar metabolism in leaves (A) and the two-celled 

biosynthesis of sucrose among C4 leaves (B).  

Red acronyms indicate enzymes: hexokinase (HK), phosphoglucomutase (PGM), 

phosphoglucoisomerase (PGI), sucrose phosphate synthase (SPS), UDPG-pyrophosphorylase 

(UDPGG-PP), sucrose phosphate phosphatase (SPP), invertase (INV), cellulose synthase 

(CelSyn), carbonic anhydrase (CA), and specific decarboxylases (DC) while black acronyms 

represent metabolites in the sugar pathway: triosphosphate (TP), phosphoglyceraldehyde 

(PGA), ribulose-1,5-bisphosphate (RuBP), ADP-glucose (ADP-Glu), glucose-1-phosphate (G-

1-P), hexose phosphate (Hex-P). The figure was adapted from Lunn & Furbank, (1999); Babb 

& Haigler, (2001); and Baroja-Fernández et al., (2004). 

(a) 

(b) 
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6.1 OVERALL THESIS SUMMARY 

6.1.1 The ecological and economical importance of C4 grasses 

Only around 3% of the Earth’s more than 352,000 angiosperm species (Joppa et al., 2011) fix 

atmospheric [CO2] via the C4 photosynthetic pathway, yet account for approximately 25% of 

terrestrial photosynthesis (Lloyd & Farquhar, 1994). C4 grasses include some of the world’s 

most important crops such as maize (Zea mays), sugarcane (Saccharum officinarum) and 

sorghum (Sorghum bicolor) (Sage et al., 2012; Ghannoum, 2016). Other C4 crops are utilised 

as fodder or biofuel sources such as Miscanthus (Miscanthus × giganteus), pearl millet 

(Pennisetum glaucum) and switchgrass (Panicum virgatum). Some of the world’s noxious 

weeds are also C4 species such as Amaranthus and Setaria spp (Fernando et al., 2016; Doust et 

al., 2017).  

The high productivity of C4 plants is a virtue of their CO2 concentrating mechanism (CCM) 

(Sage, 2004). The CCM confers direct physiological advantages to C4 photosynthesis 

(Björkman, 1971; Osmond et al., 1982; Pearcy & Ehleringer, 1984; Long, 1999; Sage & Pearcy, 

2000; Ghannoum et al., 2011). In particular, C4 plants have higher CO2 assimilation rates, 

especially at high temperatures (Berry & Bjorkman, 1980; Sage & Kubien, 2007; Sonawane et 

al., 2017). In addition, the saturation of C4 photosynthesis at low [CO2] allows C4 leaves to 

operate with lower stomatal conductance (Taylor et al., 2010b, 2012; Pinto et al., 2014). This 

leads to higher leaf- and plant-level water use efficiency (WUEi, WUEplant) in C4 relative to C3 

plants (Long, 1999; Sage & Pearcy, 2000; Ghannoum et al., 2011). These physiological 

properties, as well as others, are reflected in the geographic distribution and climatic zones of 

the plant species with different C4 pathways, which is positively correlated with growing season 

temperature. Accordingly, C4 grasses dominate many warm and high-light environments such 

as tropical and sub-tropical rangelands and grasslands (Hattersley, 1983; Ehleringer et al., 1997; 

Pau et al., 2013). The high productivity achieved by C4 plants under warm climate may have 

led to an ecological significance and agricultural importance (Lloyd & Farquhar, 1994; Harold 

Brown, 1999; Edwards et al., 2010). In particular, C4 crops are becoming increasingly important 

for food and bioenergy security, with the global production of C4 maize currently surpassing 

that of key C3 cereals such as wheat and rice (Varshney et al., 2012; FAO, 2019). 

C4 photosynthesis has evolved in 62 lineages, such that C4 plants are biochemically and 

phylogenetically diverse (Sage et al., 2011). In grasses, three C4 biochemical subtypes have 

been identified based on the primary C4 acid decarboxylase enzyme operating in the bundle 
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sheath cells. These enzymes are nicotinamide adenine dinucleotide phosphate malic enzyme 

(NADP–ME), nicotinamide adenine dinucleotide malic enzyme (NAD–ME) and 

phosphoenolpyruvate carboxykinase (PEP-CK) (Kanai & Edwards, 1999; Bräutigam et al., 

2014). In many C4 species, especially those using NADP-ME as a primary decarboxylase, PEP-

CK operates as a secondary decarboxylase (Chapman & Hatch, 1981; Wingler et al., 1999; 

Sharwood et al., 2014). C4 grasses with high PEP-CK activity frequently operate significant 

NADP-ME or NAD-ME activity (Burnell & Hatch, 1988; Pinto et al., 2014; Lazowski et al., 

2018; Sonawane et al., 2018). Nevertheless, the primary decarboxylase is generally associated 

with a suite of anatomical, biochemical and physiological features (Hattersley, 1992; 

Ghannoum et al., 2011).  

 

6.1.2 What controls iWUE in C4 leaves? 

A key desirable feature of climate-smart crops is improved water-use efficiency (WUE) to cope 

with increased temperature and water stress under climate change (Richards et al., 1993; 

Ruggiero et al., 2017). Crop WUE is governed by multiple factors, including leaf-level 

instantaneous WUE (Passioura, 1977). iWUE reflects the exchange of CO2 and water vapour 

across the leaf surface and can be defined as CO2 assimilation rate/stomatal conductance 

(Anet/gs) (Farquhar & Sharkey, 1982). Photosynthesis and stomatal conductance are closely 

correlated under a wide range of environments (Wong et al., 1979) such that adaptive selection 

for reduced stomatal conductance, as a mean of improving iWUE, often leads to reduced 

photosynthesis and productivity (Ghannoum, 2016). Therefore, developing the next 

generation of smart crops requires a greater understanding of how stomata regulate iWUE, 

which represent the first key objective of this thesis. 

Breeders often utilise variations within a narrow set of crop genotypes or wild relatives of crops 

to identify improved traits. The downfall of this strategy is the limited pool of genetic diversity 

available in a single species or closely related species. Mining natural variation among diverse 

grasses will increase the potential of identifying beneficial stomatal traits (Anderson et al., 

2016; Reeves et al., 2018; Cano et al., 2019). This goal was addressed in Chapter 2 and Chapter 

3 where I grew two C3 and six C4 grasses (two of each subtype) at ambient or glacial [CO2] 

([aCO2] = 400, [gCO2] = 180 µl l-1) and high or low light intensity (HL = 1,000, LL = 200 µmol 

m-2 s-1). I measured steady-state and dynamic leaf gas exchange in response to light transitions 

(1,000  100 µmol m-2 s-1), stomatal morphology and electrophysiology.  
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Across treatments, stomatal conductance (gs) and iWUE correlated with guard cell K+ influx 

and stomatal aperture (SA), but not with stomatal density (SD). Further, C4 grasses had 

consistently lower SA, faster stomatal opening on the transition to HL, and greater steady-state 

and dynamic iWUE. Glacial [CO2] increased gs, SA and K+ influx, and reduced iWUE of C3 to 

a greater extent than C4 grasses. LL reduced gs of C4 to a greater extent than C3 grasses, as well 

as iWUE and K+ influx of C3 grasses (Figure 6. 1).  The first two experimental chapters 

revealed novel mechanistic links between SA, gs, iWUE and K+ influx amongst grasses and 

differential dynamics and responses of C4 stomata to light, uncovering molecular targets for 

breeding crops with high iWUE. These findings are further discussed in sections 6.2.1 and 

6.2.2. 

 

6.1.3 The role of post-photosynthetic fraction in explaining the link between and leaf 

δ13C and iWUE among C4 grasses 

In C3 plants, iWUE is directly correlated with the carbon isotope composition of the leaf dry 

matter (δ13C) through their separate relationships with a common parameter, the ratio of 

intercellular to ambient CO2 (Ci/Ca). However, leaf δ13C and iWUE in C4 plants are not 

consistently correlated because of CCM and factors including post-photosynthetic carbon 

isotope fractionation. The second key objective of this thesis was to elucidate the impact of 

post-photosynthetic fractionation, particularly carbohydrate metabolism, on leaf δ13C. This 

goal was addressed in Chapter 4 and Chapter 5. 

Before addressing this objective, it was crucial to develop a method for measuring δ13C of the 

three key soluble sugars (glucose, fructose and sucrose), which represent the major immediate 

sugar pools following Rubisco fixation of CO2. In Chapter 4, I described an emerging method 

using wet chemical oxidation system (WCO) coupled with high-performance liquid 

chromatography (HPLC) and isotope ratio mass spectrometry (IRMS). The new system 

satisfactorily resolved sugar metabolites in an aqueous solution and was optimised using sugars 

extracted from leaves of rice (C3) and maize (C4).  

The HPLC-WCO-IRMS method was then used in Chapter 5 to analyse δ13C of sugars (sucrose, 

fructose and glucose) of four C3, five C4/NAD-ME, and four C4/NADP-ME grasses grown 

under common conditions. Whole leaf and cellulose δ13C were also measured together with leaf 

gas exchange. Overall, results identified differences in sugar δ13C between C4 subtypes, and 
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a relationship between leaf δ13C and gs among C4 grasses. These findings are further 

discussed in sections 6.2.3-6.2.6. 
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6.2 OVERALL THESIS CONCLUSIONS 

To help develop climate-smart crops, this project sought to determine how stomatal traits 

control iWUE in grasses and whether this depends on photosynthetic pathway or growth 

environment. In addition, this study elucidated the impact of post-carboxylation fractionation 

on leaf δ13C in C4 plants. Such improved understanding will help develop a high throughput 

tool for screening iWUE among C4 crops. Based on the results reported in this thesis, I have 

selected to highlight six novel findings for discussion in Chapter 6. 

 

6.2.1 Grass stomatal conductance correlates with stomatal pore size and guard cell K+ 

influx, but not with stomatal density 

The sophisticated morphology and molecular regulation of grass stomata provide an advantage 

that has allowed grasses to dominate and diversify in the open environment. On the other hand, 

the operation of a CO2 concentrating mechanism amongst C4 grasses endows them with higher 

iWUE than their C3 counterparts. However, it is unclear how this relates to underlying stomatal 

function or varies among the three C4 biochemical subtypes with growth conditions, especially 

the two major photosynthetic factors: [CO2] and light. Hence, two C3 and six C4 (two of each 

subtype: NADP-ME, NAD-ME, and PCK) grasses were grown at ambient or glacial [CO2] 

([CO2] = 400, [gCO2] = 180 µl l-1) and high or low light (HL = 1,000, LL = 200 µmol m-2 s-1). 

To better understand short-term stomatal responses and long-term stomatal acclimation 

behaviour, it was necessary to partition the stomatal response into morphological (stomatal 

density and index) and physiological (stomatal conductance and guard cell K+ influx). For 

example, growth at glacial [CO2] increases gs in C3 and C4 leaves (Sage & Coleman, 2001; 

Maherali et al., 2002; Pinto et al., 2014) and increases SD by 42% in Arabidopsis relative to 

ambient [CO2] (Li et al., 2014). In addition, adaptation to glacial [CO2] includes higher stomatal 

density compared to current atmospheric [CO2] (Woodward, 1987; Woodward & Kelly, 1995). 

Results obtained in this project demonstrated that both growth light and growth [CO2] affected 

stomatal conductance by changing stomatal opening rather than stomatal frequency (Figure 

6.1). Neither low light nor glacial [CO2] had significant effects on stomatal density (SD), 

stomatal index (SI), or maximal stomatal conductance measured using gas exchange or 

anatomical traits (Figure 6. 1). In contrast, growth at glacial [CO2] increased stomatal 

conductance (gs), stomatal aperture (SA), and to a lesser extent, stomatal size (SS), while low 

light reduced gs of all grasses (Figure 6. 1). Consequently, gs and iWUE strongly correlated 
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with SA. The advantage of grass stomata architecture enables small changes in guard cell width 

to translate into larger changes in SA (Hetherington & Woodward, 2003; Franks & Farquhar, 

2007). The changes in stomatal conductance were mirrored by changes in guard cell K+ influx. 

In response to certain stimuli (e.g., low [CO2]), guard cell K+, anion and solute influx are 

followed by H2O uptake, leading to stomatal opening (Chen et al., 2012a, 2017). Significantly, 

gs measured in planta using leaf gas exchange generally correlated well with K+ influx 

measured on epidermal peels under standard conditions.  

 

6.2.2 Stomatal conductance and guard cell K+ influx respond differently between C3 

and C4 grasses 

The speed and high sensitivity of stomatal closure and opening in grasses result from the 

sophisticated stomatal geometry underpinning the superior functional response of grass stomata 

to fluctuating environmental conditions. However, it remains unclear whether stomatal 

responses, particularly to [CO2] and light, differ between C3 and C4 grasses. Results in this 

project demonstrated a number of significant differences between C3 and C4 grass stomata. 

In addition to lower SA, C4 stomata exhibited faster stomatal opening on the transition to high 

light, especially under glacial [CO2] and low light (Figure 6. 1). Hence, stomata of [CO2]-

saturated C4 leaves open fast during transition to high light, achieving high biomass 

productivity. This is in line with the greater photosynthetic efficiency of C4 grasses in response 

to sun flecks, highlighting their enhanced photosynthetic efficiency and productivity in 

response to increased light (McAusland et al., 2016). In contrast, stomatal closing half-time 

was not systematically different between C3 and C4 grasses or between these tested growth 

conditions. Hence, there may not be any clear adaptive advantage for having faster or slower 

stomatal closing rate. 

Moreover, glacial [CO2] increased gs and K+ influx of C3 to a greater extent than C4 grasses. In 

contrast, low light reduced gs of C4 to a greater extent than C3 grasses, while K+ influx decreased 

in C3 grasses only. The heightened sensitivity of C3 and C4 stomata to [CO2] and light, 

respectively can be explained by the larger [CO2] limitation of C3 photosynthesis and greater 

light limitation of C4 photosynthesis under most physiological conditions (von Caemmerer, 

2000). During stomatal opening and closure, K+ fluxes across the guard cell membranes 

represent the key determinants of the complex signalling pathways in response to variations of 

[CO2], light and other stimuli (Kim et al., 2010). Therefore, my results suggest that acclimations 
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of K+ influx (and hence, possibly guard cell signalling) in C3 and C4 grasses are similar in 

response to glacial [CO2], but differ in response to low light.  

 

6.2.3 A HPLC-WCO-IRMS method was developed to analyse sugar carbon isotope 

composition without derivatisation 

In C3 plants, the composition of stable carbon isotopes (13C) has been used to screen for 

improved WUE. Carbon isotope discrimination is more complex in C4 plants, weakening the 

links between 13C and iWUE. Therefore, there is a need to better understand photosynthetic 

and post-photosynthetic carbon isotope discrimination in C4 leaves in order to improve our 

interpretation of 13C variations. Significant gaps still exist in our knowledge about the effects 

of post-photosynthetic and downstream metabolic processes on isotopic fractionations. Post-

photosynthetic fractionations include those occurring during post-carboxylation (i.e., after CO2 

fixation by Rubisco) and carbohydrate metabolism. Differences in leaf dry matter δ13C can arise 

if plants partition their carbon in different proportions to the various pools, such as sugars, 

lipids, lignin, proteins etc.  

Compound-specific isotope analysis (CSIA) is a developing field in stable isotope analysis 

which is designed to examine the δ13C of various metabolites isolated from bulk sample 

materials. Most of the current techniques are limited to gas chromatography (GC)-based assays, 

and non-volatile organic compounds must be derivatized by silylation, alkylation, acylation, 

esterification or other methods in order to volatilise the compounds and improve 

chromatographic separation (Meier-Augenstein, 2004; Morrison et al., 2010; Elsner et al., 

2012). A liquid chromatography-based system makes it possible to conduct CSIA assays 

without derivatisation of the compounds. 

Consequently, I worked on developing a method to analyse the δ13C of key soluble sugars 

(sucrose, fructose and glucose). The method utilised the Liquiface® WCO system coupled to 

Agilent 1260 Infinity HPLC and Isoprime 1000 IRMS. The newly developed HPLC-WCO-

IRMS system produced reproducible and accurate measurements of sugar δ13C and which were 

comparable to the classical method previously employed (Figure 6. 2). I was then able to use 

this method to analyse sugar δ13C in C3 and C4 grasses as discussed below. 
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6.2.4 Fructose was more 13C-enriched in NADP-ME relative to NAD-ME C4 grasses 

Grasses belonging to different C4 subtypes have long been known to vary in their carbon isotope 

composition (δ13C) (von Caemmerer et al., 2014). Early work by Hattersley, (1982) 

demonstrated a 1.35‰ difference in the whole leaf δ13C between NADP-ME and NAD-ME 

subtypes of C4 grasses, with NADP-ME having more enriched δ13C. These differences have 

been supported by later studies (Ghannoum et al., 2001a, 2002). Subsequent work has 

demonstrated that differences in leaf dry matter δ13C and photosynthetic carbon isotope 

discrimination (∆13C) among the C4 subtypes cannot be attributed to variations in bundle sheath 

leakiness, and hence the efficiency of the C4-CCM (Henderson et al., 1992b; Cousins et al., 

2008; Sonawane et al., 2017, 2018).  

This thesis raised the question of whether post-photosynthetic carbon isotope fractionation may 

partly explain why leaf dry matter δ13C differ between C4 grasses belonging to the two main 

subtypes (NADP-ME and NAD-ME). Addressing this question can also shed light on the 

generally poor relationship between leaf δ13C and iWUE in C4 plants (Ghannoum et al., 2001a, 

2002; von Caemmerer et al., 2014). Using the newly optimised HPLC-WCO-IRMS method 

during Chapter 4 for measuring δ13C of soluble sugars (sucrose, glucose and fructose), four C3, 

five NAD-ME, and four NADP-ME grass species were compared. Leaf dry matter and cellulose 

δ13C were measured using EA-IRMS. 

To the best of my knowledge, this is the first study that analyses δ13C of immediate post-

photosynthetic metabolites (major soluble sugars) for the purpose of elucidating the variations 

in δ13C between the C4 subtypes. Among C4 grasses, fructose δ13C was 1.6 ‰ more 13C-

enriched in NADP-ME relative to NAD-ME species (Figure 6. 3). Hence, fructose might be 

one of the candidate metabolites that could contribute to the differences in whole leaf and 

cellulose δ13C between the two C4 subtypes, although metabolites other than sugars should also 

be considered in the future.  

Relative to the leaf, the discrimination profile of fructose and glucose were reversed between 

the two C4 subtypes, culminating into a similar deviation of sucrose δ13C relative to the leaf 

(Figure 6. 3). These results may partly reflect differences in sugar metabolism between the C4 

subtypes, including the different compartmentation of sucrose and starch synthesis between 

NAD-ME and NADP-ME species (Lunn & Furbank, 1999a). In particular, the two subtypes 

have different levels of PSII activity in the bundle sheath (Hatch, 1987). Bundle sheath 

chloroplasts in leaves of NADP-ME grasses generally have low PSII activity (Ghannoum et al., 

2005), requiring a greater fraction of phosphoglycerate to be reduced into glyceraldehyde 3-
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phosphate in the mesophyll cells. Hence, the extent to which precursors for sugar metabolism 

are shuttled back and forth between the two cell types differ according to the C4 subtype (Hatch, 

1987). Ultimately, sucrose must be transported to the bundle sheath on its way to the phloem 

for export out of the source leaves. This suggests that sugar metabolism is more complex in the 

NADP-ME pathway. Taken together, these factors may cause some differences in the 13C 

signatures between the two C4 NADP-ME and NAD-ME subtype. 

 

6.2.5 C3 and C4 grasses have different post-carboxylation carbon isotope fractionation 

Among C3 grasses, the δ13C of soluble sugars were positively correlated with each other 

reflecting the more straightforward carbon metabolism in C3 leaves. These results are in line 

with what is typically observed for C3 plants where the carbon isotope signatures of sugars 

largely reflect the fractionation of the initial carboxylation reaction by Rubisco (29‰) 

(Farquhar et al., 1982, 1989; Evans et al., 1986; Cernusak et al., 2013). In addition, C3 fructose 

was more 13C depleted (i.e., greater 13C discrimination) while the other three compounds 

(cellulose, sucrose and glucose) were more 13C enriched relative to the leaf. Analysis of 

intramolecular patterns in C3 hexoses showed that invertase, the enzyme that hydrolyses sucrose 

into glucose and fructose moieties fractionates against 13C, producing a depleted C-2 position 

(carbon atom position) in fructose (Gilbert et al., 2012). 

Overall, sucrose δ13C deviated the most and cellulose δ13C deviated the least relative to the bulk 

leaf. In particular, sucrose was the most 13C depleted metabolite relative to the leaf and this 

difference was greater in C4 relative to C3 leaves. These results point to the differences in 

carbohydrate, particularly sucrose, metabolism between C3 and C4 plants. In C3 leaves, sucrose 

metabolism occurs in one cell type, while sucrose metabolism occurs predominantly, but not 

exclusively, in the mesophyll cells of C4 leaves (Lunn & Furbank, 1999a). As argued above, it 

is likely that sucrose, glucose and fructose are more frequently interconverted and transported 

in C4 relative to C3 leaves, which would markedly change the 13C signatures between the two 

photosynthetic types. 

 

6.2.6 Leaf and cellulose 13C correlated with stomatal conductance among C4 grasses 

One of the main long-term objectives of this research is to better understand the link between 

leaf dry matter carbon isotope composition (δ13C) and intrinsic water-use efficiency (iWUE). 
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This will enable us to use leaf δ13C as a proxy when screening for improved iWUE among C4 

plants (von Caemmerer et al., 2014; Ellsworth & Cousins, 2016). ). Hence, leaf dry matter and 

cellulose δ13C were measured together with leaf gas exchange in five NAD-ME and four 

NADP-ME C4 grasses grown under common conditions. The results showed that leaf and 

cellulose δ13C correlated well with stomatal conductance, but not with iWUE among the C4 

grasses, highlighting the dominant role played by stomata in determining leaf δ13C and iWUE 

of C4 species (Ghannoum et al., 2001b, 2002; Pinto et al., 2016; Cano et al., 2019). C4 

photosynthesis is often saturated in ambient air under non-stressful conditions (Long, 1999). 

This implies that most of the variations in iWUE are generally more related to stomatal 

conductance than photosynthesis (Ghannoum, 2016). These results call for caution in 

interpreting the relationship between leaf δ13C and iWUE in C4 plants and suggest that most 

gas exchange-related variations in leaf δ13C are related to variations in gs in C4 plants. This 

conclusion may have a bearing on recent studies showing a genomic link between leaf carbon 

isotope composition and plant water use efficiency in the C4 crop maize (Avramova et al., 2019) 

and the C4 grass Setaria viridis (Feldman et al., 2018).  
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6.3 FUTURE OUTLOOK 

Finally, several experiments are still needed in the future in order to further elucidate my 

findings here. Based on these findings, I suggest the following future research: 

 

I. Determine the environmental response of stomatal opening and closing using a 

larger set of C3 and C4 species as well as comparisons between the diverse stomatal 

morphologies (paracytic, anomocytic, and tetracytic) within monocots. 

 

II. Elucidate the different acclimation and signalling pathways of stomata in C3 and C4 

grasses, especially as they relate to guard cell K+ fluxes. 

 

III. Use the newly optimised HPLC-WCO-IRMS system to screen the carbon isotope 

composition of sugars from a diverse set of C3 and C4 grasses and crops. 

 

IV. Probe the isotopic fractionation of invertases as well as investigate intramolecular 

carbon isotope patterns within the fructose molecule in leaves of C4 grasses with 

different biochemical subtypes. This may shed light on the contribution of soluble 

sugars towards the differences in post-photosynthetic fraction and on leaf δ13C, as 

well as better understand the link between leaf δ13C and iWUE amongst C4 species. 
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Figure 6. 1 Acclimation responses of gas exchange, stomatal morphology, and ion flux 

traits among two C3 (n=2 species) and C4 (n=6 species) grasses to glacial [CO2] and low 

light.  

Significant differences were compared between growth conditions in each photosynthetic type 

in the following traits: (A) stomatal conductance, (B) K+ influx profile, (C) stomatal aperture, 

(D) stomatal density, (E) opening half-time, and (F) intrinsic water-use efficiency. When 

significant, values in white texts inside the bars represent relative per cent change to control 

conditions (high light ambient [CO2]). 
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Figure 6. 2 Comparison of two IRMS methods used in this study.  

Grey bars represent the classical EA-IRMS assay while white bars represent HPLC-WCO-

IRMS interface optimised in this study, comparing IAEA-CH-6 sucrose (C4 signature) and 

Beet89 sucrose (C3 signature). No statistical difference was found between the two assays. 
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Figure 6. 3 δ13C deviation of metabolite pools expressed relative to whole leaf δ13C.  

Figures show cellulose (A) and soluble sugars, sucrose, glucose, and fructose (B) in C3 (black), 

NAD-ME (red), and NADP-ME (blue) grasses. 
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