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Abstract 
 

The genus Tecticornia is a fascinating group of succulent halophytes that are native to Australia. While 

most species carry out C3 photosynthesis, two species of Tecticornia, T. indica and T. bibenda, have 

been found to carry out C4 photosynthesis. These two species represent a unique and recently evolved 

type of C4 photosynthesis. My PhD project aimed to investigate the steps in evolution of C4 

photosynthesis in the genus Tecticornia at the molecular and anatomical levels, and identify any C3-C4 

intermediate species. 

 

Phylogenetic analyses were carried out using nuclear external transcribed spacer (ETS) and internal 

transcribed spacer (ITS) markers. Phylogenetic trees resolved the genus into nine well-supported clades, 

increasing the resolution of species relationships compared to previous phylogenetic analyses. The two 

C4 species, T. indica and T. bibenda, resolved in a single clade, supporting a single origin of C4 

photosynthesis. Tecticornia verrucosa and T. peltata were positioned as sister to the C4 clade, 

suggesting that these C3 species are most closely related to the C4 species. 

 

Using the phylogenetic tree as a guide, a wide range of Tecticornia species was chosen for anatomical 

analysis, including T. verrucosa and T. peltata. Transverse sections of vegetative articles were scored 

for features similar to C4 species, including low interveinal distance, clearly differentiated cell layers, 

and vascular bundles positioned near chlorenchyma cells. It was found that T. peltata displayed typical 

C3 characteristics, including a lack of clear differentiation between cell types and high interveinal 

distance.  In contrast, T. verrucosa had some C4-associated anatomical features such as low interveinal 

distance and a clear differentiation between cell types. Surprisingly, two further species, T. auriculata, 

and T. australasica also displayed these C4-associated anatomical features. Quantitative analyses at the 

electron microscope level determined that T. auriculata also had a higher planar area of chloroplasts 

and mitochondria in lower chlorenchyma cells compared to upper chlorenchyma cells, a feature of C4 

Tecticornia species and intermediate species in other genera. Tecticornia auriculata is therefore a 

potential C3-C4 intermediate species based on anatomy and ultrastructure. 

 

Studies of the localisation and abundance of photosynthetic enzymes were carried out in selected 

Tecticornia species. Localisation of glycine decarboxylase P-subunit (GDC-P), a marker for advanced 

C3-C4 intermediacy, was quantified in T. auriculata, T. peltata, T. verrucosa and T. australasica. 

Localisation of the enzyme was also quantified in T. indica subsp. bidens, a C4 species, and T. loriae, a 

typical C3 species for comparison. There was no significant difference in GDC-P distribution between 

upper and lower chlorenchyma cells in any of the C3 species, and unexpectedly, T. indica subsp. bidens 

did not have the distribution of GDC-P between different cell types typical of C4 species in other genera. 

Tecticornia auriculata, due to its ultrastructure, was also analysed for abundance and localisation of 
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other photosynthetic proteins. Tecticornia auriculata had a C3-like distribution of phosphoenolpyruvate 

carboxylase (PEPC) and ribulose-1,5-bisphosphatecarboxylase/oxygenase (RuBisCO) in 

chlorenchyma cells, compared to T. indica subsp. bidens and T. loriae. However, in some samples, T. 

auriculata had a higher abundance of PEPC compared to C3 species T. loriae and T. peltata. CO2 

compensation point (G) and apparent photosynthetic CO2 compensation point in the absence of day 

respiration (Ci*) were calculated from gas exchange measurements of T. auriculata and other 

Tecticornia species. Tecticornia auriculata had a lower G compared to other C3 species, and a low Ci
* 

which was similar to C4 species. This was further suggestion of T. auriculata being a C3-C4 intermediate 

species and refixing photorespiratory CO2. 

 

This project contributed to the resolution of relationships between species of Tecticornia and identified 

the C3 species most closely related to C4 species. However, further molecular and anatomical analyses 

suggested that T. auriculata, a species that is not particularly closely related to the C4 clade, may be a 

C3-C4 intermediate. Tecticornia auriculata has C4-associated anatomical features, an increased 

investment of organelles in lower chlorenchyma cells, and lower levels of photorespiration compared 

to other C3 species. By looking at C3, intermediate, and C4 Tecticornia species, the steps in the evolution 

of C4 photosynthesis in this genus seem to deviate from the most widely accepted model of C4 evolution. 

Tecticornia species have ultrastructural differences in upper and lower chlorenchyma cells, rather than 

mesophyll and bundle sheath cells. Lower cells are not enlarged, and there was no evidence of changes 

in GDC-P localisation. The steps towards C4 photosynthesis in Tecticornia follow the model in other 

ways, with an increased investment in organelles in lower cells apparently being an important step. The 

unusual anatomy of succulent articles and the halophytic habit of Tecticornia may explain this distinct 

route towards C4 photosynthesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 iv 

Table of Contents 

 

Thesis declaration .................................................................................................................................... i 

Abstract .................................................................................................................................................. ii 

Table of Contents ................................................................................................................................... iv 

Acknowledgements .............................................................................................................................. viii 

List of Abbreviations ............................................................................................................................... x 

Chapter 1: General Introduction ........................................................................................................... 1 

C3 photosynthesis and photorespiration .......................................................................................... 1 

C4 photosynthesis ............................................................................................................................ 4 

Current model of C4 evolution ......................................................................................................... 8 

CAM photosynthesis ..................................................................................................................... 17 

C4 photosynthesis in the family Chenopodiaceae .......................................................................... 17 

The genus Tecticornia ................................................................................................................... 20 

General morphology and anatomy ................................................................................................ 20 

Habitat and ecology ....................................................................................................................... 26 

Adaptations to salinity ................................................................................................................... 30 

Adaptations to drought .................................................................................................................. 31 

Adaptations to waterlogging and submergence ............................................................................. 32 

Adaptations to high radiation levels .............................................................................................. 33 

Phylogenetics and evolutionary history ......................................................................................... 33 

Cell and molecular biology ............................................................................................................ 34 

Commercial and environmental importance .................................................................................. 35 

Gaps in knowledge ........................................................................................................................ 36 

Chapter 2: Phylogenetic analysis of the genus Tecticornia (Chenopodiaceae) using the nuclear 

marker external transcribed spacer region (ETS) ............................................................................... 38 

Introduction ..................................................................................................................................... 38 

Aims of this study ............................................................................................................................ 42 

Materials and methods .................................................................................................................... 42 

DNA extraction and sequence determination ................................................................................ 42 

Carbon isotope values .................................................................................................................... 49 

Phylogenetic analyses .................................................................................................................... 49 



 v 

Results ............................................................................................................................................... 50 

Bayesian and maximum likelihood analyses ................................................................................. 50 

Carbon isotope values .................................................................................................................... 52 

Paralogous sequences .................................................................................................................... 52 

Discussion ......................................................................................................................................... 53 

Resolution of Tecticornia species into nine clades ....................................................................... 53 

Traits of Tecticornia species in supported clades .......................................................................... 55 

Paralogous ETS sequences ............................................................................................................ 57 

Conclusions ....................................................................................................................................... 58 

Chapter 3: Anatomy and ultrastructure of selected Tecticornia species in the context of evolution 

of C4 photosynthesis .............................................................................................................................. 60 

Introduction ..................................................................................................................................... 60 

Aims of this study ............................................................................................................................ 65 

Materials and methods .................................................................................................................... 65 

Plant material ................................................................................................................................. 65 

Light microscopy ........................................................................................................................... 66 

Transmission Electron Microscopy ............................................................................................... 67 

Statistical analyses ......................................................................................................................... 67 

Results ............................................................................................................................................... 68 

Part 1: Broad anatomical survey of selected Tecticornia species ................................................. 68 

Part 2: The ultrastructure of photosynthetic articles of Tectiornia species with potential C4-

associated characteristics ............................................................................................................... 71 

Part 3: Quantitative ultrastructural analyses of Tecticornia species with potential C4-associated 

characteristics ................................................................................................................................ 79 

Discussion ......................................................................................................................................... 84 

Tecticornia auriculata as a possible C3-C4 intermediate species .................................................. 84 

Potential anatomical enabling characteristics in C3 Tecticornia species ....................................... 87 

Conclusions ....................................................................................................................................... 90 

Chapter 4: Photosynthetic protein expression and gas exchange in C3, C4 and potential C3-C4 

intermediate Tecticornia species ......................................................................................................... 92 

Introduction ..................................................................................................................................... 92 

Aims of this study ............................................................................................................................ 95 

Materials and methods .................................................................................................................... 96 



 vi 

Plant material ................................................................................................................................. 96 

Glycine decarboxylase P-subunit (GDC-P) antibody generation .................................................. 96 

Immunoblotting ............................................................................................................................. 98 

Immunolocalisation ....................................................................................................................... 99 

Statistical analysis of immunolocalisation data ........................................................................... 100 

Gas exchange analysis ................................................................................................................. 101 

Results ............................................................................................................................................. 102 

Glycine decarboxylase P-subunit (GDC-P) antibody design and generation .............................. 102 

GDC-P, PEPC and RuBisCO immunoblots and dotblots ............................................................ 103 

GDC-P, PEPC and RuBisCO immunolocalisation ...................................................................... 105 

Gas exchange analysis ................................................................................................................. 112 

Discussion ....................................................................................................................................... 113 

Tecticornia auriculata demonstrates biochemical and physiological characteristics of a C3-C4 

intermediate species ..................................................................................................................... 113 

An unexpected distribution of GDC-P in Tecticornia species .................................................... 115 

Conclusions ..................................................................................................................................... 117 

Chapter 5: Concluding Discussion .................................................................................................... 118 

Evidence for C3-C4 intermediacy in Tecticornia auriculata ....................................................... 118 

The possible steps in C4 evolution in Tecticornia ....................................................................... 121 

Future directions and further work .............................................................................................. 125 

References ........................................................................................................................................... 127 

Chapter 3 Appendix ............................................................................................................................ 144 

Figure A3.1. .................................................................................................................................... 144 

Table A3.1. ...................................................................................................................................... 145 

Figure A3.2. .................................................................................................................................... 146 

Figure A3.3. .................................................................................................................................... 146 

Chapter 4 Appendix ............................................................................................................................ 147 

Table A4.1. ...................................................................................................................................... 147 

Figure A4.1. .................................................................................................................................... 148 

Figure A4.2 ..................................................................................................................................... 148 

Figure A4.3. .................................................................................................................................... 149 

Figure A4.4. .................................................................................................................................... 149 



 vii 

Figure A4.5. .................................................................................................................................... 150 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 viii 

Acknowledgements 
 

Firstly, thank you to Dr. Martha Ludwig, my principal supervisor, for all of her passion, encouragement, 

and mentorship over many years in her lab. Thank you to my co-supervisors, Dr. Kelly Shepherd and 

Dr. Terry Macfarlane, for taking me out in the field, and for their incredible advice and expertise in 

Western Australian botany. Thank you to my fourth co-supervisor Dr. Gudrun Kadereit, for her 

knowledge of phylogenetics and Chenopodiaceae, and for looking after me during my time in Mainz, 

Germany. 

 

Technical assistance for the work described in Chapter 2 was provided by Silvia Wienken (sequencing 

additional ETS sequences for phylogeny), Dr. Maximilian Lauterbach (designing primers for ETS 

sequencing), and Andrew Hall (carrying out chloroplast sequencing as part of his honours project under 

the supervision of Dr. Ian Small). Gas exchange measurements and the subsequent data analysis, 

described in Chapter 4, was completed by Dr. Florian Busch (Australian National University). 

 

Laboratory techniques were taught to me by the previous members of the Ludwig Lab, Dr. Montse 

Saladie-Foraste and Dr. Harmony Clayton. I owe so much to you both! Thank you for your support, 

your patience and your expertise. Thank you to Dr. Joanne Castelli and Dr. Julia Man for also helping 

me out with molecular work. Dr. Maximilian Lauterbach helped me out both in Perth and Mainz, with 

all thing phylogenetics and sequence analysis. He also gave me access to his transcriptome data from 

Salsola, which allowed me to design primers for Tecticornia. Thank you Dr. Chloe Cheng for helping 

me out with administrative things and helping me out as a fellow PhD student. 

 

At the Johannes Gutenberg-Universität, Mainz, I was taught laboratory techniques by Silvia Wienken. 

Thank you also to Dr. Katharina Bohley teaching me fixing and sectioning and skills. 

 

Thank you to the staff at the Centre for Microscopy, Characterisation and Analysis (CMCA) at UWA 

for teaching me the techniques for the microscopy parts of this project. John Murphy taught me with 

infinite patience how to use the ultramicrotome and provided me assistance with all things electron 

microscopy. Lyn Kirilak taught me how to use the TEM, and gave me help with troubleshooting. Dr. 

Peta Clode taught me how to use a diamond knife and helped me out at CMCA on various occasions. 

And particular thanks to Dr. Martin Saunders for giving me help with the TEM, often very late at night 

over the phone. 

 

Thank you to the teaching lab staff at the Bayliss Building for assistance with the Chemidoc and various 

equipment in the Bayliss Building: Paul Kirkwood, Oscar Del Borrello, Denise Lupton, and James 

Thomsett-Bartlett. 



 ix 

 

Bill Piasini and Rob Creasy were an invaluable help in the glasshouse for helping me to look after my 

plants. And thank you Bill for the constant encouragement and moral support in completing my thesis! 

 

Dr. Joe Holtum (University of Queensland) and Peter White (DBCA) collected Tecticornia material 

from remote areas and interstate for me. Valuable Tecticornia bibenda material was obtained by Dr. 

Grant Wells (Phoenix Environmental Sciences Pty Ltd). Thank you for your work out in the field. A 

photograph taken by Peter White is also included in Chapter 1 of this thesis. 

 

Thank you to Dr. Pauline Grierson for discussing results of her own research on Tecticornia species 

with me and discussing her observations out in the field. Thank you to Dr. Michael Renton and Marty 

Firth for their advice with statistics, and also Dr. Katharina Girth for her advice with how to arrange the 

data. The RuBisCO antibody which I used in experiments was given to the lab by Dr. John Andrews. 

 

Thank you to the members of the Luckey Office past and present for their support, advice and tea: Dr. 

Harmony Clayton, Dr. Chloe Cheng, Rowarne Leith, Robyn Anderson, Sarah Lucas, Christopher Baros 

and Dr. David Collings. And thank you to the honourary members of the office, James Thomsett-

Bartlett, Dr. Santana Royan, and Dr. Amber Boyatzis for also helping me out. Thank you also to Jake 

Alexander for additional cups of tea and moral support during my writing at home in the COVID-19 

lockdown. 

 

A huge and heartfelt thank you to my parents, Navaz and John Dakin for their unconditional support 

and love, and for always believing in me. And thanks Natasha and Nina for cheering me on while not 

really understanding what I was doing. 

 

This research was supported by an Australian Government Research Training Program (RTP) 

Scholarship and a UWA Safety Net Scholarship. The phylogenetics component of this study was 

completed in Mainz, Germany, with the help of a R.N. Robertson Travelling Fellowship from the 

Australian Society of Plant Scientists (ASPS). 

 

I would like to dedicate this thesis to Jocelyn Elphick (1940 – 2015). Thank you for nurturing my love 

of native plants and wildlife. 

 

 
 

 



 x 

List of Abbreviations 
 

% v/v volume per volume 

% w/v weight per volume 

3-PGA 3-phosphoglyceric acid 

A (physiology) photosynthetic CO2 assimilation rate 

AA amino acid 

aff. affinity 

AGRF Australian Genome Research Facility 

ANOVA analysis of variance 

ANU Australian National University 

APS ammonium persulphate 

ATP adenosine triphosphate 

atpB ATP synthase beta subunit 

BEAST Bayesian Evolutionary Analysis Sampling Trees 

BeaUTI Bayesian Evolutionary Analysis Utility 

BLAST  Basic Local Alignment Search Tool 

bs (anatomy) bundle sheath 

BS (phylogenetics) bootstrap support 

BSA bovine serum albumin 

C Celsius 

CA carbonic anhydrase 

CCM carbon concentrating mechanism 

cDNA complementary deoxyribonucleic acid 

chl chloroplast 

chlc (anatomy) chlorenchyma cells 

Ci intercellular CO2 concentration 

Ci* apparent intercellular CO2 compensation point in the absence of mitochondrial 
respiration 

cm (anatomy) colourless mesophyll 

CO2 carbon dioxide 

cpDNA chloroplastic deoxyribonucleic acid 

DAPI 4′,6-diamidino-2-phenylindole 

DBCA Department of Biodiversity, Conservation and Attractions 

ddH2O double deionised water 

DEPC diethyl pyrocarbonate 

DMSO dimethyl sulphoxide 

DTT dithiothretitol 

EDTA ethylenediaminetetraacetic acid 

EM electron microscope/microscopy 

epi (anatomy) epidermis 

ETS external transcribed spacer 

ExoSAP Exonuclease I Shrimp Alkaline Phosphatase 



 xi 

F forward (primer) 

g grams 

GDC glycine decarboxylase 

GDC-P glycine decarboxylase P subunit 

GMA glycol methacrylate 

GTR General Time Reversible 

HF high fidelity 

HSD Honest Significant Difference 

IgG Immunoglobin G 

IPTG isopropyl thiogalactoside  

ITS internal transcribed spacer 

k (anatomy) Kranz cell 

kDa kiloDalton 

kg kilograms 

KOH potassium hydroxide 

L litres 

LB Luria-Bertani 

LR White London Resin White 

M molar 

m (anatomy) mesophyll 

matK maturaseK 

MCMC Markov chain Monte Carlo 

mg milligrams 

mit mitochondria 

ML maximum likelihood 

mM milimolar 

mya million years ago 

NaCl sodium chloride 

NAD nicotinamide adenine dinucleotide 

NAD-ME NAD-malic enzyme 

NADP nicotinamide adenine dinucleotide phosphate 

NADP-ME NADP-malic enzyme 

ng nanogram 

NGS Next Generation Sequencing 

nrDNA nuclear ribosomal deoxyribonucleic acid 

NT Northern Territory 

NUE nitrogen use efficiency 

O2 oxygen 

OAA oxaloacetic acid 

PCR polymerase chain reaction 

PCR (photosynthesis) photosynthetic carbon reduction 

PCR (technique) polymerase chain reaction 

PEPC phosphoenol pyruvate carboxylase 



 xii 

pp posterior probability 

PPDK pyruvate, phosphate dikinase 

R reverse (primer) 

rbcL RuBisCO large subunit 

rDNA ribosomal deoxyribonucleic acid 

RNA ribonucleic acid 

RuBisCO ribulose-1,5-bisphosphate carboxylase/oxygenase 

RuBP ribulose-1,5-bisphosphate 

S Svedberg units 

s seconds 

SA South Australia 

SDS sodium dodecyl sulphate 

sp. species 

subsp. subspecies 

TAE Tris-acetate-EDTA 

Taq Thermus aquaticus 
TBE Tris-borate-EDTA 

TBS Tris-buffered saline 

TBST Tris-buffered saline and with 0.1% (v/v) Tween 20 

TEM transmission electron microscope/microscopy 

TEMED tetramethylethylenediamine 

trnK transfer ribonucleic acid lysine 

trnL transfer ribonucleic acid leucine 

U units of enzyme 

UV ultraviolet 

UWA University of Western Australia 

vb (anatomy) vascular bundle 

VIC Victoria 

WA Western Australia 

ws (anatomy) water storage 

WUE water use efficiency 

X-Gal 5-bromo-4-chloro-3-indolyl beta-galactoside  

Γ CO2 compensation point 

Γ* CO2 compensation point in the absence of mitochondrial respiration 

µL microlitres 

µM micromolar 

 



 1 

Chapter 1: General Introduction 
 

The genus Tecticornia is a group of plants native to Australia with some unusual features, and offers 

the prospect of advancing knowledge of an important biological question: how C4 photosynthesis has 

evolved in plants. The majority of species are endemic to Australia, with only two species also 

distributed on other continents (Atlas of Living Australia; Wilson, 1972, 1980). Tecticornia species are 

succulent halophytes, which carry out photosynthesis in vegetative articles rather than leaves, and thrive 

in saline areas along coastlines and on the shores of inland salt lakes. The majority of Tecticornia 

species are currently classified as using the C3 photosynthetic pathway (Wilson, 1972, 1980; Carolin et 

al., 1982). Two species of Tecticornia have been identified as C4 (Wilson, 1980; Shepherd and van 

Leeuwen, 2007), and phylogenetic analyses have determined that they represent a unique and recently 

evolved type of C4 photosynthesis (Kadereit et al., 2003). Studies of this independent origin could 

contribute to the current understanding of the steps in evolution of C4 species from ancestral C3 species. 

The following review begins with an introduction to C3 and C4 photosynthesis, and the current model 

of the evolution of C4 photosynthesis. The second part describes the genus Tecticornia and the current 

knowledge of anatomy, ecology, physiology, phylogenetics and molecular biology. 

 

C3 photosynthesis and photorespiration 

 

Photosynthesis is the process by which plants convert carbon dioxide and water into sugars and oxygen, 

and most life on Earth directly or indirectly relies on this biochemistry. The process of photosynthesis 

may be divided into two parts: the light reactions and the CO2 fixation reactions. In the light reactions, 

light energy is harvested and converted to reduced nicotinamide adenine dinucleotide phosphate 

(NADPH) and adenosine triphosphate (ATP). The CO2 fixation reactions use this energy to incorporate 

CO2 and produce sugars. There is diversity in the CO2 fixation pathway in different plant species, and 

land plants may utilise the C3, C4 or CAM photosynthetic pathway. The majority of plants use the C3 

photosynthetic pathway and it is ancestral to all other pathways. However, there are also species that 

can switch between these pathways during development (Lauterbach et al., 2017) or in response to 

environmental factors (Winter and Holtum, 2017). Some species may even have photosynthetic 

biochemistry which is intermediate between two pathways (Sage et al., 2014).  

 

C3 photosynthesis occurs within a single cell, usually within the mesophyll cell of a leaf (Figure 1.1). 

After carbon dioxide (CO2) enters leaves via stomata, it diffuses into the mesophyll cells and ultimately 

the chloroplasts. There it is fixed by the enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase 

(RuBisCO), combining with ribulose-1,5-bisphosphate (RuBP) to produce two molecules of 3-

phosphoglycerate (3-PGA). It is this initial product, which contains three carbon molecules, that gives 

the pathway its name. 3-PGA then continues in the photosynthetic carbon reduction (PCR) cycle. The 
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products of the PCR cycle include carbohydrates, fatty acids and amino acids which may be stored or 

used for metabolism and growth.  

 

 

 

 

Figure 1.1. An overview of C3 photosynthesis and photorespiration in a mesophyll cell. The C3 photosynthetic 

pathway is shown by black arrows and the photorespiratory pathway is shown by red arrows. CO2 enters the 

chloroplast and is fixed by ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), combining with 

ribulose-1,5-bisphosphate (RuBP) to produce 3-phosphoglycerate (3-PGA). 3-PGA continues in the 

photosynthetic carbon reduction (PCR) cycle and is reduced to make carbohydrates (CHO) or other products. 

Alternatively, if RuBisCO fixes O2, 3-PGA and 2-phosphoglycolate are generated, and the photorespiratory 

pathway is initiated. 2-phosophoglycolate is processed by a series of reactions in the peroxisome and 

mitochondrion, converting it to glycolate and then glycine. Glycine is decarboxylated by the enzyme glycine 

decarboxylase (GDC) in the mitochondria, producing serine and CO2. The CO2 may be refixed by RuBisCO 

or may escape into the atmosphere. The serine is converted to 3-PGA by reactions in the peroxisome and 

chloroplast, and can enter the PCR cycle. 
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RuBisCO has oxygenase activity as well as carboxylase activity and may react with a molecule of 

oxygen instead of carbon dioxide. If this occurs, RuBP is combined with oxygen, producing one 

molecule of 3-PGA and one molecule of 2-phosphoglycolate. However, 2-phosphoglycolate is toxic to 

plants and is metabolised in a pathway known as photorespiration, spanning across the chloroplast, 

peroxisome and mitochondrion (Figure 1.1). In this process, it is first converted to glycolate and then 

glycine, which is then transported to the mitochondria. Here it is decarboxylated by the enzyme complex 

glycine decarboxylase (GDC) to produce serine and CO2  (simplified in Figure 1.1). The full reaction 

also involves the enzyme serine hydroxymethyltransferase (SHMT) and the net reaction is (Douce et 

al., 2001): 

 

2 glycine + NAD+ + H2O               serine + CO2 + NH3 + NADH + H+ 

 

The serine is recycled into 3-PGA, which can enter the PCR cycle (Figure 1.1), while the CO2 molecule 

may be refixed by chloroplasts or escape to the atmosphere. If the CO2 molecule escapes, the result is 

a net loss of fixed carbon for the plant. Photorespiratory CO2 loss can amount to around 20% of net CO2 

assimilation in moderate conditions (Cegelski and Schaefer, 2006) and this increases in warm, dry, 

saline or high light environments. Oxygenase activity increases relative to carboxylase in high 

temperatures due to differential changes in solubility of CO2 and O2, and changes in the kinetic 

parameters of RuBisCO (Jordan and Ogren, 1984). In dry and saline conditions, plants close stomata to 

conserve water, slowing CO2 entry, increasing the ratio of O2 to CO2 concentrations within the leaf and 

leading to increased rates of photorespiration (Kaiser, 1987; Cornic and Briantais, 1991; Igamberdiev 

et al., 2004).  

 

Photorespiration was traditionally seen as a wasteful process, as it consumes cellular energy in the form 

of ATP and results in a net loss of fixed carbon. However, photorespiration has been found to play an 

important role in plant metabolism and stress response. Studies of mutants have found that plants 

lacking components of the photorespiratory pathway have impaired growth at ambient CO2 (Wingler et 

al., 1999; Somerville, 2001) and interestingly, some mutants do not survive under non-photorespiratory 

conditions (Engel et al., 2007). In plants with CO2 concentrating mechanisms (CCM), the 

photorespiratory pathway is still required at a low level (Levey et al., 2019). Photorespiration has also 

been found to be closely linked with nitrogen assimilation (Bloom, 2015; Busch et al., 2018), as serine 

and glycine can be diverted into other pathways and used as precursors for amino acids and 

phospholipids (Ros et al., 2014). Products such as glycine betaine and dehydrins have important roles 

to play in stress mitigation caused by drought or reactive oxygen species (Sakamoto and Murata, 2002; 

Layton et al., 2010; Noctor et al., 2012). Photorespiration also has links to C1 metabolism (Li et al., 

2003), contributing to the synthesis of nucleic acids, proteins, lipids, chlorophyll and other molecules, 

and is also connected to sulphur metabolism (Abadie and Tcherkez, 2019). Flux through the 
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photorespiratory pathway also has a valuable role to play in protecting the photosynthetic machinery 

from damage in high light conditions (Takahashi et al., 2007). Even though photorespiration decreases 

the efficiency of carbon fixation, its benefits and links to other metabolic pathways should not be 

overlooked. 

 

Photorespiration decreases the efficiency of photosynthesis but also provided the evolutionary pressure 

for the evolution of different photosynthetic pathways (Bauwe, 2011). The oxygenase activity of 

RuBisCO is thought to have been negligible in the high CO2 atmospheres of the past, but increased 

when CO2 levels declined 32 – 25 million years ago (Christin et al., 2008; Sage et al., 2012). Many 

plant lineages evolved modified pathways that reduce rates of photorespiration and provide an 

advantage in hot, dry or saline environments. This includes the C4 pathway and the Crassulacean Acid 

Metabolism (CAM) pathway.  

 

C4 photosynthesis 

 

C4 photosynthesis refers to a modification of the C3 pathway, using specialised anatomy and 

biochemistry to concentrate CO2 around RuBisCO and reduce rates of photorespiration (Hatch, 1987). 

Phylogenetic studies have determined that C4 photosynthesis evolved from the ancestral C3 pathway, 

and despite its complexity, arose independently over 60 times in different plant lineages (Sage, 2016). 

This makes it one of the most remarkable examples of convergent evolution. 

 

In most C4 species, the photosynthetic pathway is divided between two cell types, which are usually the 

mesophyll and bundle sheath cells (Figure 1.2). In many C4 species, the enlarged bundle sheath cells 

surround vascular bundles and this characteristic anatomy is called “Kranz” anatomy, the German word 

for “wreath”.  However, there are anatomical variations and the cell types may instead comprise two 

specialised chlorenchyma layers (Voznesenskaya et al., 2008), or mesophyll and mestome sheath cells 

(Khoshravesh et al., 2016). In general, the cells may be referred to as mesophyll and Kranz cells 

(Carolin et al., 1978; Kadereit et al., 2003). Rarely, C4 photosynthesis operates in a single cell by 

compartmentalising the cytoplasm of a single mesophyll cell (Voznesenskaya et al., 2001a; 

Voznesenskaya et al., 2002).  
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Figure 1.2. An overview of two-cell C4 photosynthesis, showing the NAD-malic enzyme (NAD-ME) 

biochemical subtype. Atmospheric CO2 entering a mesophyll cell is converted to bicarbonate (HCO3
-) 

in the cytosol of mesophyll cells by the enzyme carbonic anhydrase (CA). Phosphoenolpyruvate 

carboxylase (PEPC) uses the bicarbonate to carboxylate phosphoenolpyruvate (PEP) to produce 

oxaloacetate (OAA). This is converted to aspartate, which diffuses to the bundle sheath cell via 

plasmodesmata and then into the mitochondrion. Here it is converted to OAA, then malate, which is 

decarboxylated by NAD-ME. The CO2 produced diffuses to the bundle sheath cell chloroplast and is 

fixed by ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO). It then enters the photosynthetic 

carbon reduction (PCR) cycle, producing carbohydrates (CHO) or other products. The pyruvate diffuses 

to the cytosol, is converted to alanine and diffuses back to the mesophyll cell. In the cytosol of the 

mesophyll cell, the alanine is converted to pyruvate, which is then used to regenerate PEP, catalysed by 

the enzyme pyruvate, orthophosphate dikinase (PPDK) in the chloroplast. 
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In a two-cell system of C4 photosynthesis, CO2 enters a mesophyll cell and is converted to bicarbonate 

in the cytosol by carbonic anhydrase (CA; Figure 1.2). The primary carboxylase, phosphoenolpyruvate 

carboxylase (PEPC), combines bicarbonate with phosphoenol pyruvate (PEP), forming oxaloacetate 

(OAA). This four-carbon acid gives the pathway its name. In the mesophyll cell, OAA is converted to 

malate and/or aspartate which then diffuses into the bundle sheath cell. These compounds are 

decarboxylated, producing CO2, which is then fixed by RuBisCO. RuBisCO is localised only in the 

chloroplasts of bundle sheath cells, and the high concentration of CO2 in the bundle sheath cells greatly 

reduces photorespiration (Jenkins et al., 1989). The three-carbon compound released in the 

decarboxylation reaction diffuses into the mesophyll cell and is used to regenerate PEP, completing the 

cycle (Figure 1.2). There are slight variations of the C4 pathway, and three sub-types have been 

recognised based on the main decarboxylase used in the bundle sheath cell (Drincovich et al., 2011). 

These are the NADP-malic enzyme (NADP-ME) type, the NAD-malic enzyme (NAD-ME) type 

(shown in Figure 1.2), and the PEP carboxykinase (PEPCK) type. C4 species display flexibility in these 

subtypes and the main carboxylating enzyme may change based on developmental stage and 

environment (Furbank, 2011). The anatomy and enzymes in the C4 pathway together create an effective  

CCM (Voznesenskaya et al., 2001). There is a high concentration of CO2 in the bundle sheath cells and 

therefore low rates of photorespiration. 

 

C4 species may be identified through biochemical, anatomical, isotope or physiological analysis. C4 

lineages have general shared features but also differ from each other, and for this reason the terms “C4 

syndrome” or “C4 condition” (Sage, 2001) are sometimes used. C4 species may be identified through 

expression and localisation of enzymes in the photosynthetic pathway. For example, PEPC and CA 

have higher expression compared to C3 species and are confined to mesophyll cells, while RuBisCO 

and GDC-P have lower expression and are confined to bundle sheath cells (Edwards et al., 2001; 

Ludwig, 2013). Many C4 species with distinct Kranz anatomy have enlarged bundle sheath cells that 

contain high numbers of organelles, a lower ratio of mesophyll tissue to bundle sheath tissue, and lower 

interveinal distance compared to C3 species (Sage et al., 2012; Christin et al., 2013; Griffiths et al., 

2013). However, there are many anatomical variations among C4 species, as previously mentioned. 

Some C4 lineages utilise the mestome sheath as the site of CO2 fixation by RuBisCO rather than the 

bundle sheath, as seen in Neurachne species (Hattersley et al., 1982). Other species may have two 

concentric layers of mesophyll and Kranz cells surrounding water storage tissue, for example in various 

Tecticornia and species from the tribe Salsoleae (Voznesenskaya et al., 2008; Voznesenskaya et al., 

2013). Analysing the stable carbon isotope ratio of biomass is a commonly used method of screening 

for species using the C4 pathway. Carbon isotope ratio values indicate whether a plant is fixing CO2 via 

RuBisCO or via PEPC. RuBisCO discriminates against fixing 13CO2, resulting in a more negative delta 
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13C isotope value (Smith and Epstein, 1971). In C4 plants, CO2 is first fixed by PEPC, which does not 

discriminate as strongly, and carbon is delivered to RuBisCO in bundle sheath cells via the C4 pathway 

(Whelan et al., 1973). In general, d13C values for C3 species range from -24‰ to -30‰, while those of 

C4 species range from -10‰ to -15‰. However, d13C can become more positive in plants growing in 

arid conditions, where water stress can limit photosynthesis through increased diffusive resistance 

(Cerling, 1999). C4 plants may also be identified from measurements of gas exchange. Plotting CO2 

photosynthetic assimilation rate (A) against intercellular CO2 concentration in a leaf (Ci) creates an A/Ci 

curve. The CO2 saturation point is the Ci at which A reaches a maximum value. The A/Ci curves of C4 

species have a steeper initial slope and have a lower CO2 saturation point compared to C3 species. The 

CO2 compensation point (G), which is the CO2 concentration at which the rate of photosynthesis is equal 

to the rate of respiration, including day respiration and photorespiration (Long and Bernacchi, 2003) 

can also be determined from A/Ci curves. C4 species have a lower G compared to C3 plants and it is 

usually very close to 0 µmol mol-1.  

 

Higher photosynthetic efficiency may also differentiate C4 plants from C3 plants under certain 

environmental conditions. Through reduced rates of photorespiration, C4 plants are more efficient 

compared to C3 plants in terms of light, nitrogen and water use. This gives C4 plants an advantage in 

hot, dry, high light, and saline conditions. C4  plants have a higher radiation use efficiency (RUE) 

compared to C3 plants (Long, 1999). At temperatures above 25 °C, C4 plants have a higher maximum 

quantum yield compared to C3 plants due to the cost of photorespiration (Ehleringer and Pearcy, 1983). 

In addition, as light levels reach saturation, C4 plants are less limited by RuBisCO amounts or RuBP 

regeneration (Long, 1999; Zhu et al., 2010). This means that quantum yield decline less in C4 species 

compared to C3 species in light-saturated conditions (Zhu et al., 2010). Nitrogen use efficiency (NUE) 

is also higher in C4 plants compared to C3 plants as less total leaf N is invested in RuBisCO and more 

is invested in soluble protein and thylakoid membranes (Ghannoum et al., 2011). C4 plants have a higher 

water use efficiency (WUE) due to higher photosynthetic rates per unit leaf area and lower stomatal 

conductance compared to C3 plants (Ghannoum et al., 2011), especially in high temperature, high 

salinity, and high light environments. These greater efficiencies may contribute to higher growth rates, 

and C4 species tend to dominate grasslands and savannas in warm climates (Still et al., 2003). However, 

there are a wide range of additional factors that impact on C3 and C4 plant distribution and competition 

in ecosystems, including soil nitrogen levels, rainfall patterns, flooding, temperature, and canopy 

structure (Still et al., 2003). Crop species that use C4 photosynthesis, including maize (Zea mays), 

sugarcane (Saccharum sp.), sorghum (Sorghum bicolor), millet (Pennisetum glaucum and other 

species) and amaranth (Amaranthus sp.) are widely grown. There is also increasing interest in using C4 

species such as switchgrass (Panicum virgatum), miscanthus (Miscanthus spp.), and sweet sorghum 

(Sorghum bicolor) as bioenergy crops (Kocar and Civas, 2013). C4 plants are most abundant in tropical 
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and sub-tropical regions, and global modelling predicts that C4 vegetation, both natural and agricultural, 

contributes 23% of gross global productivity (Still et al., 2003). As human populations grow and 

climates become warmer and drier, there is increasing interest in genetically engineering the C4 pathway 

into C3 crops (Sage and Zhu, 2011) such as rice (Oryza sativa; von Caemmerer et. al, 2012). This has 

been a goal of many researchers and institutes over the last decade, but it has become increasingly clear 

that a greater understanding of the C4 condition is required before this can become a reality. Rather than 

a simple set of genetic switches, the C4 pathway is an incredibly complex suite of anatomical and 

molecular changes (Ermakova et al., 2020). In particular, the genetic basis behind changes in anatomy 

and organelle investment is poorly understood (Ermakova et al., 2020). This drive to understand how 

to potentially engineer a C4 crop from a C3 progenitor, has led researchers to investigate the evolutionary 

steps from a C3 to a C4 photosynthetic pathway. 

 

Current model of C4 evolution  

 

The majority of phylogenetic studies support the hypothesis that C4 photosynthetic lineages evolved 

from C3 ancestors (Sage et al., 2011). However, phylogenetic studies of some lineages, such as C4 

origins in the family Chenopodiaceae, suggest that reversions from C4 back to C3, although rare, may 

have occurred (Kadereit et al., 2012). All of the proteins in the C4 pathway are also found in C3 species, 

but may be modified in localisation and expression levels to carry out different roles (Edwards et al., 

2001; Aubry et al., 2011; Berry et al., 2011; Ludwig, 2013). For example, in C3 plants, PEPC plays a 

role in anapleurotic pathways, malate homeostasis, nitrogen metabolism and stomatal conductance in a 

range of different cell types (Bläsing et al., 2002; Aubry et al., 2011). In C4 plants, one orthologue of 

PEPC was co-opted during evolution, and is now the primary carboxylase with a higher abundance and 

localisation only to mesophyll cells (Sheen, 1999).  

 

The most well-supported model of C4 photosynthesis evolution hypothesises that photorespiration 

played a major role (Monson and Rawsthorne 2000; reviewed in Sage et. al. 2014). It is sometimes 

called the “Monson model” after the researcher who first proposed it (Monson et al., 1984; Monson and 

Rawsthorne, 2000) or the “Flaveria model” (Schüssler et al., 2016) as studies of the genus Flaveria 

have been particularly instrumental in constructing the model. In the following chapters, the model will 

be referred to as the Monson-Sage model, after Monson, the researcher who first proposed it, and Sage, 

a researcher who has played a major role in subsequently developing and reviewing the model (Monson 

et al., 1984; Sage et al., 2014). Many other researchers have contributed to expanding and refining this 

model through studies of multiple lineages that include C3, C4, and C3-C4 intermediate species. These 

C4 lineages are relatively young, increasing the chances that C3-C4 intermediate species including proto-

Kranz, C2, and C4-like species still persist (see sections below). The genus Flaveria (family Asteraceae) 

is one of the youngest C4 lineages and includes a wide range of C3, C4 and C3-C4 intermediate species 
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(Bassuner et al., 1984; Bauwe, 1984; Sage et al., 2013). Other groups that have contributed to widening 

and confirming this model include Moricandia in Brassicaceae (Rawsthorne et al., 1988, 1988; Rylott 

et al., 1998; Schluter et al., 2017), subtribe Neurachninae in Poaceae (Hattersley et al., 1982; Hattersley 

et al., 1984; Khoshravesh et al., 2016; Khoshravesh et al., 2020), Heliotropium in Boraginaceae 

(Muhaidat et al., 2011), tribe Salsoleae in Chenopodiaceae (Voznesenskaya et al., 2001b; 

Voznesenskaya et al., 2013; Wen and Zhang, 2015; Schüssler et al., 2016), Mollugo in Molluginaceae 

(Christin et al., 2011), and Cleome and related species in Cleomaceae (Marshall et al., 2007; 

Voznesenskaya et al., 2007). Comparative studies of these species at a biochemical, anatomical, and 

physiological level, in a phylogenetic context, have allowed the general steps in C4 evolution to be 

hypothesised. 

 

It is important to note that the different types of photosynthesis described in the following sections are 

theorised to represent steps in the evolution of C4 photosynthesis. Each type of photosynthesis is thought 

to provide a functional advantage to the plant species (Heckmann et al., 2013; Sage et al. 2014) and 

create a platform for future photosynthetic innovation, but a lineage does not necessarily take the next 

steps toward C4 photosynthesis (Stata et al., 2019). Many species which use photorespiratory carbon 

concentrating mechanisms have no relationship to C4 species (Sage et al. 2011). In other lineages, C3-

C4 intermediate species may have evolved independently rather than be ancestral to closely related C4 

species (Edwards, 2019, Schüssler et al., 2016). Only in the genus Flaveria are the steps in the Monson-

Sage model represented and strongly supported by phylogenetic evidence (McKown et al., 2014; 

Schüssler et al., 2016). 

 

Anatomical enablers and preconditioning 

 

An early stage in the evolution of C4 was the presence of “anatomical enablers”. C4 lineages are often 

clustered in particular phylogenetic clades, while completely absent in other clades (Sage et al., 2011; 

Sage, 2016). This suggests that some groups of plants have characteristics that increase the probability 

of evolving the C4 pathway. Quantitative studies of anatomy combined with phylogenetic analyses 

found that C3 species most closely related to C4 species have higher vein density and larger bundle 

sheath cells compared to other C3 species (Marshall et al., 2007; McKown and Dengler, 2007; Christin 

et al., 2011; Muhaidat et al., 2011; Lauterbach et al., 2019). In a broad phylogenetic reconstruction 

analysis, Christin et. al. (2013) found that grass lineages with a proportion of bundle sheath tissue higher 

than 15%  in cross-sections of leaves had a higher evolvability of C4 photosynthesis. This was connected 

to higher vein density and larger bundle sheath cells, and these features were called “anatomical 

enablers” (Christin et al., 2013). It has been speculated that these anatomical features are adaptations to 

environmental conditions. Studies of the centre of origin of C4 lineages determined that most eudicot 

and some grass lineages arose in hot areas that have monsoonal rainfall or moisture, which supports 
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growth in summer (Sage et al., 2014; Sage et al., 2018). Many of these regions also experience periodic 

aridity, low humidity, and/or salinity stress. These environmental conditions promote photorespiration 

and water stress, possibly leading to hydraulic crisis in leaves (Sage, 2001; Osborne and Sack, 2012). 

A high density of veins is thought to allow faster transport of water to photosynthetic tissue, preventing 

early stomatal closure (Osborne and Sack, 2012), while enlarged bundle sheath cells provide hydraulic 

capacitance to buffer against rapid changes in transpiration and prevent cavitation (Griffiths et al., 

2013). Enlargement of bundle sheath cells is also hypothesised to lead to protrusions into mesophyll 

tissue. This increases exposure of bundle sheath cells to intercellular spaces and allows chloroplasts to 

be positioned within these cells (Sage et al., 2014). In the current model, these anatomical features in 

veins and bundle sheath cells were the first step towards C4 photosynthesis. 

 

Other early preconditioning steps in C4 evolution are thought to have included whole-genome and gene 

duplication. This has been hypothesised to provide copies of genes for neofunctionalisation (Monson, 

2003; Sage et al., 2012). As mentioned previously, all enzymes in the C4 pathway were recruited from 

existing enzymes in C3 ancestors. While an enzyme is still required for its ancestral C3 role in a C4 

speices, duplication of genes allows modifications to be made to a gene copy without deleterious effects. 

Whole genome analyses in grasses have partially supported this hypothesis, and determined that many 

C4-associated genes are part of families with multiple paralogues from ancient duplication events 

(Wang et al., 2009). Genome duplication may also have dosage effects, increasing the transcript 

abundance of C4-related genes and allowing rapid changes in expression levels (Bianconi et al., 2018). 

Both dosage and neofunctionalisation from gene duplication are thought to have played a role in C4 

evolution. 

 

Proto-Kranz 

 

The next steps in C4 evolution are suggested to have involved the photosynthetic activation of bundle 

sheath cells. Firstly, bundle sheath cells were further enlarged and there was an increase in organelles, 

especially chloroplasts and mitochondria (Sage et al., 2012). This state has recently been called “primed 

C3” (Stata et al., 2019). The next stage involved the positioning of the mitochondria towards the inner 

walls of the bundle sheath cells. Species displaying these anatomical characteristics are known as 

“proto-Kranz” (Muhaidat et al., 2011). This type of anatomy was first observed in two Heliotropium 

species that had bundle sheath cells with a greater number of mitochondria compared to closely related 

C3 species (Muhaidat et al., 2011). Furthermore, these mitochondria were larger and the majority were 

positioned centripetally. Bundle sheath cells in proto-Kranz species were also observed to be enlarged 

and more rounded in shape. Closely associated with the mitochondria in bundle sheath cells was a layer 

of chloroplasts. The centripetal clustering of mitochondria to form a band of GDC around veins, and 

the associated layer of chloroplasts, is thought to increase the recapture of CO2 released from 
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photorespiration (Busch et al., 2013). The increased number and distinct positioning of these organelles 

are hypothesised to create a very basic CCM, and measurements of a slightly lower CO2 compensation 

point compared to C3 species (Vogan et al., 2007) support this hypothesis. 

 

Proto-Kranz species have been identified so far in Helioptropium, Steinchisma, Neurachne, Salsola, 

and Chenopodium  (Brown et al., 1983; Muhaidat et al., 2011; Sage et al., 2013; Schüssler et al., 2016; 

Yorimitsu et al., 2019; Khoshravesh et al., 2020), and variations may be seen between lineages. For 

example, while the centripetal positioning of mitochondria was absent in Neurachne annularis 

(Khoshravesh et al., 2020), this species still had a high mitochondrial investment and a large cross-

sectional area of mestome sheath cells, the sites of CO2 fixation by RuBisCO in the C4 species of the 

group. Indeed, from anatomical and physiological comparisons with closely related C3 and C2 species 

it has been classified as the equivalent of a proto-Kranz species (Khoshravesh et al., 2020). In the 

Neurachninae, it is hypothesised that the outer bundle sheath cells (parenchymatous sheath) and the 

suberised cell walls of the mestome sheath cells assist with the recapture of photorespired CO2 

(Hattersley et al., 1986), and the centripetal positioning of organelles may not have the same importance 

compared to other proto-Kranz species (Khoshravesh et al., 2020). Other anatomical features, like 

enlarged bundle sheath cells, also differ between lineages. 

 

Enlarged bundle sheath cells are considered to be an important step in the evolution of C4 photosynthesis 

and can be seen as an anatomical enabler, in proto-Kranz species, and in Kranz anatomy. However, 

enlarged bundle sheath cells are not always seen in all lineages which include C3 and C4 species. 

Observations of “enlarged” bundle sheath cells generally come from measurements of cross-sectional 

areas in transverse sections (Muhaidat et al., 2011; Christin et al., 2013; Sage et al., 2013; Williams et 

al., 2013; Lundgren et al., 2014). Recent research demonstrated that bundle sheath cell volume was not 

necessarily higher in C4 species compared to C3. Instead, the surface area of bundle sheath cells per leaf 

area was shown to be more important (Ermakova et al., 2020).  In the Neurachninae, mestome sheath 

cells in C4 and C3-C4 intermediates had a larger cross-sectional area compared to C3, but not a larger 

volume (Khoshravesh et al., 2020). The cells instead changed in both length and width, with C4 

Neurachne species having wider, shorter mestome sheath cells compared to C3 species. In Salsola, an 

increase in size of bundle sheath cells was not observed between C3, C4 and various C3-C4 intermediate 

species (Schüssler et al., 2016). This demonstrates that the features in C3-C4 intermediate species and 

the steps in the evolution of C4 photosynthesis may not be consistent across all lineages. 

 

C2 photosynthesis 

 

C2 photosynthesis refers to a type of photosynthesis that utilises photorespiration to create a CCM 

(Figure 1.3). “C2” refers to 2-phosphoglycolate, the first product in the pathway, which contains two 
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carbon molecules. This mechanism is also known as a photorespiratory glycine shuttle (Sage et al., 

2014). Like proto-Kranz species, C2 species utilise photorespiratory CO2 for carbon fixation (Monson 

et al., 1984). C2 species have larger bundle sheath cells compared to proto-Kranz species, and bundle 

sheath cells have a higher number of organelles including larger mitochondria (Brown and Hattersley, 

1989; Muhaidat et al., 2011; Sage et al., 2014). Most importantly, GDC activity is restricted to bundle 

sheath cells in C2 species (Hylton et al., 1988; Rawsthorne, 1992; Schulze et al., 2016). Glycine diffuses 

to the bundle sheath cells and it is only here that decarboxylation takes place (Figure 1.3). Looking 

more closely, the GDC complex is made up of four subunits: T, H, L and P (Oliver, 1994) and it is the 

P-subunit (GDC-P) that carries out the decarboxylation and is localised only to bundle sheath 

mitochondria (Hylton et al., 1988). The mitochondria are positioned centripetally and are closely 

associated with chloroplasts, which recapture and refix photorespiratory CO2 (Figure 1.3). At a 

physiological level, C2 species have a lower CO2 compensation point compared to C3 species (Vogan 

and Sage, 2012; Busch et al., 2013). However, as in proto-Kranz species, this effect is slight and may 

be difficult to quantify. Instead, measurements of Ci* or C* (the apparent CO2 compensation point in 

the absence of day respiration) are more valuable in identifying C2 and other C3-C4 intermediates (Sage 

et al., 2013). Estimates of Ci* are determined by measuring A/Ci curves at different light intensities, 

and the Ci* value is the point at which these lines intersect. This is a measure of refixation of 

photorespired CO2 via glycine shuttling, and C3-C4 intermediate species have a lower Ci* value 

compared to C3 species (Sage et al., 2013; Khoshravesh et al., 2020). More recently, species may also 

be described as “partial C2” (Stata et al., 2019); an early stage when GDC-P expression is increased in 

bundle sheath cells compared to mesophyll cells, but is not yet fully confined to bundle sheath cells. 

The exclusive localisation of GDC-P to bundle sheath cells and low Ci* are key features for identifying 

C2 species. 

 

In the current literature, 58 C2 species have been identified so far in 11 eudicot and two monocot 

families, including in the genera Flaveria, Cleome, Euphorbia, Heliotropium, Neurachne, Mollugo, 

Moricandia, Salsola, Chenopodium and Portulaca (Lundgren and Christin, 2016; Yorimitsu et al., 

2019). Some C2 species have features that diverge from the general definition of C2. For example, within 

the Neurachninae, Neurachne minor is classified as a C2 species based on GDC-P localisation; there is 

a greater investment of GDC-P in mestome sheath cells compared to mesophyll cells (Khoshravesh et 

al., 2020). Like the proto-Kranz species N. annularis, N. minor lacks the centripetal positioning of 

organelles that is seen in other C2 species and this is again attributed to suberised mestome sheath walls 

(Hattersley et al., 1986; Khoshravesh et al., 2020). This is a distinct exception to the anatomy that is 

usually observed in C2 species (Monson and Rawsthorne, 2000; Sage et al., 2013). 
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Figure 1.3. A simplified overview of C2 photosynthesis. In the mesophyll cell, ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RuBisCO) may fix CO2, producing 3-phosphoglycerate (3-PGA). 3-PGA enters the 

photosynthetic carbon reduction (PCR) cycle and is reduced to make carbohydrates (CHO). 2-

phosphoglycolate is produced if O2 is fixed by RuBisCo instead of CO2. This is converted to glycine via 

reactions in the peroxisome. Glycine decarboxylase (GDC) is localised only in the mitochondria of bundle 

sheath cells, and the glycine must diffuse into the bundle sheath to be metabolised to CO2 and serine. The 

mitochondria are in a centripetal position, and released CO2 is refixed by RuBisCO in bundle sheath 

chloroplasts, which are in close association with the mitochondria. The serine is converted to glycerate via 

either the bundle sheath or mesophyll peroxisomes, and may eventually be recycled into 3-PGA in the 

chloroplast. It then enters the PCR cycle. 
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In many lineages, C2 species are closely related to C4 species, and their phylogenetic position between 

C3 and C4 species supports the hypothesis that they are a C3-C4 intermediate (Sage et al., 2012; Lundgren 

and Christin, 2016). Modelling and physiological studies have shown that C2 photosynthesis gives 

plants an increased fitness in environments promoting photorespiration and may create a platform for 

future evolution of C4 evolution (Heckmann et al., 2013). In other lineages, C2 species are not closely 

related to C4 species (Sage et al., 2012), demonstrating that C2 photosynthesis does not necessarily 

always lead to the evolution of C4 photosynthesis. Nonetheless, some C2 species have been found to 

have the beginnings of a C4 cycle, with higher activity of C4 pathway enzymes. C2 species can be divided 

into two types designated as Type I C2 and Type II C2 (Edwards and Ku, 1987). Type I species utilise 

only glycine shuttling to concentrate CO2 in bundle sheath cells, while in Type II species there is also 

a modest C4 cycle that operates alongside C2 photosynthesis. The majority of known C2 species are 

Type I, identified through enzyme activity assays, incorporation of isotopes into aspartate and malate, 

and carbon isotope discrimination (Sage et al., 2013; Schluter et al., 2017; Stata et al., 2019). To date, 

there are five species that have been designated as Type II (Edwards and Ku, 1987; Stata et al., 2019). 

Modelling of C2 photosynthesis predicts that the photorespiratory pump creates a nitrogen imbalance, 

which leads to the establishment of the C4 cycle (Mallmann et al., 2014). It is thought that the weak C4 

cycle assists in delivering carbon skeletons to the bundle sheath cells for photorespiratory ammonia 

reassimilation, but there is poor integration of the C3 and C4 cycles. (Mallmann et al., 2014; Stata et al., 

2019). 

 

C4-like photosynthesis 

 

C4-like photosynthesis is thought to be the next phenotype in C4 evolution. This condition has been in 

found in three species of Flaveria (Ku et al., 1991; Sage et al., 2014), in Anticharis (Khoshravesh et al., 

2012) and Blepharis (Fisher et al., 2015). C4-like species have significantly higher C4 enzyme activity 

and greatly reduced RuBisCO and other C3 cycle enzyme activity in mesophyll cells compared to C2 

species (Ku et al., 1991; Monson and Rawsthorne, 2000). They also have increased NUE and WUE, 

which are very close to C4 values (Vogan and Sage, 2011). Low CO2 compensation points, high 

carboxylation efficiencies and low d13C values are also similar to C4 values (Monson and Rawsthorne, 

2000; Alonso-Cantabrana and von Caemmerer, 2016; Stata et al., 2019). C4-like species are very close 

to C4, and the apparent gap between Type II C2 and C4-like is one of the most poorly understood steps 

in C4 evolution (Stata et al., 2019).  
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Optimisation of C4 cycle 

 

The final steps in the Monson-Sage model of C4 photosynesis evolution involve the fine-tuning of the 

C4 cycle. RuBisCO became fully localised to bundle sheath cells, and oxygen inhibition of 

photosynthesis was further reduced. It is predicted that at this step, the enzymes PEPC, CA and 

RuBisCO fully evolved the kinetic and regulatory properties seen in C4 species (Sage et al., 2012; 

Ludwig, 2013). For example, PEPC in C2 and C4-like Flaveria species is still similar to C3 species in 

terms of amino acid composition. The majority of amino acid changes that confer changes in kinetics 

are only seen in fully C4 species (Gowik and Westhoff, 2010). This suggests that these changes occured 

relatively late in C4 evolution.  

 

Optimisation is the last part of C4 evolution in the Monson-Sage model (a summary of the model is 

shown in Figure 1.4). As mentioned throughout this overview, there are many exceptions to this model, 

from the lack of enlarged bundle sheath cells in the Salsoleae to the absence of organelle positioning in 

C3-C4 intermediate species in Neurachne (Khoshravesh et al., 2016; Schüssler et al., 2016). The current 

model of C4 evolution is dominated by studies of eudicots with typical Kranz leaf anatomy (mesophyll 

cells and bundle sheath cells surrounding individual vascular bundles) but valuable insights can be 

gained by studying C4 photosynthesis in a wider diversity of plants, including grasses and succulents.  
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Figure 1.4. An overview of the steps in the Monson-Sage model of the evolution of C4 photosynthesis. From 

the ancestral C3 condition, the first step is anatomical enabling characteristics and preconditioning. Primed C3 

species have larger bundle sheath cells and photosynthetic activation of these cells, with greater investment of 

organelles. Proto-Kranz species have mitochondria in bundle sheath cells arranged in a centripetal position, 

with chloroplasts closely associated. In partial C2 species, there is decreased activity of glycine decarboxylase 

(GDC) in mesophyll cells, which leads to Type I C2 photosynthesis where GDC activity is restricted to bundle 

sheath cells only. Type I C2 species also have a reduced ratio of mesophyll to bundle sheath tissue and larger 

mitochondria compared to C3 species. Type II C2 species have a modest C4 cycle in operation, as well as the 

C2 pathway. C4-like is the next step, with a stronger C4 cycle. After optimisation, a full C4 phenotype is realised. 

(Figure adapted from Sage et. al. 2012 and Sage 2016, with additions from Sage et. al. 2014 and Stata et. al. 

2019) 
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CAM photosynthesis 

 

CAM photosynthesis is another pathway that some plant species have evolved which decreases rates of 

photorespiration. Like C4, CAM photosynthesis has evolved independently multiple times and uses an 

additional pathway to the C3 pathway to concentrate CO2 around RuBisCO. While in C4 species CO2 is 

concentrated using spatial separation of biochemical pathways, CAM species use temporal separation. 

During the night, CO2 is fixed by PEPC and the carbon is stored as malic acid in mesophyll cell 

vacuoles. During the day, the malic acid is decarboxylated and the CO2 released is available to 

RuBisCO. Succulence is a common anatomical trait in CAM plants, as large vacuoles are a requirement 

for the storage of acids (Griffiths and Males, 2017). Because CAM species only open their stomata at 

night, they lose less water during the day compared to C3 species and have high WUE. CAM species 

are often distributed in tropical, sub-tropical regions and arid environments where water supply is 

sporadic and include many bromeliads (Bromeliaceae), orchids (Orchidaceae) and cacti (Cactaceae; 

Osmond, 1978). Many of these plants show flexibility in their use of CAM photosynthesis, and it may 

be used facultatively in response to environmental conditions. Some species shift between C3 and CAM 

photosynthesis, including species in Mesembryanthemum, Clusia, Calandrinia, and Portulaca (Winter 

and Holtum, 2014). Other species switch between C4 and CAM, including Portulaca oleracea and P. 

grandiflora (Winter and Holtum, 2014; Winter and Holtum, 2017) or even between C2 and CAM in P. 

cryptopetala (Winter et al., 2019). The C4 and CAM pathways utilise similar enzymes but use different 

strategies to concentrate CO2. 

 

C4 photosynthesis in the family Chenopodiaceae 

 

Some of the most remarkable and unusual C4 species are found in the family Chenopodiaceae. 

Chenopods are generally distributed in arid to semi-arid temperate and sub-tropical regions, in disturbed 

and saline habitats . Most species are either annuals or subshrubs (Kadereit et al., 2003), and  succulence 

and salt-tolerance are common traits (Kadereit et al., 2012). Chenopodiaceae includes approximately 

560 described C4 species, the most of any eudicot family (Kadereit and Freitag, 2011; Sage et al., 2011; 

Sage, 2016). The family also has the highest number of independent C4 origins and the highest diversity 

of C4 leaf anatomy among eudicots, with at least 10 independent lineages and 17 different leaf types 

recognised (Kadereit et al., 2003; Edwards and Voznesenskaya, 2011; Kadereit et al., 2012; Sage, 

2016). Studies of the diverse anatomy in Chenopodiaceae have led authors to suggest that the secondary, 

inner cell type in C4 species should be referred to as “Kranz cells” rather than bundle sheath cells 

(Edwards and Voznesenskaya, 2011; Voznesenskaya et al., 2013). The basic anatomical types in 

Chenopodiaceae include Atriplicoid anatomy, with the classic Kranz arrangement of bundle sheath cells 

surrounding individual vascular bundles (Edwards and Voznesenskaya, 2011). In Kochioid type, or 

Semi-Wreath type, leaves are succulent and have water storage tissue below chlorenchyma cells. The 
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main vascular bundle is in the centre of the leaf, with smaller peripheral vascular bundles. Mesophyll 

and bundle sheath cells are arranged in arcs below the peripheral vascular bundles. Salsoloid type leaves 

are also succulent. Water storage tissue is located in the centre of the leaves, surrounded by two 

concentric layers of chlorenchyma: the Kranz and mesophyll layers. Vascular bundles are located in the 

water storage tissue and the xylem is oriented towards the Kranz cells. Chloroplasts in the Kranz cells 

are usually centripetally arranged; however, in some species they are centrifugally arranged. Salsinoid, 

Kranz-Tecticornoid and Schoberoid-type anatomy are similar in having concentric Kranz and 

mesophyll layers surrounding vascular bundles and water storage tissue, but differ in the positioning of 

vascular bundles, positioning of organelles, presence of succulent hypoderm, and presence of colourless 

mesophyll cells (Kadereit et al., 2003; Edwards and Voznesenskaya, 2011). The family 

Chenopodiaceae also includes four species that carry out C4 photosynthesis in a single cell rather than 

two cells: one species in Suaeda and three in Bienertia (Lung et al., 2012). In the Suaeda species, C4 

photosynthesis occurs in elongated palisade chlorenchyma cells with specialised chloroplasts at 

opposite ends of the cell (Voznesenskaya et al., 2007; Edwards and Voznesenskaya, 2011). In Bienertia, 

cells have a peripheral compartment and a central cytoplasmic compartment, with chloroplasts in each 

(Voznesenskaya et al., 2002). These divisions of individual cells are analogous to the mesophyll and 

Kranz cell types in other species and act to concentrate CO2 around RuBisCO. C4 Chenopodiaceae 

species are fascinating in their myriad ways of creating a C4 CCM. 

 

Chenopodiaceae challenges the current model and paradigms of C4 evolution in other ways. 

Phylogenetic studies suggest that C4 to C3 reversions may have occurred in the past (Kadereit et al., 

2012), unlike the usual view that C4 always evolved unidirectionally from C3 ancestors. Environmental 

factors such as salinity and aridity play a major role in C4 evolution, in combination with declining 

atmospheric CO2. C4 photosynthesis evolved more often in salinity tolerant and succulent lineages, 

similar to anatomical enablers in grass lineages (Kadereit et al., 2012; Christin et al., 2013). In grasses, 

the evolution of C4 photosynthesis seemed to confer salinity tolerance to a lineage (Osborne and 

Freckleton, 2009), while in the chenopods, C4 photosynthesis had a higher likelihood of evolving in 

lineages that were already salt tolerant (Kadereit et al., 2012). The unusual story of C4 evolution in 

Chenopodiaceae shows the value in studying evolution in a diverse range of plant families. 

 

Despite the astonishing diversity and number of C4 species in Chenopodiaceae, there have been 

surprisingly few C3-C4 intermediate species found so far in the family. C3-C4 intermediates have been 

found in the tribes Salsoleae and Camphorosmeae, and in Chenopodium (Voznesenskaya et al., 2013; 

Freitag and Kadereit, 2014; Yorimitsu et al., 2019). Salsoleae in particular has been of great interest to 

researchers, as species in this subtribe have  the unusual Salsoloid C4 antomy rather than classic Kranz 

anatomy (Kadereit et al., 2003). Indeed, in Salsoleae there are C3, proto-Kranz, C2 and C4 species with 

a number of independent origins of C4 photosynthesis (Voznesenskaya et al., 2013). Close anatomical, 
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molecular and phylogenetic studies have allowed researchers to hypothesise the steps in evolution of 

C4 photosynthesis in this lineage, and as mentioned above, these often contradict the Monson-Sage 

model of C4 evolution. Succulence has been hypothesised to be an important pre-conditioning step, and 

in the transition from C3 to C4 species in Salsoleae, there appears to have been a concomitant increase 

in succulence (Voznesenskaya et al., 2013). However, peripheral vein density did not seem to increase, 

nor did bundle sheath (or Kranz) cells increase in size. Instead, Kranz-like cells seem to have increased 

in number rather than size, and there was a decrease in the number of mesophyll layers (Voznesenskaya 

et al., 2013). The anatomical changes in C4 evolution in Salsoleae are thought to be complex, starting 

from Sympegmoid-type anatomy in C3, proto-Kranz and C3-C4 species, to Salsoloid-type C3-C4 and C4 

anatomy (Schüssler et al., 2016). In ancestral C3-Sympegmoid species, mesophyll cells surround water 

storage tissue, succulence is low, and most veins are embedded in water storage tissue. In proto-Kranz 

species, specialised bundle sheath or Kranz-like cells form around vascular bundles, most of which are 

peripheral. In the hypothesised steps in the progression to C4 Salsoloid-type, the bundle sheath or Kranz-

like cells merge into a continuous layer (Schüssler et al., 2016). All of the intermediate species in 

Salsoleae are in one lineage, which may be nested in a C4 lineage or sister to it. Phylogenetically, they 

are not necessarily ancestral to the most closely related C4 species and may be an independent 

evolutionary step to surviving in harsh environments (Schüssler et al., 2016). Additionally, in Salsoleae 

there are species that switch from C3 to C4 during development, providing a unique opportunity to study 

the transition of photosynthetic types within an individual (Lauterbach et al., 2017). Salsola soda carries 

out C3 photosynthesis in cotyledons and matures to C4, as confirmed by transcriptome and protein 

abundance studies (Lauterbach et al., 2017). Salsoleae is certainly a fascinating group of plants, and 

demonstrates how the steps in C4 evolution may differ within  a succulent chenopod lineage.  

 

Like the intermediates in Salsoleae, the C3-C4 intermediate S. sedoides (Camphorosmeae) has an 

anatomy that consists of mesophyll cells surrounding water storage tissue and vascular bundles. Kranz-

like cells in turn surround vascular bundles in arcs, and there are also Kranz-like cells surrounding the 

central vascular bundle (Freitag and Kadereit, 2014). Based on anatomy and arrangement of organelles 

in inner cells, this species was classified as proto-Kranz by Freitag and Kadereit (2014) . Other studies 

have classified it as a C2 species (Sage et al., 2014). The gas exchange and GDC immunolocalisation 

have been briefly mentioned as C2 (Voznesenskaya et al., 2013), but these data have not been published 

yet. Phylogenetic analyses are uncertain whether this species represents an independent step towards 

C4 or a reversion from C4 (Freitag and Kadereit, 2014; Kadereit et al., 2014). Unlike Salsoleae, the 

enlargement of Kranz or bundle sheath cells may be an important step in C4 evolution in 

Camphorosmeae (Kadereit et al., 2014).  

 

Numerous C2 and proto-Kranz species have been recently identified in the genus Chenopodium (tribe 

Atriplaceae), but these species are not closely related to any known C4 species (Yorimitsu et al., 2019). 
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Unlike Salsoleae and Camphorosmeae, Chenopodium species have an anatomy that is similar to the 

classical Kranz form, having leaves with bundle sheath cells surrounding individual vascular bundles. 

These intermediates appear to be similar to the intermediates in Flaveria and Heliotropium. Therefore, 

the steps from C3 to C3-C4 intermediate in Chenopodium seem to follow the current model of C4 

evolution. 

 

The genus Tecticornia 

 

The astonishingly high number and diversity of C4 species in Chenopodiaceae, and surprisingly few C3-

C4 intermediate species, has led some researchers to speculate that there may be intermediate species 

which are yet to be documented (Voznesenskaya et al., 2008). The majority of studies of C4 evolution 

have focused on eudicots with classic Kranz anatomy, but the unusual forms of C4 in Chenopodiaceae 

means that intermediates may not necessarily fit the typical definitions of each type of C3-C4 

intermediate, as described previously. Indeed, studies of Salsoleae have suggested that the steps in 

evolution may deviate from the current model (Voznesenskaya et al., 2013; Schüssler et al., 2016). A 

lineage of Chenopodiaceae which is of interest is the subfamily Salicornioideae, a group of halophytes 

with specialised succulent anatomy (Piirainen et al., 2017). Studies to date have identified a single, 

recently evolved C4 origin in the genus Tecticornia, with closely related C3 species (Kadereit et al., 

2012; Sage, 2016; Piirainen et al., 2017). Closer studies of the C3 and C4 species in Tecticornia may 

allow insights into the evolution of C4 in Chenopodiaceae, and may identify previously unknown C3-

C4 intermediate species.  

 

The genus Tecticornia currently includes 46 species and 9 potentially new species that have not yet 

been described formally (Wilson, 1972, 1980; Shepherd, 2007, 2007; Shepherd and van Leeuwen, 

2007; Shepherd, 2008; Shepherd and Lyons, 2009; Shepherd and van Leeuwen, 2011; Shepherd, 2018, 

2020). The plants are commonly known as samphires. Some studies have placed the genus in the family 

Amaranthaceae, which is closely related to Chenopodiaceae (Bremer et al., 2009). The current study 

follows the most recent phylogenetic studies of Chenopodiaceae, in which the family remains separated 

from Amaranthaceae and includes Tecticornia (Hernandez-Ledesma et al., 2015; Piirainen et al., 2017) 

 

General morphology and anatomy 

 

Tecticornia species are succulent halophytes, the majority of which are perennial shrubs or sub-shrubs. 

The exceptions are T. verrucosa and T. arborea, which are short-lived perennials, while T. australasica 

is a herbaceous to suffruticose annual (Wilson, 1972). Tecticornia species lack obvious leaves and carry 

out photosynthesis in succulent, articulated “vegetative articles” (Shepherd et al, 2005a, Figure 1.5a-c). 

Some Tecticornia species have reduced opposite “leaves” at the distal (upper) end of each vegetative 
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article segment (Voznesenskaya et al., 2008). The developmental origin of these vegetative articles is 

not definitively known. From studies of closely related species in Chenopodiaceae, some researchers 

have suggested that the articles are composed of downward prolongation of leaf bases that form a sheath 

(James and Kyhos, 1961), while others proposed the articles form by a simultaneous growth of leaf 

bases and cortex (Fahn and Arzee, 1959; Voznesenskaya et al., 2008). Subsequent researchers have 

accepted either the leaf base hypothesis (Kadereit et al., 2006) or the leaf base and cortex hypothesis 

(Voznesenskaya et al., 2008). In general, vegetative article anatomy consists of a central stele 

surrounded by water storage tissue, which in turn is surrounded by concentric layers of chlorenchyma 

(mesophyll) cells and an epidermis layer (Wilson, 1980; Carolin et al. 1982; Figure 1.6a, 1.6b). 

Chlorenchyma tissue may be sharply differentiated from water storage tissue, or may diffuse through a 

zone of intermediate cells (Wilson 1980; Carolin et al. 1982; Figure 1.6b). The epidermis includes 

stomata in vertical rows, alternating with rows of cells without stomata (Voznesenskaya et al., 2008) 

and stomatal pores are always aligned transversely to the article axis (Wilson, 1980). A network of 

vascular bundles extends throughout the vegetative article, arising from a single “leaf trace” on each 

side of a node, dividing in three and then branching repeatedly (Wilson, 1980). The branches of a trace 

join with those of the trace on the opposite side of a node to form a complete network around the 

vegetative article.  In a transverse section, vascular bundles may be positioned within water storage 

tissue or just below chlorenchyma cells, and the phloem is always oriented towards the outside of the 

vegetative article (Wilson, 1980). Vegetative articles are one of the most distinctive features of 

Tecticornia species. 
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Figure 1.5. Various species of Tecticornia growing under glasshouse conditions. a) T. bibenda, a C4 species; 

b) T. indica subsp. bidens, a C4 species; c) T. loriae, a C3 species; d) T. medusa, a C3 species, showing terminal 

inflorescences with tiny clusters of flowers displaying the apices of exserted yellow anthers. The anthers are 

highlighted with an arrow. 
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Tecticornia species have highly reduced flowers, which are surrounded by succulent bracts (Figure 

1.5d). In some species, they are completely hidden by succulent tissue (Wilson, 1972, 1980). Flowers 

are wind-pollinated and therefore do not need to attract pollinators (Datson, 2002; Shepherd et al., 

2004). In the majority of Tecticornia species, the flowers form axillary clusters arranged in a spike-like 

structure (Wilson, 1980). Fruits may be brittle, pithy, chartaceous, crustaceous or woody (Wilson, 1980; 

Shepherd et al., 2005a), and may remain on the plant for an extended period of time; for months and 

even years (Shepherd et al., 2005a). Seeds may be spread by wind or water flow, and the corky fruits 

of some species are able to float and survive for long periods in salt water, aiding in dispersal (Dalby, 

1963; Shepherd et al., 2004).  These seeds are highly diverse, displaying a range of colours and 

ornamentation types (Shepherd et al., 2005a). However, despite these flower, fruit and seed features, 

Tecticornia species remain taxonomically challenging (Shepherd, 2020) as many of these features are 

not readily observed by the naked eye. Tecticornia species are renowned for being difficult to identify 

at a species level. As stated, their characteristic vegetative articles and highly reduced flowers provide 

few diagnostic features to accurately identify species (Wilson, 1972, 1980) and become modified when 

dry resulting in herbarium specimens appearing different to plants in the field (Shepherd et al., 2005a). 

While studies in seed morphology, anatomy and histochemistry found a few features that were useful 

in a phylogenetic context, (Shepherd et al., 2005a; Shepherd et al., 2005b) these are difficult to observe 

in the field.  

Figure 1.6. Anatomy of a Tecticornia vegetative article. a) General anatomy of a transverse section through 

a vegetative article. The concentric layers include the epidermis (epi), chlorenchyma cells (chlc) also 

known as mesophyll cells (m), vascular bundles (vb) embedded in water storage tissue (ws), and a central 

stele (ste). b) A partial transverse section of T. loriae, a C3 species, corresponding to the box in (a) and 

stained with toluidine blue. Vascular bundles (vb) are embedded within water storage tissue (ws), and there 

is a diffuse boundary between water storage (ws) and chlorenchyma (chlc) tissue. Scale bar 100 µm. 
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Tecticornia species exhibit high levels of phenotypic plasticity, and populations of a species may look 

very different when growing across a range of environmental conditions and geographical locations 

(Wilson, 1972, 1980; Shepherd et al., 2004). Hybridisation is common between many species (Wilson, 

1972, 1980) and many display polyploidy, ranging from diploid to hexaploid (Shepherd and Yan, 2003). 

Intrataxon ploidy variation was recorded within T. indica subsp. bidens, T. pterygosperma and T. 

leptoclada, including diploid, triploid and tetraploid individuals, and this may further contribute to 

phenotypic diversity within these species (Shepherd and Yan, 2003). Additionally, there are multiple 

subspecies complexes that are difficult to separate; for example, T. halocnemoides and T. pergranulata 

(Wilson, 1980). In T. pergranulata, the subspecies form an intergrading complex with only the most 

clearly definable described as subspecies. The halocnemoides complex, on the other hand, may be a 

species complex rather than a subspecies complex. Wilson (1980) commented that these subspecies 

complexes required further investigation. All of these factors contribute to high morphological diversity 

within Tecticornia species and limited diagnostic features between species. 

 

Two species of Tecticornia, T. indica (all subspecies) and T. bibenda, are distinctly different to other 

species as they carry out C4 photosynthesis (Carolin et al., 1982; Shepherd and van Leeuwen, 2007). 

All other Tecticornia species are currently classified as C3 species based on surveys of carbon isotope 

ratio and anatomy (Carolin et al., 1982). Phylogenetic studies and anatomical comparisons have 

determined that the two C4 species represent an independent origin of C4 photosynthesis (Kadereit et 

al., 2003; Kadereit et al., 2006; Sage et al., 2011). Moreover, the photosynthetic articles of the two 

species have a unique anatomy, first described by Wilson (1980) and Carolin et al. (1978, 1982), and 

designated as Kranz-tecticornoid type by Kadereit et al. (2003) and Voznesenskaya et al. (2008). This 

anatomy is characterised by two concentric layers of chlorenchyma cells: the outer layer consists of 

“mesophyll” cells and the inner layer is referred to as “bundle sheath” or “Kranz” cells (Carolin et al., 

1978; Wilson, 1980; Carolin et al., 1982; Kadereit et al. 2003; Figure 1.7) . The Kranz cells have 

thickened cell walls compared to mesophyll cells, and organelles are in a centrifugal position 

(Voznesenskaya et al., 2008). Clusters of mesophyll cells are located beneath stomata, and set in a 

reticulum of similarly sized cells that are almost devoid of organelles, which makes them colourless 

(Wilson, 1980). These colourless mesophyll cells have thicker walls compared to pigmented mesophyll 

cells, and may be referred to as “passage cells” or “windows” (Wilson, 1980; Voznesenskaya et al., 

2008). The Kranz cells beneath these passage cells are also sometimes colourless (Voznesenskaya et 

al., 2008). The exact role of the colourless mesophyll cells is not known, but it has been speculated that 

they help with structural support or light diffusion (Voznesenskaya et al., 2008). The majority of 

peripheral vascular bundles are located directly below the Kranz cell layer and, as in C3 Tecticornia 

species, the phloem is always positioned toward the outside (Kadereit et al., 2003; Voznesenskaya et 

al., 2008; Figure 1.7). This anatomical type is similar to that of the C4 types in Salsoleae, with concentric 
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layers of chlorenchyma surrounding vascular bundles and water storage tissue, but C4 species in 

Salsoleae do not have colourless mesophyll cells or positioning of phloem on the outside (Kadereit et 

al., 2003).  

 

 

 

 

 

 

 

 

 

 

 

The succulent nature of Tecticornia species has led some researchers to speculate that some may be 

carrying out CAM photosynthesis. While there is clear evidence of C4 Tecticornia species, no evidence 

of CAM photosynthesis has been found so far in the genus. The acidity of tissue samples was measured 

at different times of the day in T. indica subsp. bidens, T. indica subsp. indica, T. pergranulata subsp. 

pergranulata (Voznesenskaya et al., 2008), T. auriculata, and T. medusa (Konnerup et al., 2015) and 

no difference was found. Interestingly, CAM halophytes are uncommon and it has been hypothesised 

that this is because malic acid storage in vacuoles would interfere with salt storage (Ogburn and 

Edwards, 2010). The only exception to this observation is Mesembryanthemum crystallinum, a 

Figure 1.7. Partial transverse section of a Tecticornia indica subsp. bidens 

vegetative article stained with toluidine blue. This C4 species shows typical 

Kranz-tecticornoid anatomy. Two concentric layers of chlorenchyma cells 

(chlc) can be seen: the outer mesophyll (m) layer and the inner Kranz (k) layer. 

Between mesophyll cells containing chloroplasts are colourless mesophyll 

cells (cm). Most vascular bundles (vb) are located directly below the Kranz 

cell layer. The water storage (ws) tissue and epidermal layer (epi) are also 

shown. Scale bar 100 µm. 
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facultative CAM species, which is also halophytic. In this species there are separate vacuoles for salt 

storage and malic acid storage, supporting the hypothesis of conflict between the two vacuole functions 

(Epimashko et al., 2004).  

 

Habitat and ecology 

 

Tecticornia species are distributed throughout Australia (Figure 1.8), with only three taxa extending 

beyond its borders (Wilson, 1972, 1980). The widespread T. indica subsp. leiostachya (Figure 1.9) is 

also found in Malaysia and Indonesia, while T. indica subsp. indica is also found in southern Asia and 

Africa (Van Steenis, 1983). Tecticornia australasica is distributed across the  northern coastal regions 

of Australia, as well as Southeast Asia (Wilson, 1972). Tecticornia species are an important component 

of many coastal and inland ecosystems and particularly dominate in saline environments like tidal areas, 

salt lakes, salt marshes, and salt scalds. Intriguingly, the two C4 Tecticornia species have contrasting 

patterns of distribution. Tecticornia bibenda appears to have an extremely limited range and is known 

from only five populations occurring in the Little Sandy Desert of inland northwest Australia (Shepherd 

and van Leeuwen, 2007; Figure 1.9). Tecticornia indica, on the other hand, is the most widely 

distributed Tecticornia species (Wilson, 1980; Van Steenis, 1983). Within the species, T. indica subsp. 

leiostachya and T. indica subsp. bidens have a wide distribution across inland and coastal regions of 

Australia, while T. indica subsp. indica and T. indica subsp. julacea are only recorded as growing in 

northern coastal regions of Australia (Atlas of Living Australia, 2020; Figure 1.9). The evolutionary 

and ecological factors contributing to these distributions are not clear. Besides these differences in broad 

geographic patterns, fine scale variation can also be observed within and between different populations. 
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Figure 1.8. Distribution of Tecticornia species in Australia, shown in orange. 

Records from Atlas of Living Australia, 2020.  

 

Figure 1.9. Distribution of C4 Tecticornia species and subspecies in Australia. 

Tecticornia bibenda has been recorded in a few locations in inland northwest 

Australia. Tecticornia indica subsp. bidens and T. indica subsp. leiostachya 

are distributed widely across inland and coastal Australia, while T. indica 

subsp. julacea and T. indica subsp. indica are restricted to northern coastlines. 

Records from Atlas of Living Australia, 2020.  
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Within a habitat, zonation of Tecticornia species can be seen. For example, on the shores of a salt lake,  

distinct zones from the salt water to the dunes at the edges of the lake can be observed, each dominated 

by different Tecticornia species (Datson, 2002; English and Colmer, 2011; Moir-Barnetson, 2014; 

Moir-Barnetson et al., 2016; Figure 1.10a, 1.10b)  . Field studies have been combined with controlled 

ecophysiological experiments in glasshouses to determine factors behind this zonation and have found 

that a wide range of interacting processes underlie the distribution patterns. In a study of three species 

distributed along the edge of the Fortescue Marsh, Western Australia, it was found that differential 

flooding and salinity tolerance were the most important factors influencing species occurrence (Moir-

Barnetson, 2014). Tecticornia indica subsp. bidens had a lower salinity tolerance threshold compared 

to T. auriculata and T. medusa, and this corresponded to observations in the field that T. indica subsp. 

bidens was most abundant on drier, less saline soils on the outer fringes of the marsh (Moir-Barnetson 

et al., 2016). Tecticornia medusa, on the other hand, had the highest survival rate in submerged 

conditions, which explained why it dominated the lowest, most waterlogged areas of the ephemeral lake 

(Konnerup et al., 2015). Tecticornia auriculata had a high tolerance of salinity but low submergence 

survival rate, and was generally distributed between T. medusa and T. indica subsp. bidens (Moir-

Barnetson, 2014; Konnerup et al., 2015; Moir-Barnetson et al., 2016). In another study of Tecticornia 

species distributed along the shore of Hannan Lake, Western Australia, it was determined that T. 

pergranulata subsp. pergranulata was highly tolerant of flooded conditions (Colmer et al., 2008; 

English and Colmer, 2011). Tecticornia mellaria was less tolerant of flooding and had a higher 

mortality when waterlogged (English and Colmer, 2011). Tecticornia pergranulata subsp. 

pergranulata, T. indica subsp. bidens and T. mellaria were tolerant of high salinity, but T. indica seemed 

to have a lower survival threshold compared to T. pergranulata subsp. pergranulata at extreme 

salinities (English and Colmer, 2011). Corresponding with these experiments was the observation that 

T. pergranulata subsp. pergranulata was distributed on both the waterlogging-prone mud flats and the 

higher dunes of the lake, while T. indica subsp. bidens and T. mellaria were found only on well-drained 

dunes (English and Colmer, 2011). Clearly, Tecticornia species live in extreme and seasonally varied 

habitats, and have a number of adaptations to survive a combination of salinity, aridity, high light, 

waterlogging and submergence. 
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Figure 1.10. Populations of Tecticornia species on two salt lake habitats, highlighting species 

zonation. a) A coastal salt lake on Rottnest Island, Western Australia, with taller stands of  T. 

indica subsp. bidens growing behind species with a lower growth form near the edge of the 

salt pan. b) Cowcowing Lakes, an inland salt lake in Western Australia. Taller species 

including T. indica subsp. bidens and T. lylei are in the foreground of the photograph, on the 

margins of the lake, while shorter species including T. loriae and T. peltata extend across the 

lake playa. 

a. 

b. 
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Adaptations to salinity 

 

Salinity tolerance is one of the most striking features of Tecticornia species, and they are among the 

most salt-tolerant plants in the world. In glasshouse experiments, multiple Tecticornia species were 

able to survive in salt concentrations of up to 2 M NaCl (English and Colmer, 2013; Moir-Barnetson et 

al., 2016). In highly saline conditions, the concentration of Na+ and Cl- increases in Tecticornia shoot 

tissue, demonstrating the plants are able to tolerate high internal salt concentrations (Short and Colmer, 

1999; English and Colmer, 2013). These levels are highly regulated, as a 60-fold increase in external 

NaCl resulted in only a three-fold increase in internal NaCl concentration in succulent tissue (Short and 

Colmer, 1999). Tecticornia species adjust the osmotic potential of tissue sap with increased NaCl 

concentration, increased concentration of organic solutes, and decreased water content of tissue 

(English and Colmer, 2013; Moir-Barnetson et al., 2016). The osmotic potential of sap is maintained in 

high salt concentrations and remains lower than the osmotic potential of the root medium, maintaining 

a favourable water gradient  (Short and Colmer, 1999; English and Colmer, 2013; Moir-Barnetson et 

al., 2016). Tecticornia species are also able to maintain favourable levels of K+ by maintenance of high 

K+ to Na+ selectivity at cell membranes (Moir-Barnetson et al., 2016).  Na+ and Cl- ions are primarily 

sequestered in vacuoles, while organic solutes and K+, which are compatible with enzymes, are present 

in cytosol (Short and Colmer, 1999; English and Colmer, 2011). The main organic solute used by 

Tecticornia species is glycine betaine, and glycine betaine concentration in tissues increased in response 

to increased external NaCl  (English and Colmer, 2013; Moir-Barnetson et al., 2016). In summary, 

Tecticornia species survive high salinity conditions by osmotic adjustment using Na+, Cl- and glycine 

betaine, decreasing tissue water content, and maintaining selective K+ uptake. 

 

Tecticornia species tend to have higher Na+ and Cl- concentrations in older, fully expanded tissue 

compared to younger tissue (Short and Colmer 1999; English and Colmer, 2013). It is hypothesised that 

this may be an adaptation to dispose of excess salt, as older tissues senesce and are shed from the plant 

(English and Colmer, 2013). A similar mechanism is observed in succulent halophytic species in 

Salicornia (English and Colmer, 2013). 

 

Salinity adaptations also play a role in reproduction. Some Tecticornia species have corky, buoyant 

fruits that can survive for long periods of time in salt water, allowing seeds to spread via tides and water 

flow (Shepherd et al., 2004). Studies have shown that Tecticornia seeds require a decrease in salinity 

to germinate and establish successfully, supporting the hypothesis that seasonal rainfall is important for 

recruitment (Purvis et al., 2009; English and Colmer, 2011; English and Colmer, 2013). 

 

Interestingly, the C4 species T. indica subsp. bidens  was found to have a relatively low salt tolerance 

threshold compared to C3 species. Tecticornia indica subsp. bidens had a high mortality at 2 M NaCl 
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in glasshouse conditions, while T. pergranulata subsp. pergranulata, T. auriculata, and T. medusa 

survived (English and Colmer, 2013; Moir-Barnetson et al., 2016). These results, combined with the 

observation that T. indica subsp. bidens dominates the drier, less saline edges of salt lakes, suggests that 

C4 photosynthesis may not provide an adaptive advantage in highly saline conditions. 

 

 

Adaptations to drought 

 

Many inland salt lakes in Australia are dry for much of the year, only filling due to seasonal rain 

(Saintilan, 2009). The ability of Tecticornia species to tolerate long periods of dry conditions, as well 

as high levels of salinity, allow them to survive in such habitats (Figure 1.11a). Drought stress is 

particularly severe in saline soils as the drying soil has a very low matric potential and the increasingly 

saline water has a very low osmotic potential (Riehl and Ungar, 1982; Guy et al., 1986). Drought stress 

and salinity stress have similar effects on plants and salinity is sometimes called “physiological 

drought” (Munns, 2002; Flowers and Colmer, 2015). Therefore, it may be expected that some 

adaptations to salinity would also help Tecticornia species in dry conditions (Marchesini et al., 2014). 

Succulence (water storage tissue) helps Tecticornia species in drought conditions by providing a source 

of water, preventing stomata from closing and allowing photosynthetic tissue to continue functioning 

(Urs and Reto, 2009; Marchesini et al., 2014; Moir-Barnetson, 2014). Tecticornia species also have 

thick cuticles to prevent water loss (Voznesenskaya et al., 2008). 

 

C4 photosynthesis may give Tecticornia species an advantage in drier conditions. The C4 T. indica 

subsp. bidens was able to photosynthesise at a similar rate to the C3 T. pergranulata subsp. pergranulata 

with lower levels of transpiration under glasshouse conditions, giving it a higher WUE (English and 

Colmer, 2013). It was predicted that this may give it an advantage on the drier dunes at the edges of 

lakes where it grows. However, in glasshouse experiments, drought conditions had a very similar effect 

on both C3 and C4 species (Marchesini et al., 2014). For T. indica subsp. bidens (C4), T. auriculata (C3) 

and T. medusa (C3), drought conditions resulted in a similar decrease in transpiration and a decline in 

osmotic potential of vegetative articles, caused by decreased water content rather than osmotic 

adjustment (Marchesini et al., 2014). Drought stress also caused a decrease in chlorophyll and an 

increase in betacyanin levels compared to plants in well-watered conditions. Root growth increased 

while shoot growth decreased, possibly allowing plants to access deeper water sources in their natural 

habitat (Marchesini et al., 2014). The similar responses in these three Tecticornia species may be due 

to the similar effects of saline and drought conditions, and the opposing gradients of these on salt lakes, 

i.e. dry, less saline conditions on fringing dunes and wetter, more saline conditions on the lake playa 

(Marchesini et al., 2014). 
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Adaptations to waterlogging and submergence 

 

Tecticornia species vary in their tolerance to flooding and use a variety of strategies. Flooding may lead 

to waterlogging of roots or to complete submergence of a plant, and as Tecticornia species are 

commonly found in coastal habitats and ephemerally flooded salt lakes, multiple species have 

adaptations to these situations (Colmer and Flowers, 2008; Figure 1.11b). Waterlogging leads to a lack 

of oxygen in soil (anoxic conditions), which can kill roots and compromise ion transport important for 

salinity tolerance (Colmer and Flowers, 2008; Rich et al., 2008). Tecticornia indica subsp. bidens and 

T. pergranulata subsp. pergranulata were both found to be tolerant of waterlogging in glasshouse 

conditions, while T. mellaria was less tolerant and some individuals died (English and Colmer, 2011). 

Relative growth rates of shoots and roots were less affected by submergence in T. pergranulata subsp. 

pergranulata and T. indica subsp. bidens compared to T. mellaria. Tecticornia pergranulata subsp. 

pergranulata also developed aerenchymatous adventitious roots when waterlogged (Rich et al., 2008; 

English and Colmer, 2011). Lateral roots may have been carrying out ethanolic fermentation to survive 

waterlogging (English and Colmer, 2011), but more research into the physiology of lateral roots is 

required to confirm this. 

Figure 1.11. Tecticornia species growing in two extreme environments. a) Tecticornia verrucosa growing 

on a dry clay pan in Lake Bryde, Western Australia. (Photograph by Peter White, Department of 

Biodiversity, Conservation and Attractions) b) A Tecticornia species growing in waterlogged conditions 

on the Swan River, Perth, Western Australia.  

 

a. b. 
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In more extreme flooding situations, a Tecticornia individual may be completely submerged. Studies 

of T. pergranulata subsp. pergranulata and T. medusa found these species to be highly tolerant of 

complete submergence compared to other Tecticornia species (Pedersen et al., 2006; Colmer et al., 

2008; Konnerup et al., 2015). Tecticornia pergranulata subsp. pergranulata ceases growing when 

submerged, but vegetative articles continue to photosynthesise at a lower capacity (Pedersen et al., 

2006; Colmer et al., 2008), supplying O2 and sugars to the plant. At higher salinities, this photosynthetic 

capacity was further reduced (Colmer et al., 2008). Tecticornia pergranulata subsp. pergranulata also 

develops adventitious roots upon submergence, which photosynthesise, assisting with O2 and 

carbohydrate supply (Rich et al., 2008). Oxygen supply was less important in T. medusa, and instead 

the most important feature was a thick epidermis that prevented vegetative article tissue from rupturing 

when submerged (Konnerup et al., 2015). Tecticornia medusa had a higher survival rate compared to 

T. indica subsp. bidens and T. auriculata when submerged in experimental conditions (Moir-Barnetson, 

2014; Konnerup et al., 2015). Tecticornia auriculata, in contrast, uses a different strategy in its natural 

habitat: a raised crown is predicted to keep vegetative articles above floodwaters and prevent 

submergence (Moir-Barnetson, 2014; Konnerup et al., 2015).  

 

Adaptations to high radiation levels 

 

Tecticornia species are often the dominant plants in their ecosystems (Saintilan, 2009; Marchesini et 

al., 2016) and are exposed to high light levels. In response to seasonal stress, chlorophyll levels declined 

in Tecticornia species while betacyanin levels, a photoprotective pigment, increased (Marchesini et al., 

2016). Succulent vegetative articles usually grow in a vertical orientation, and are predicted to minimise 

surface area exposed to the sun at midday and reduce radiative heat loading (Ball et al., 1988; Moir-

Barnetson, 2014). The colourless mesophyll cells observed in C4 species are hypothesised to possibly 

diffuse light before it reaches chlorenchyma cells (Voznesenskaya et al., 2008). There has been limited 

research on radiation tolerance and Tecticornia physiology. 

 

Phylogenetics and evolutionary history 

 

The classification of Tecticornia species has been revised and changed frequently. Salicornia arbuscula 

(now Tecticornia arbuscula) and Salicornia indica (now Tecticornia indica) were the first Australian 

Salicornioideae species to be described (Brown, 1810). The current genus Tecticornia includes species 

that were formerly classified into five genera: Halosarcia, Pachycornia, Sclerostegia, Tegicornia, and 

Tecticornia (Wilson, 1972, 1980). Early studies noted that these Australian genera had a greater affinity 

to each other than to other genera in the subfamily Salicornioideae (Wilson, 1972, 1980), and 

phylogenetic studies using both molecular and morphological data did not support these genera as 
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monophyletic (Shepherd et al., 2004; Kadereit et al., 2005; Shepherd et al., 2005a; Shepherd et al., 

2005b). These genera were ultimately incorporated into the genus Tecticornia (Shepherd and Wilson, 

2007). 

 

Molecular phylogenetic studies have used both chloroplastic and nuclear markers. Broad studies of 

Chenopodiaceae, including a few Tecticornia representatives, have used the chloroplastic rbcL marker 

(Kadereit et al., 2003), atpB-rbcL and matK-trnKm markers (Piirainen et al., 2017), nuclear internal 

transcribed spacer (ITS) marker (Kadereit et al., 2005) and external transcribed spacer (ETS) marker 

(Piirainen et al., 2017). More focused phylogenetic studies of Tecticornia species included data from 

nuclear ITS and chloroplastic trnL-F sequences (Shepherd et al., 2004; Shepherd et al., 2005b; 

Shepherd and Wilson, 2007). These studies found poor resolution of species relationships and low 

genetic diversity, predicted to be due to a rapid and recent radiation event (Shepherd et al., 2004). 

Molecular phylogenetic studies provide evidence that the Salicornioideae subfamily originated in 

Eurasia during the late Eocene/early Oligocene (38.2 – 28.7 million years ago), and ancestral species 

arrived in Australia in two colonisation events (Kadereit et al., 2005; Kadereit et al., 2006). It has been 

hypothesised that ancestral species of the Tecticornia lineage arrived in Australia via the Indonesian 

archipelago, with corky, buoyant fruits (as seen in some modern Tecticornia species), allowing 

dispersal along coastlines and across oceans (Kadereit et al., 2005). The Tecticornia lineage arrived in 

Australia most likely during the late Miocene, coinciding with increasing aridity of the continent 

(Shepherd et al., 2004). The drying of inland water systems created extensive salt lakes, and coastal 

halophytic ancestors were preadapted to these conditions (Shepherd et al., 2004). A rapid colonisation 

and radiation of species followed, and seeds and pollen spread widely via water and wind, promoting 

gene flow (Shepherd et al., 2004; Shepherd and Wilson, 2007). This reconstruction explains the low 

genetic variation in Tecticornia species seen today and the lack of resolution in phylogenies using 

molecular sequence data. 

 

Cell and molecular biology 

 

Limited work has been done on Tecticornia species at the cell and molecular levels outside of DNA 

sequencing for taxonomic projects. Voznesenskaya et. al. (2008) examined protein abundance and 

localisation in two C4 subspecies and one C3 species, comparing the two photosynthetic types. The 

study found that the two C4 subspecies carry out NAD-ME type photosynthesis, and showed 

characteristic abundance and localisation of enzymes in the C4 photosynthetic pathway, including 

RuBisCO, PEPC, PPDK, NAD-ME, and GDC-P (Voznesenskaya et al., 2008). Studies of chromosome 

numbers and size have also been completed, and determined that Tecticornia species have a basic 

chromosome number of x = 9 (Shepherd and Yan, 2003). Polyploidy varied between species and within 
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species, ranging from diploid to hexaploid, and chromosome size was generally consistent. Tecticornia 

triandra was an exception, with unusually large chromosomes (Shepherd and Yan, 2003).  

 

Commercial and environmental importance 

 

Tecticornia species dominate saline wetland ecosystems in Australia and provide habitat and food for 

many other species. Being small in stature, they often support insect species, which in turn support 

larger animals, particularly native bird and lizard species (Datson, 2002; Veenstra et al., 2011). 

Tecticornia species are particularly important for orange-bellied parrots (Neophema chryogaster) in 

Australia, a critically endangered species, which relies on the plants for food and roosting sites (Loyn 

et al., 1986). 

 

There are records of Tecticornia seeds and fruits being utilised as a source of food by Indigenous 

Australians (Wilson, 1972). Recently, Tecticornia species have gained popularity as a “bushfood” crop, 

with an enterprising Western Australian farmer harvesting Tecticornia naturally growing on his 

property and selling it to local restaurants (Pepper, 2016; Garnett, 2019). Demand is forecast to grow, 

and it is expected that this area of business could increase in Western Australia and provide income 

from salt-affected agricultural land (Brammer, 2018). Tecticornia species may also be grazed by sheep 

and other livestock, but generally have a low feed value (Malcolm and Pol, 1986; Datson, 2002). Sheep 

will eat Tecticornia species if they have access to fresh water and supplementary food. However, the 

plants are also susceptible to overgrazing and trampling, and need to be fenced periodically to allow 

regeneration and re-establishment (Datson, 2002; Laegdsgaard, 2006). Some Tecticornia populations 

in Australia are also threatened by grazing from feral animals such as camels (Shepherd, 2018). 

 

Improving knowledge of the taxonomy and conservation of Tecticornia species has important 

consequences. In Australia, mining occurs in many areas of Tecticornia habitat, including iron ore and 

gold mining (English and Colmer, 2013; Marchesini et al., 2016; Moir-Barnetson et al., 2016). Recent 

interest in mining potash and gypsum on salt lakebeds may also impact populations in the future 

(Shepherd, 2018). Tecticornia species are extremely difficult to identify in the field and identification 

must be done by an expert. Furthermore many species have not been formally described, and some 

Tecticornia species are currently classified as threatened or priority species due to lack of data 

(Shepherd et al., 2005b; Shepherd and van Leeuwen, 2011). Further research into Tecticornia will 

improve identification and delineation of species, assisting in developing environmental reports and 

rehabilitation plans for the mining industry. 

 

Tecticornia species are also frequently used for rehabilitation of disturbed saline areas associated with 

agriculture and post-mining operations in Australia (Datson, 2002). Research has been carried out on 
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recruitment, germination and seedling survival to assist rehabilitation of saline areas (English and 

Colmer, 2011; English and Colmer, 2013; Marchesini et al., 2016). As a hardy, stress-tolerant plant that 

thrives in open areas, Tecticornia plants are often the first species to be chosen for rehabilitation 

projects. 

 

Gaps in knowledge 

 

Tecticornia is a challenging genus to work with at a taxonomic level, as species are not easy to identify 

and have highly reduced morphological characteristics (Wilson, 1972, 1980). Molecular phylogenetic 

studies are hampered by low genetic diversity, hybridisation and variation in ploidy levels, causing a 

lack of resolution in phylogenies (Shepherd et al., 2004; Shepherd et al., 2005b; Shepherd and Wilson, 

2007).  There are also many subspecies complexes that do not resolve monophyletically and so require 

in-depth examination, and many tentative new species are not yet formally described (Shepherd et al., 

2004; Shepherd et al., 2005b; Shepherd and Wilson, 2007). Studies using cell and molecular biology 

and physiology could contribute to a better understanding of anatomy and photosynthesis in 

Tecticornia, and phylogenetic studies using novel genetic markers could give insights into species 

delimitations. 

 

The unique anatomy of C4 Tecticornia species, the peculiarity of carrying out photosynthesis in 

vegetative articles rather than leaves, and their extreme halophytic habit make this lineage particularly 

fascinating. Being a relatively young C4 lineage (Kadereit et al., 2005), there is a high probability that 

there are C3-C4 intermediate species still extant. Previous studies have compared a single C3 and C4 

species (Voznesenskaya et al., 2008) or have classified anatomy as “Kranz” and “non-Kranz” (Carolin 

et al., 1982), but no study has examined anatomy in the context of potential C3-C4 intermediacy. 

Studying C4 evolution in this group may give insight into different routes towards C4 photosynthesis. 

Did C4 evolution in Tecticornia follow the Monson-Sage model, or did it take a different path? How 

does it compare to the hypothesised steps in the evolution of C4 photosynthesis in the Salsoleae, a 

lineage in Chenopodiaceae with similar anatomy? 

 

To examine these questions, this study aimed to determine potential steps in C4 photosynthesis 

evolution in Tecticornia and identify C3-C4 intermediate species (for example, proto-Kranz or C2). Aims 

1 and 2 had a wide scope, looking at a large number of C3 species in the genus to identify C3 species 

that were most closely related to C4 species (Aim 1), and C3 species with C4-associated anatomical 

characteristics (Aim 2). Using the results from these surveys, C3 species were selected for closer 

examination using molecular techniques and electron microscopy, quantifying ultrastructural 

characteristics, protein localisation and abundance and comparing with a C4 Tecticornia species (Aims 

3–4). Finally, measurements at the physiological level were carried out to determine if features at the 
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anatomical and molecular levels had an observable effect on photosynthesis and photorespiration (Aim 

5). These aims have been divided into three chapters in this thesis. Each has been written in the form of 

a stand-alone chapter with an introduction, materials and methods, results, and discussion. The first 

results chapter covers Aim 1. The second details the results of Aims 2 and 3, and the third results chapter 

covers Aims 4 and 5. The fourth chapter combines the results of the five aims and discusses the overall 

findings of the study. 

 

The aims of the project were as follows: 

 

Aim 1. To increase the resolution of current phylogenies of the genus Tecticornia, using the nuclear 

ETS DNA marker combined with the ITS marker, to identify C3 species most closely related to C4 

species. 

 

Aim 2. To examine and quantify anatomical features in C4 and C3 Tecticornia species, and identify C3 

species with C4-associated anatomical features. 

 

Aim 3. To examine and quantify ultrastructural characteristics and organelle distribution in C4 and 

selected C3 Tecticornia species. 

 

Aim 4. To investigate the localisation and abundance of photosynthetic enzymes, including GDC-P, 

PEPC, and RuBisCO, in C4 and selected C3 Tecticornia species. 

 

Aim 5. To measure CO2 compensation point and Ci* in C4 and selected C3 Tecticornia species. 
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Chapter 2: Phylogenetic analysis of the genus Tecticornia (Chenopodiaceae) using the 

nuclear marker external transcribed spacer region (ETS)  

 

Introduction 

 

Tecticornia Hook.f. is a genus of succulent halophytes which currently includes 45 species and 10 

species which have not been described formally (Wilson, 1972, 1980; Shepherd, 2007, 2007; Shepherd 

and van Leeuwen, 2007; Shepherd and Wilson, 2007; Shepherd, 2008; Shepherd and Lyons, 2009; 

Shepherd and van Leeuwen, 2011; Shepherd, 2018). Tecticornia species are usually shrubs or sub-

shrubs, and the majority are perennial with only three species being annuals or short-lived perennials 

(Wilson, 1972, 1980). The majority of species are endemic to Australia, with only two species found 

both within and outside Australia (Wilson, 1972, 1980). Tecticornia indica subsp. indica is found in 

southern Asia and Africa, and T. indica subsp. leiostachya is found in Malaysia and Indonesia (Van 

Steenis, 1983). Tecticornia australasica is distributed in south east Asia as well as northern coastal 

regions of Australia (Wilson, 1972). The remaining species are distributed throughout the Australian 

continent, where they are commonly found in coastal habitats and on the edges of inland salt lakes 

(Wilson, 1972, 1980). Tecticornia is in the tribe Salicornieae, subfamily Salicornoideae in the family 

Chenopodiaceae (Hernandez-Ledesma et al., 2015). Some studies place Tecticornia in the family 

Amaranthaceae (Bremer et al., 2009), and a close alliance is recognised between the two families. This 

study follows the most recent delineation of the family Chenopodiaceae (Hernandez-Ledesma et al., 

2015; Piirainen et al., 2017), in which Amaranthaceae and Chenopodiaceae remain separated. 

 

The current genus Tecticornia includes species that were originally classified into five genera: 

Halosarcia Paul G.Wilson, Pachycornia Hook.f., Sclerostegia Paul G.Wilson, Tecticornia, and 

Tegicornia Paul G.Wilson. Early taxonomic studies (Wilson, 1972, 1980) described these Australian 

genera as having greater affinity for each other compared to other lineages in Salicornioideae. 

Molecular and morphological studies found that these genera were not supported as monophyletic, and 

together shared a common ancestor (Shepherd et al., 2004; Kadereit et al., 2005; Shepherd et al., 2005a; 

Shepherd et al., 2005b). These genera were eventually incorporated into the genus Tecticornia 

(Shepherd and Wilson, 2007). 

 

Molecular phylogenetic studies including Tecticornia have utilised both chloroplastic and nuclear 

markers. Tecticornia species were included in broad phylogenetic studies of the families 

Amaranthaceae and Chenopodiaceae using the chloroplastic rbcL marker (Kadereit et al., 2003). These 

data were later combined with nuclear ITS (internal transcribed spacer) sequence data (Kadereit et al., 

2005) and atpB-rbcL data (Kadereit et al., 2006), and the most recent molecular studies combined data 
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from four markers: ITS, ETS (external transcribed spacer), atpB-rbcL and matK-trnK (Ball et al., 2017; 

Piirainen et al., 2017). These recent studies included four Tecticornia species that resolved in a well-

supported monophyletic clade, sister to the genera Salicornia L., Sarcocornia A.J.Scott and 

Mangleticornia P.W.Ball, G.Kadereit & Cornejo (Ball et al., 2017). Sarcocornia was found to be 

paraphyletic with respect to Salicornia and it was proposed that both genera be merged into Salicornia 

(Piirainen et al., 2017). Molecular phylogenetic studies focussing on Tecticornia have used nuclear ITS, 

and chloroplastic trnL data (Shepherd, 2004; Shepherd et al., 2004), but found poor resolution of species 

due to low genetic diversity. It was suggested that this low genetic diversity was due to a rapid and 

recent radiation of the genus, with insufficient time to accumulate changes in DNA sequence (Shepherd 

et al., 2004). 

 

Molecular phylogenetic studies have allowed the evolutionary history of Tecticornia to be 

reconstructed. These studies have provided evidence that the Salicornioideae subfamily originated in 

Eurasia during the late Eocene/early Oligocene (38.2 – 28.7 million years ago; Kadereit et. al., 2006, 

Piirainen et al. 2017) and ancestral species of the Salicornieae tribe reached Australia in at least two 

colonisation events: one involving Sarcocornia (now Salicornia) from South Africa, and the other 

involving Tecticornia ancestors from Eurasia (Kadereit et al., 2005; Kadereit et al., 2006). It was 

hypothesised that the Tecticornia lineage may have used the Indonesian archipelago as “stepping 

stones” to Australia. Corky, buoyant fruits, which can survive for a long time in salt water (seen in 

extant T. indica subspecies; Kadereit et al., 2005), are hypothesised to have helped the ancestral species 

spread along coastlines and across oceans. Phylogenetic reconstruction revealed that the Tecticornia 

lineage most likely reached Australia during the late Miocene (Kadereit et al., 2005), coinciding with 

an increase in aridification of the Australian climate in the late Miocene to Pliocene approximately 6 - 

9 million years ago (Shepherd et al., 2004). Drying of inland water systems created extensive salt lakes, 

forming large areas of ideal habitat for halophytic plants and leading to a rapid radiation of the genus 

(Shepherd et al., 2004). The founder element is predicted to have been littoral, with adaptations to 

salinity helping species to spread to saline inland habitats (Shepherd et al., 2005b). Salicornieae species 

have pollen and small seeds which may be spread by wind (Shepherd et al., 2004) and have fruits which 

can float and survive for long periods of time in water (Dalby, 1963). These features, combined with 

the intermittent reconnection of water bodies after flooding events is thought to have promoted genetic 

flow and reduced genetic variation (Shepherd and Wilson, 2007). Tecticornia species are well-adapted 

to highly saline habitats, with adaptations to salinity, drought, flooding, and submergence (Short and 

Colmer, 1999; Colmer and Flowers, 2008; Colmer et al., 2008; English and Colmer, 2011; English and 

Colmer, 2013; Konnerup et al., 2015; Moir-Barnetson et al., 2016). Competition with other plant 

species would have been low in these extreme conditions, providing ideal opportunities for colonising 

halophytes. 
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Tecticornia species, like the majority of species in Salicornioideae, have highly reduced features as 

adaptations to the harsh conditions which they inhabit. Tecticornia species have no leaves and instead 

carry out photosynthesis in succulent vegetative articles. Flowers are inconspicuous and are surrounded 

or hidden by succulent bracts (Wilson, 1980). This means that there are few morphological 

characteristics which can be utilised in taxonomic studies and Tecticornia are notoriously difficult to 

identify at a species level (Wilson, 1972, 1980; Shepherd et al., 2005a). Early taxonomic studies 

describe the “paucity of characters” on which to base species and genus delineations (Wilson, 1972, 

1980) and later studies utilising diversity in seed morphology, anatomy and histochemistry found that 

few features were useful in a phylogenetic context (Shepherd et al., 2005a; Shepherd et al., 2005b). 

Phylogenetic analyses combining morphological and molecular data were poorly resolved, with 

incongruence between the molecular and morphological datasets (Shepherd et al., 2005b). In addition, 

hybridisation has been reported between many Tecticornia species and high phenotypic plasticity can 

be seen in Tecticornia species under different environmental conditions and geographical locations 

(Wilson, 1972, 1980; Shepherd et al., 2005b). Polyploidy has been recorded in many Tecticornia 

species, ranging from diploid to hexaploid (Shepherd and Yan, 2003). Intraspecific differences in ploidy 

level were recorded in T. indica subsp. bidens, including diploid, triploid and tetraploid levels, as well 

as in T. pterygosperma and T. leptoclada. This genotypic variability may contribute to high phenotypic 

plasticity within species. All of these features contribute to difficulty in identifying Tecticornia species 

and determining relationships between species. 

 

Two species of Tecticornia, T. indica and T. bibenda carry out C4 photosynthesis (Wilson, 1980; 

Shepherd and van Leeuwen, 2007; Voznesenskaya et al., 2008), while all other species are currently 

classified as C3 species based on anatomy and carbon isotope ratio (Carolin et al., 1982). Carbon isotope 

ratio, or d13C , is an indicator of photosynthetic pathway and differences between C3 and C4 plants are 

due to higher discrimination of carbon isotopes by ribulose-1,5-bisphosphate carboxylase/oxygenase 

(RuBisCO) in C3 plants (Cerling, 1999). In general, d13C values for C3 species range from -24‰ to -

30‰, while those of C4 species range from -10‰ to -15‰. Tecticornia indica and T. bibenda have a 

unique type of C4 anatomy which was first described by Wilson (1980) and Carolin et al. (1982) and 

classified as Kranz-tecticornoid type anatomy (Kadereit et al., 2003; Voznesenskaya et al., 2008). In 

these C4 species, the chlorenchyma is differentiated into two concentric layers, the upper referred to as 

mesophyll cells and the lower as “Kranz” cells. Peripheral vascular bundles are arranged with the 

phloem facing towards the outside of the vegetative article, and there is a reticulum of colourless cells 

between normal mesophyll cells sometimes referred to as “passage cells” or “windows” (Wilson, 1980; 

Voznesenskaya et al., 2008). Based on anatomy and phylogenetic position, these Tecticornia species 

represent an independent origin of C4 photosynthesis (Kadereit et al., 2003), one of c. 10 independent 

C4 lineages in the family Chenopodiaceae (Sage et al., 2011; Kadereit et al., 2012; Sage, 2016). Most 
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molecular phylogenetic studies support a single origin of C4 photosynthesis in the genus Tecticornia, 

with the two C4 species resolving sister to each other (Shepherd et al., 2004; Shepherd and Wilson, 

2007). It is hypothesised that the ancestral Salicornieae species which arrived in Australia were C3, and 

C4 photosynthesis in Tecticornia evolved in Australia (Shepherd, 2004). Tecticornia indica subsp. 

indica and T. indica subsp. julacea subsequently spread beyond Australia to other regions. 

 

The genus Tecticornia presents an opportunity to study an independent evolution of C4 photosynthesis 

within the Chenopodiaceae (Kadereit et al., 2003). The unique Kranz-tecticornoid anatomy and the 

halophytic habit of the genus provide an interesting context for this C4 origin. Understanding how C4 

photosynthesis evolved in Tecticornia could provide novel insight into the evolutionary pathways 

towards C4 photosynthesis. This means determining which of the C3 Tecticornia species are most 

closely related to the C4 species. In several other plant groups containing both C3 and C4 members, 

species have been identified that carry out a type of photosynthesis that is intermediate to C3 and C4 

biochemistries (Sage et al., 2012). To date, no such C3-C4 photosynthetic intermediate species, which 

may represent intermediate steps along the C3 to C4 continuum, have been identified in Tecticornia. To 

direct further molecular studies on individual species and determine the key steps in evolution from 

ancestral C3 species to fully-functioning C4 photosynthesis in this lineage, a more highly resolved 

phylogeny is required. As described above, the exact relationships between Tecticornia species remain 

poorly resolved, hampered by low genetic diversity, a lack of taxonomically important features, 

phenotypic plasticity, hybridisation and polyploidy (Shepherd and Yan, 2003; Shepherd et al., 2005b; 

Shepherd and Wilson, 2007). The resolution of the phylogeny could be increased by additional 

sequence data from markers such as the nuclear ETS marker. 

 

The ETS region has been utilised as a nuclear marker and combined with ITS data to achieve greater 

resolution of relationships among plant taxa (Bailey et al., 2003). These markers are regions of nuclear 

ribosomal genes, which consist of the ETS, 18S, ITS1, 5.8S, ITS2, and 26S regions in plants (Figure 

2.1). While the 5.8S, 18S and 26S regions, which make up the RNA component of cytosolic ribosomes, 

are highly conserved, the ITS and ETS regions are under less selection and evolve at a faster rate. 

Nuclear ribosomal DNA (nrDNA) occurs as tandemly repeated units at one or several loci, with copy 

numbers ranging from several hundred to thousands. nrDNA evolves in a concerted manner, unlike 

single-copy genes. Through mechanisms of gene conversion and unequal crossing over, the sequences 

of nrDNA in most species are homogenous (Muir et al., 2001).  
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Aims of this study 

 

The present study aimed to increase resolution of relationships between species in the genus 

Tecticornia, combining ETS sequences with previously obtained and additionally sequenced ITS 

sequences. Carbon isotope ratios were also determined to confirm the photosynthetic pathway of each 

species, and identify any species with carbon isotope ratios intermediate to those of C3 and C4 species, 

which may indicate C3-C4 photosynthetic intermediacy. The study also aimed to confirm the number of 

C4 origins in Tecticornia and determine which C3 species are most closely related to the two C4 species, 

T. indica and T. bibenda, to direct further studies of the evolution of C4 photosynthesis in the genus. 

 

 

Materials and methods 

 

 

DNA extraction and sequence determination 

 

A total of 56 specimens were included in the study, representing 33 described Tecticornia species and   

six undescribed species. Total DNA was isolated from either dried herbarium material or from fresh 

material collected in the field from Cowcowing Lakes (31°03'01.1"S 117°19'36.7"E) in May 2015, 

placed in paper envelopes and dried in a box with silica gel (Table 2.1). Dried tissue (approximately 

100 mg) was ground using a mixer mill MM301 (Retsch) for 3 min. DNA was isolated using the 

DNeasy Plant Mini Kit (QIAGEN) according to the manufacturer’s instructions, with the following 

modifications: the lysis step was extended to 15 min, and the elution was carried out in two lots of 20 

min for a combined volume of 200 μL. DNA (10 μL) was separated on a 0.8% (w/v) agarose Tris-

acetate-EDTA (TAE) gel stained with ethidium bromide (Sambrook et al., 1989) to check quality and 

relative concentration

Figure 2.1. An example of a nuclear ribosomal DNA (nrDNA) repeat in an angiosperm. The 

location of the external transcribed spacer (ETS) region and internal transcribed spacer (ITS) 

region are shown, as well as the nrDNA encoding the 18S, 5.8S, and 26S ribosomal subunits. 

The ITS marker includes the ITS1, ITS2, and the 5.8S region. 
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Table 2.1. Tecticornia and Salicornia species sampled. Samples used for both external transcribed spacer (ETS) and internal transcribed spacer (ITS) regions are indicated, as 

well as ITS sequences from previous studies (Shepherd et. al., 2004). Collection details include locations in Australia: WA, Western Australia; NT, Northern Territory; SA, 

South Australia; QLD, Queensland; NA, location unknown. Carbon isotope values are relative to the Pee Dee belemnite standard. 
Taxon Sequence Identification number 

in study, or reference 
Voucher, Location  Carbon isotope 

ratio (d13C ‰) 

Salicornia blackiana (Ulbr.) Piirainen & G.Kadereit ETS 3244 KS733, Lake Grace WA -25.7 

Salicornia blackiana (Ulbr.) Piirainen & G.Kadereit ITS Shepherd et. al. 2004 KS724, 3.6 km W of Cox Rd on Truslove Rd WA 
 

Salicornia quinqueflora subsp. quinqueflora (Ung. Sternb) Piirainen 

& G.Kadereit 

ETS 3246 KS881, NA -27.0 

Salicornia quinqueflora subsp. quinqueflora (Ung. Sternb) Piirainen 

& G.Kadereit 

ITS Shepherd et. al. 2004 KS774, Alfred Cove WA 
 

Tecticornia aff. pergranulata ETS, ITS 3230 VS5446, Mount Alexander VIC -25.5 

Tecticornia annelida K.A.Sheph. & M.Lyons  ETS, ITS 3187 KS898, Coorow WA -28.3 

Tecticornia arbuscula (R.Br.) K.A.Sheph. & Paul G.Wilson  ETS 3374 Lyons and Lyons 3820, Esperance WA -25.8 

Tecticornia arbuscula (R.Br.) K.A.Sheph. & Paul G.Wilson  ITS 3189 Lyons and Lyons 3747, Esperance WA 
 

Tecticornia auriculata (Paul G.Wilson) K.A.Sheph. & Paul 

G.Wilson  

ETS, ITS 22390 Sequencing data (Hall, Small), cultivated from seed 

(KS1073, East Pilbara WA) 

 

Tecticornia auriculata (Paul G.Wilson) K.A.Sheph. & Paul 

G.Wilson  

- - KS815, East Pilbara WA -28.9 

Tecticornia australasica (Moq.) Paul G.Wilson ITS Shepherd et. al. 2004 S. Jacobs 8685, North Australia QLD 
 

Tecticornia australasica (Moq.) Paul G.Wilson ETS 260 S. Jacobs 8685, North Australia QLD 
 

Tecticornia bibenda K.A.Sheph. & S.J.van Leeuwen  ETS 3191 KS839, Wiluna WA -15.1 

Tecticornia bibenda K.A.Sheph. & S.J.van Leeuwen  ITS Shepherd et. al. 2004 KS836, Yanneri Lake WA 
 

Tecticornia bulbosa (Paul G.Wilson) K.A.Sheph. & Paul G.Wilson  ETS 3192 Godden, Taylor HR 30-7, NA -25.8 

Tecticornia bulbosa (Paul G.Wilson) K.A.Sheph. & Paul G.Wilson  ITS Shepherd et. al. 2004 KS907, 9.45 km E of the Morawa-Mullewa Rd on Morawa-

Yalgoo Rd WA 
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Tecticornia calyptrata (Paul G.Wilson) K.A.Sheph. & Paul 

G.Wilson  

ETS 3193 KS866, Sunshine Lake WA -23.7 

Tecticornia calyptrata (Paul G.Wilson) K.A.Sheph. & Paul 

G.Wilson  

ITS Shepherd et. al. 2004 KS868, Sunshine Lake WA 
 

Tecticornia chartacea (Paul G.Wilson) K.A.Sheph. & Paul 

G.Wilson  

ETS 3194 DJE2842, Wiluna WA -26.2 

Tecticornia chartacea (Paul G.Wilson) K.A.Sheph. & Paul 

G.Wilson  

ITS Shepherd et. al. 2004 KSQ8 (Cultivated from seed from Black Flag Lake WA) 
 

Tecticornia cupuliformis (Paul G.Wilson) K.A.Sheph. & Paul 

G.Wilson 

ETS, ITS 3196 Pk Latz 22432, Unincorporated SA -29.2 

Tecticornia cymbiformis K.A.Sheph. & Paul G.Wilson  ETS 3197 KS870, NA -26.9 

Tecticornia cymbiformis K.A.Sheph. & Paul G.Wilson  ITS Shepherd et. al. 2004 KS869, Lake Aneen WA  

Tecticornia disarticulata (Paul G.Wilson) K.A.Sheph. & Paul 

G.Wilson  

ETS 3199 KS820, Meekatharra WA -26.6 

Tecticornia disarticulata (Paul G.Wilson) K.A.Sheph. & Paul 

G.Wilson  

ITS Shepherd et. al. 2004 KS880, Lake Beladjie WA 
 

Tecticornia doliiformis (Paul G.Wilson) K.A.Sheph. & Paul 

G.Wilson  

ETS 3200 KS765, Kalgoorlie/Boulder WA -27.6 

Tecticornia doliiformis (Paul G.Wilson) K.A.Sheph. & Paul 

G.Wilson  

ITS Shepherd et. al. 2004 KS762, Lake Hannan WA 
 

Tecticornia enodis K.A. Sheph. ETS 3259 R Davis 11206, East Pilbara WA  

Tecticornia enodis K.A. Sheph. ITS Shepherd et. al. 2004 KS867, island in middle of Sunshine Lake WA  

Tecticornia entrichoma (Paul G.Wilson) K.A.Sheph. & Paul 

G.Wilson  

ETS 3201 KS892, Lake Grace WA -27.7 

Tecticornia entrichoma (Paul G.Wilson) K.A.Sheph. & Paul 

G.Wilson  

ITS Shepherd et. al. 2004 KS891, 77 km W of Lake King on Lake King-Norseman 

Rd WA 

 

Tecticornia fimbriata (Paul G.Wilson) K.A.Sheph. & Paul G.Wilson  ETS 3202 KS874, Cue WA -24.9 
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Tecticornia fimbriata (Paul G.Wilson) K.A.Sheph. & Paul G.Wilson  ITS Shepherd et. al. 2004 KS709, 6.1 km W Sanders Rd along Gunyidi-Wubin Rd 

WA 

 

Tecticornia flabelliformis (Paul G.Wilson) K.A.Sheph. & Paul 

G.Wilson  

ETS 3203 KS884, Westonia WA -25.4 

Tecticornia flabelliformis (Paul G.Wilson) K.A.Sheph. & Paul 

G.Wilson  

ITS Shepherd et. al. 2004 KS883, Northern peninsula of Lake Beladjie WA 
 

Tecticornia halocnemoides subsp. halocnemoides (Paul G.Wilson) 

K.A.Sheph. & Paul G.Wilson 

ETS 3206 KS1321, NA -25.8 

Tecticornia halocnemoides subsp. halocnemoides (Paul G.Wilson) 

K.A.Sheph. & Paul G.Wilson 

ITS Shepherd et. al. 2004 KS740, 0.9 km E along Allen Rd from the Newdegate-

Ravensthorpe Rd, Pallarup Reserve WA 

 

Tecticornia halocnemoides subsp. longispicata (Paul G.Wilson) 

K.A.Sheph. & Paul G.Wilson 

ETS, ITS 3207 DJE6921, NA -23.2 

Tecticornia halocnemoides subsp. longispicata (Paul G.Wilson) 

K.A.Sheph. & Paul G.Wilson 

ETS, ITS 3208 KS1137, Mount Remarkable SA -26.9 

Tecticornia halocnemoides subsp. tenuis (Paul G.Wilson) 

K.A.Sheph. & Paul G.Wilson 

ETS, ITS 3209 KS1248, NA -23.5 

Tecticornia halocnemoides subsp. tenuis (Paul G.Wilson) 

K.A.Sheph. & Paul G.Wilson 

ETS, ITS 22475 Sequencing data (Hall, Small), NA 
 

 

Tecticornia indica subsp. bidens (Nees) K.A.Sheph. & Paul 

G.Wilson  

ETS 3212 KS852, Wiluna WA -14.1 

Tecticornia indica subsp. bidens (Nees) K.A.Sheph. & Paul 

G.Wilson  

ITS Shepherd et. al. 2004 KS773, Alfred Cove WA 
 

Tecticornia indica subsp. bidens (Nees) K.A.Sheph. & Paul 

G.Wilson  

ETS, ITS 22477 Sequencing data (Hall, Small), cultivated from seed 

(KS1095, Ashburton, WA) 

 

Tecticornia indica subsp. julacea (Paul G.Wilson) K.A.Sheph. & 

Paul G.Wilson  

ETS, ITS 3215 KS803, Roebourne, WA -14.8 

Tecticornia indica subsp. leiostachya (Benth.) K.A.Sheph. & Paul 

G.Wilson  

ETS, ITS 22479 Sequencing data (Hall, Small), NA 
 



 46 

Tecticornia indica subsp. leiostachya (Benth.) K.A.Sheph. & Paul 

G.Wilson  

ETS 3216 KS828, Wiluna WA -15.2 

Tecticornia indica subsp. leiostachya (Benth.) K.A.Sheph. & Paul 

G.Wilson  

ITS Shepherd et. al. 2004 IC3201, 32 km W of Pimba, crossing of Eucolo creek SA 
 

Tecticornia laevigata K.A. Sheph. ETS, ITS 3217 KS863, Wiluna WA -23.0 

Tecticornia lepidosperma (Paul G.Wilson) K.A.Sheph. & Paul 

G.Wilson  

ETS, ITS 3218 KS705, Coolgardie WA -28.2 

Tecticornia loriae K.A.Sheph. & M.Lyons  ETS, ITS 3368 KS1571, Cowcowing Lakes WA, collected in field 
 

Tecticornia loriae K.A.Sheph. & M.Lyons  ETS, ITS 3220 KS901, Dalwallinu, WA -27.3 

Tecticornia lylei (Ewart & Jean White) K.A.Sheph. & Paul 

G.Wilson  

ETS, ITS 3367 KS1570, Cowcowing Lakes WA. Collected in field 
 

Tecticornia lylei (Ewart & Jean White) K.A.Sheph. & Paul 

G.Wilson  

ETS 3221 KS712, Coolgardie WA -27.3 

Tecticornia lylei (Ewart & Jean White) K.A.Sheph. & Paul 

G.Wilson  

ITS Shepherd et. al. 2004 KS711, 1.5 km W of Coolgardie-Esperance Rd on 

Wannaway Mine site access road. N of Norseman WA 

 

Tecticornia medusa K.A.Sheph. & S.J.van Leeuwen  ETS, ITS G8 Sequencing data (Hall, Small), cultivated from seed 

(KS1086, East Pilbara, WA) 

 

Tecticornia moniliformis (Paul G.Wilson) K.A.Sheph. & Paul 

G.Wilson  

ETS, ITS 3224 KS832, NA -29.5 

Tecticornia peltata (Paul G.Wilson) K.A.Sheph. & Paul G.Wilson  ETS, ITS 3225 KS710, Coolgardie WA -27.1 

Tecticornia peltata (Paul G.Wilson) K.A.Sheph. & Paul G.Wilson  ETS, ITS 3369 KS1572, Cowcowing Lakes WA, collected in field 
 

Tecticornia pergranulata subsp. elongata (Paul G.Wilson) 

K.A.Sheph. & Paul G.Wilson  

ETS 3226 KS691, Dalwallinu WA -25.4 

Tecticornia pergranulata subsp. elongata (Paul G.Wilson) 

K.A.Sheph. & Paul G.Wilson  

ITS Shepherd et. al. 2004 IC3154, N side Lake Bennett Newhaven Station NT 
 

Tecticornia pergranulata subsp. queenslandica (Paul G.Wilson) 

K.A.Sheph. & Paul G.Wilson  

ETS, ITS 3229 KS788, Ross Creek, Townsville Qld -27.0 
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Tecticornia pruinosa (Paulsen) K.A.Sheph. & Paul G.Wilson  ETS, ITS 3231 KS909, Morawa WA -27.2 

Tecticornia pruinosa (Paulsen) K.A.Sheph. & Paul G.Wilson  ETS 3232 KS1423, NA -26.3 

Tecticornia pruinosa (Paulsen) K.A.Sheph. & Paul G.Wilson  ITS Shepherd et. al. 2004 KS770, Lake Hannan WA 
 

Tecticornia pterygosperma subsp. denticulata (Paul G.Wilson) 

K.A.Sheph. & Paul G.Wilon  

ETS, ITS 3233 KS872, Meekatharra WA -26.3 

Tecticornia sp. Burnerbinmah (D. Edinger et al. 101)  ETS, ITS 3247 RB1270, Yalgoo WA -23.9 

Tecticornia sp. Chinocup (K.A.Shepherd KS 1191)  ETS, ITS 3249 KS1191, Kent WA -26.6 

Tecticornia sp. Christmas Creek (K.A. Shepherd & T. Colmer et al. 

KS 1063)  

ETS, ITS 3250 KS844, Wiluna WA -28.0 

Tecticornia sp. Connewarre (A.C.Beauglehole 70251)  ETS, ITS 3251 VS5447, NA -25.6 

Tecticornia sp. Dennys Crossing (K.A. Shepherd & J. English KS 

552)  

ETS, ITS 3254 KS1428, NA -25.3 

Tecticornia sp. Lake Way (P. Armstrong 05/961)  ETS, ITS 3256 P. Armstrong 05/961, Wiluna WA -22.8 

Tecticornia syncarpa (Paul G.Wilson) K.A.Sheph. & Paul G.Wilson  ETS, ITS 3236 KS721, Esperance WA -25.2 

Tecticornia tenuis (Benth.) K.A.Sheph. & Paul G.Wilson  ETS 3237 KS878, NA -28.9 

Tecticornia tenuis (Benth.) K.A.Sheph. & Paul G.Wilson  ITS Shepherd et. al. 2004 KS482, Denny's Crossing 5.2 km W on Boyne Rd from 

Koorda-Wyalkatchem Rd on Wyalkatchem N Rd WA 

 

Tecticornia uniflora (Paul G.Wilson) K.A.Sheph. & Paul G.Wilson  ETS 3241 KS748, Gnowangerup WA -27.7 

Tecticornia uniflora (Paul G.Wilson) K.A.Sheph. & Paul G.Wilson  ITS Shepherd et. al. 2004 KS746, Gnowangerup WA 
 

Tecticornia verrucosa Paul G.Wilson  ETS 3242 Lyons and Lyons 3342, Koorda WA -21.7 

Tecticornia verrucosa Paul G.Wilson  ITS Shepherd et. al. 2004 KSQ6, Cultivated; seed from 0.5 km SW Koorda-

Wyalkatchem Rd. on Wyalkatchem N Rd WA 

 

Tecticornia willisii K. A. Sheph ETS 3257 KS857, Little Sandy Desert WA -28.1 

Tecticornia willisii K. A. Sheph ITS Shepherd et. al. 2004 KS829, Little Sandy Desert WA 
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Amplification of the nuclear ETS region was carried out using primer ETS-18S-II (5’- 

CTCTAACTGATTTAATGAGCCATTCGCA-3’) and either ETS-Int1-Salic (5’-

GTCCCTATTGTGTAGATTTCAT-3’), originally designed for Salicornia species, or ETS-Int1-Allen 

(5’-GGTGGGAAGGGTTGAGCTGCTGGCGAAGC-3’), originally designed for Allenrolfea species. 

An additional primer pair was designed by Dr. Maximilian Lauterbach to amplify taxa which failed to 

amplify with these primer sets: Tec-Ind-F (5'-GTAGCACTCCTCGGTCGACATCG-3') and Tec-Ind-

R (5'-CCATTGGGGTTGTGCTTACTTGC-3'), and amplification and sequencing using this primer 

pair was completed by Silvia Wienken. ITS sequences were obtained from previous studies (Shepherd 

et al., 2004) from GenBank. Additional ITS sequences were obtained by amplification of the ITS region 

using primers ITS-26S (5’-CCGCTTATTKATATGCTTAAA-3’) and ITS-18S 

(5’CCTTMTCATYTAGAGGAAGGA-3’), where K is G or T, M is A or C, and Y is C or T.  

 

Amplification reactions were carried out in a total volume of 25 μL, containing 1.25 U of Taq DNA 

polymerase (Sigma-Aldritch), 1x reaction buffer (Sigma-Aldritch), 2.5 mM MgCl2 , 100 μM dNTPs, 1 

μM each of forward and reverse primers, 2 μM DMSO, and 1 μL DNA template. An initial denaturation 

for 1 min at 94 °C was followed by 34 cycles of 30 s at 94 °C, 50 s at 52 °C, and 1 min at 72 °C. This 

was followed by 30 s at 94 °C, 80 s at 52 °C, and 8 min at 72 °C (Biometra Tgradient Thermocycler). 

 

Amplification products (5 μL) were examined on a 0.8% (w/v) agarose TAE gel stained with ethidium 

bromide gel for fragments of the expected size. Amplification product (20 μL) was treated with 0.2 μL 

ExoSAP-IT (ThermoFisher Scientific) according to manufacturer’s instructions, to remove excess 

primers and nucleotides. Sequencing reactions were completed using the BigDye Terminator v3.1 

Cycle Sequencing Kit (Applied Biosystems), according to manufacturer’s instructions. Products were 

purified using an Illustra Sephadex G-50 Fine DNA Grade (GE Healthcare) column, made by pouring 

the Sephadex in a 96-well filter plate and hydrating with dH2O. Samples were loaded on an automated 

sequencer (16 capillary 3130x1 Genetic Analyser, Applied Biosystems). The resulting chromatograms 

were edited using Sequencher 4.1.4 (Gene Codes Corporation) or Geneious 6.1.7 

(https://www.geneious.com), and sequences aligned using Clustal W (Thompson et al., 1994) and 

adjusted manually using MEGA7 (Kumar et al., 2016). 

 

Additional ITS and ETS sequences from T. auriculata, T. halocnemoides subsp. tenuis, T. indica subsp. 

bidens, T. indica subsp. leiostachya, and T. medusa were obtained from genome sequencing completed 

by Andrew Hall and Prof. Ian Small (unpublished data). DNA was extracted from fresh tissue from T. 

auriculata, T. indica subsp. bidens, and T. medusa (Table 2.1) grown from seed under glasshouse 

conditions (see Chapter 3 Materials and methods), or from dried herbarium material from remaining 

species, using the DNeasy Plant Mini Kit (QIAGEN). Sequencing was completed using TruSeq Nano 

DNA LT Library Prep Kit (Illumina). 
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Carbon isotope values 

 

Samples were prepared by Dr. Gudrun Kadereit at the Institut für Molekulare Physiologie, Johannes 

Gutenberg-Universität, Mainz. Dried herbarium samples (200 µg) were ground to fine powder using a 

mixer mill MM301 (Retsch). Stable carbon isotope values relative to the Pee Dee belemnite standard 

were determined at the Institut für Geowissenschaften (Institute for Geological Sciences) at Johannes 

Gutenberg-Universität, Mainz. Three technical replicates were analysed for each sample. 

 

Phylogenetic analyses 

 

ETS and ITS datasets were first analysed separately, and phylogenetic trees were checked for 

conflicting topologies. Maximum likelihood phylogenetic analyses were carried out using RAxML 

Blackbox (Stamatakis, 2014) with bootstrapping. The best substitution model was inferred using 

jModelTest (Darriba et al., 2012) on CIPRES v2.1.6 (Miller et al., 2010). GTR+G was chosen for the 

analyses. Trees were viewed using FigTree v1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/). 

 

Bayesian analyses were carried out using BEAST v1.8.2 (Drummond and Rambaut, 2007) on CIPRES 

v2.1.6. BEAST xml input files were generated with BEAUti v1.8.2 (Drummond and Rambaut, 2007). 

GTR+G was chosen as the substitution model (using jModeltest), a strict clock model with lognormal 

distribution, and a birth and death speciation model. The Markov chain Monte Carlo (MCMC) was 

initiated two times independently on a random starting tree with 20 million iterations and a sampling 

frequency of 1000. Posterior probability clade support was calculated. Trees were viewed using FigTree 

v1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/). 

 

As the ITS and ETS phylogenetic trees were found to be congruent, they were combined using Sequence 

Matrix (Vaidya et al., 2011). ETS and ITS sequences from the same sample were combined where 

possible, shown by an identification number on the phylogeny (Figure 2.2); however, where ETS and 

ITS sequences were combined from two different accessions, samples were represented by the species 

name only on the phylogeny (See Table 2.1 for combined ETS and ITS accessions).  
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Results 
 
Bayesian and maximum likelihood analyses 

 

The combined ETS-ITS matrix included 56 taxa, with Salicornia quinqueflora subsp. quinqueflora and 

S. blackiana defined as outgroup. In both Bayesian and maximum likelihood analyses, the genus 

Tecticornia was shown to be monophyletic, with all included taxa resolved in a clade with strong 

support (posterior probability (pp) = 0.99; bootstrap support (BS) = 100; Figure 2.2). Tecticornia 

australasica resolved as sister to the rest of the Tecticornia species, with high support in the Bayesian 

analysis (pp = 0.99), and low support in the maximum likelihood analysis (BS = 52). 

 

Nine well-supported clades were recovered, mainly in the Bayesian analysis, while the backbone of the 

Tecticornia clade was unresolved; the relationships between these clades were not determined (Figure 

2.2). The maximum likelihood tree had the same overall topology as the Bayesian tree, and provided 

strong support for seven of the clades: Clades 3, 4, 5, 6, 7, 8, and the C4 clade (Figure 2.2). Despite 

Clade 1 having high support in the Bayesian analysis (pp = 1), low support was found in the maximum 

likelihood analysis (BS = 51) for the clade excluding T. enodis (Figure 2.2). Clade 2 had high support 

in the Bayesian analysis (pp = 1), but resolved as two subclades in the maximum likelihood analysis: 

T. willisii and T. fimbriata (pp = 1, BS = 54), and T. sp. Lake Way, T. medusa, and T. halocnemoides 

subsp. longispicata (pp = 1; BS = 100). There was low support (pp = 0.76) for Clade 3 being sister to 

Clade 4 in the Bayesian analysis (Figure 2.2). Tecticornia loriae and T. bulbosa resolved as sister taxa 

with low support in the maximum likelihood analysis (BS = 51). 

 

All C4 Tecticornia taxa resolved into a single clade (“C4 clade”, Figure 2.2), with strong support in both 

analyses (pp = 0.99, BS = 100), supporting the hypothesis of a single origin of C4 photosynthesis in 

Tecticornia. In both analyses, the included T. indica subspecies formed a monophyletic clade with high 

support and this clade was sister to T. bibenda (Figure 2.2). In the Bayesian analysis, T. indica subsp. 

julacea was sister to the remaining subspecies of T. indica (pp = 0.99)). There was weak support (pp = 

0.94, BS = 52; Figure 2.2) for Clade 8 being sister to the C4 clade, suggesting that T. peltata and T. 

verrucosa (Clade 8) are the C3 species most closely related to the C4 Tecticornia species.  
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Figure 2.2. Bayesian and maximum likelihood tree of the genus Tecticornia, using combined external transcribed 

spacer (ETS) and internal transcribed spacer (ITS) data. Posterior probability values >0.75 are displayed above 

the branch, and maximum likelihood bootstrap values >50 are displayed below the branch. Nine well-supported 

clades are marked in grey, including the C4 clade (highlighted with black bar). ETS and ITS sequences from the 

same sample were combined where possible, shown by an identification number. ITS and ETS sequences 

combined from two different accessions are represented only by the species name. S. Salicornia; T., Tecticornia.  
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Tecticornia halocnemoides taxa included in the study did not resolve as monophyletic in either analysis. 

Tecticornia halocnemoides subsp. halocnemoides and T. halocnemoides subsp. tenuis resolved in a 

strongly supported clade with T. sp. Dennys Crossing and T. sp. Chinocup in the Bayesian analysis 

(Figure 2.2). By contrast, Tecticornia halocnemoides subsp. longispicata was closely associated with 

T. medusa and T. sp. Lake Way in both analyses with strong support (Figure 2.2). Similarly, the T. 

pergranulata subspecies did not resolve as monophyletic as the supported clade also included T. sp. 

Conneware, T. cupuliformis, and T. doliiformis in both analyses (Figure 2.2). Tecticornia pruinosa was 

also not monophyletic as the two included samples of this species resolved in Clade 6 but were not 

sister to each other (Figure 2.2). Instead, one accession was found to be closely related to the 

undescribed species T. sp. Burnerbinmah, and the other was associated with T. laevigata, T. 

cymbiformis, and T. undulata in the Bayesian analysis (Figure 2.2). 

 

Carbon isotope values 

 

Carbon isotope values (Table 2.1) ranged from -14.1‰ (T. indica subsp. bidens) to -15.2‰ (T. indica 

subsp. leiostachya) in C4 Tecticornia species, and from -29.5‰ (T. moniliformis) to -21.7‰ (T. 

verrucosa) in C3 Tecticornia species. 

 

Paralogous sequences 

 

Preliminary trees generated using the ETS and ITS datasets separately had conflicting topologies. The 

positions of the species in the preliminary ETS tree were found to correlate with which forward primer 

had been used to amplify the ETS region (either the ETS-Int1-Salic primer or ETS-Int1-Allen primer). 

Products amplified with the ETS-Int1-Salic primer were located in one well-supported clade, while 

those amplified with the ETS-Int1-Allen primer were in another well-supported clade (data not shown). 

In preliminary maximum likelihood analyses, the sequences amplified using the ETS-Int1-Salic primer 

had longer branch lengths compared to those amplified by the ETS-Int1-Allen primer (data not shown). 

Looking more closely at nucleotide alignments, the sequences in the clade amplified using the ETS-

Int1-Salic primer displayed numerous nucleotide differences in the 18S rDNA coding region compared 

to the ETS-Int1-Allen primer-amplified sequences, which were very highly conserved. It was 

hypothesised that these diverse sequences represented amplification products from non-functional 

paralogues, or pseudogenes. Consequently, these sequences were removed from the alignment and the 

ETS-Int1-Allen primer used to generate ETS fragments. Interestingly, the ETS-Int1-Allen primer also 

amplified pseudogenes in some taxa, including all C4 taxa. Non-pseudogenic ETS sequences of these 

taxa were obtained using the specifically designed Tec-Ind-F and Tec-Ind-R primers. 
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Discussion 
 
Resolution of Tecticornia species into nine clades 

 

Monophyly of the genus Tecticornia was strongly supported in the current study. The resolution within 

the genus agreed with the incorporation of Halosarcia, Pachycornia, Sclerostegia, and Tegicornia into 

the genus Tecticornia, with none of the species from these former genera were monophyletic (Shepherd 

and Wilson, 2007). The taxa included in this study formed nine well-supported clades in the Bayesian 

analysis, providing greater resolution compared to previous molecular phylogenetic studies focusing on 

Tecticornia (Shepherd et al., 2004; Shepherd et al., 2005b; Shepherd and Wilson, 2007). The 

relationships between these clades, however, remained unresolved. The lack of resolution highlights 

the low genetic diversity among Tecticornia species found in previous analyses, and supports the 

hypothesis of a rapid radiation of the genus (Shepherd et al., 2004; Kadereit et al., 2005; Shepherd et 

al., 2005b). This pattern of strongly supported clades and an unresolved backbone in a phylogenetic 

tree is commonly seen in plant taxa which have experienced a recent and rapid radiation, and the 

relationships within many of these taxa remain unresolved (Wei and Wang, 2004).  

 

Tecticornia australasica resolved sister to all other Tecticornia species with strong support in the 

Bayesian analysis (Figure 2.2). In a previous molecular phylogeny using only ITS data with maximum 

likelihood and parsimony analyses (Shepherd et al., 2005b), T. australasica resolved as sister to T. 

verrucosa with moderate support. Tecticornia australasica and T. verrucosa were historically classified 

together in the original genus Tecticornia due to shared morphological traits (Wilson, 1972). 

Tecticornia australasica is one of the few Tecticornia species to be distributed outside Australia, being 

found on the coasts of south east Asia as well as northern Australia (Wilson, 1972). Tecticornia 

australasica is most closely related to the ancestral Salicornieae species which arrived in Australia from 

Eurasia through the Indonesian archipelago and may represent an early divergent lineage (Kadereit et 

al., 2005; Kadereit et al., 2006). This supports the hypothesis that the ancestral Salicornieae species 

which arrived in Australia were C3, and C4 photosynthesis evolved in Tecticornia within Australia 

(Shepherd, 2004). 

 

This study resolved T. indica and T. bibenda as a single origin of C4 photosynthesis in Tecticornia, 

supporting the results of previous molecular phylogenetic studies using ITS and chloroplast markers 

(Shepherd et al., 2004; Shepherd and Wilson, 2007). In a maximum likelihood tree using nuclear ITS 

data generated by Voznesenskaya et al. (2008), T. indica subsp. julacea was positioned in a clade 

seemingly separate from the other C4 taxa, however, this topology was not supported. In this current 

study, T. indica subsp. julacea was clearly positioned within the C4 clade as sister to the remaining 

subspecies, and all T. indica subspecies formed a well-supported monophyletic clade, placed sister to 
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the C4 T. bibenda (Figure 2.2). Tecticornia indica subsp. indica was not included in this study, but 

previous analyses using ITS have resolved this subspecies in a strongly supported monophyletic clade 

with other T. indica subspecies (Kadereit et al., 2005; Voznesenskaya et al., 2008).  

 

Tecticornia verrucosa and T. peltata were positioned as sister to the C4 clade, albeit with only weak 

support (Figure 2.2). This suggested that these C3 species might be most closely related to the C4 

Tecticornia species. These species have geographical ranges which overlap with T. indica subspecies 

(Atlas of Living Australia; Wilson, 1980). For example, T. peltata habitats overlap with those of T. 

indica subsp. bidens in south west Western Australia, and T. verrucosa is sympatric with T. indica 

subsp. bidens and T. indica subsp. leiostachya, and this may be due to shared ancestry. Tecticornia 

peltata, along with T. pruinosa, also resolved as sister to the C4 Tecticornia species in previous 

parsimony and maximum likelihood analyses using the chloroplastic trnL marker, but this was not seen 

with the nuclear ITS marker (Shepherd et al., 2004). In the final combined parsimony analysis, T. 

peltata was sister to the C4 clade with low support (Shepherd et al., 2004). A preliminary maximum 

likelihood analysis using chloroplast genome sequencing data also found that T. peltata resolved as 

sister to C4 Tecticornia species with strong support (Hall, Small et al., unpublished data). These 

different analyses using different data sets support the position of T. peltata being closely related to the 

C4 Tecticornia species. Tecticornia verrucosa, in contrast, resolved as sister to T. australasica, with 

moderate support, in previous parsimony and maximum likelihood analyses using ITS data (Shepherd 

et al., 2005b). Tecticornia verrucosa also resolved as sister to T. australasica and T. arborea in a 

parsimony analysis of morphological and anatomical characters (Shepherd et al., 2005b). As the C3 

species most closely related to C4 Tecticornia species in the current study, T. peltata and T. verrucosa 

may be valuable in determining the evolutionary steps from C3 to C4 photosynthesis in Tecticornia. 

 

The carbon isotope ratios determined for the Tecticornia samples were consistent with current 

classifications of C3 and C4 for each species (Table 2.1), and were similar to previously reported carbon 

isotope values (Carolin et al., 1982). In general, d13C values for C3 species range from -24‰ to -30‰, 

while C4 species range from -10‰ to -15‰ (Cerling, 1999). Tecticornia indica and T. bibenda were 

the only accessions that had d13C values within the range for C4 plants, while all other samples had 

values characteristic of C3 species. Significant variation was observed in the values determined across 

the C3 species, with some accessions having unusually high values for C3 species. This included T. 

calyptrata (-23.7‰), T. halocnemoides subsp. longispicata (-23.2‰), T. halocnemoides subsp. tenuis 

(-23.5‰), T. laevigata (-23.0‰), T. sp. Burnerbinmah (-23.9‰), T. sp. Lake Way (-22.8‰), and T. 

verrucosa (-21.7‰). It is important to note, however, that d13C can become more positive in plants 

growing in arid conditions, where water stress can limit photosynthesis through increased diffusive 

resistance (Cerling, 1999). It is reasonable to suspect that the unusually low values were due to the arid 
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and saline conditions in which C3 Tecticornia specimens naturally grow, rather than a tendency towards 

C4-like physiology. Tecticornia species grow in habitats with high seasonal and spatial variation in 

salinity and water availability (Wilson, 1972, 1980; Marchesini et al., 2014; Moir-Barnetson et al., 

2016), and it would be reasonable to suspect that this would have an impact on d13C values in samples. 

Nonetheless, T. verrucosa had the highest carbon isotope ratio among the C3 Tecticornia samples, and 

also resolved as sister to the C4 clade (Figure 2.2). Tecticornia verrucosa was also found to have a high 

carbon isotope ratio value (-21.57‰) in a previous study (Carolin et al., 1982). This species was selected 

for further investigation at the anatomical and molecular levels for features of C3-C4 intermediacy (See 

Chapters 3 and 4). 

 

Traits of Tecticornia species in supported clades 

 

In general, the C3 species in the well-resolved clades (Figure 2.2) did not demonstrate consistent 

similarities in distribution, habitat, lifeform, morphology, ploidy, or carbon isotope ratio (Atlas of 

Living Australia; Wilson, 1972, 1980; Carolin et al., 1982; Shepherd and Yan, 2003), but similarities 

within some clades were observed. Data on habitat, ploidy, and carbon isotope ratio was not available 

for every Tecticornia species. Nonetheless, shared traits between species in each clade is discussed 

using currently available information and observations. 

 

Species in Clade 1 had little in common based on distribution, morphology and habitat. This clade 

included two T. halocnemoides subspecies and three undescribed taxa distributed throughout inland and 

coastal Australia (Atlas of Living Australia). The T. halocnemoides subspecies complex was 

polyphyletic, with subspecies resolving in both Clade 1 and Clade 2. This polyphyly was found in 

previous analyses using chloroplastic trnL data (Shepherd et al., 2004), and the taxa were not supported 

as monophyletic in analyses using anatomical and morphological data (Shepherd et al., 2005b). 

 

Clade 2 included multiple Tecticornia species which have been recorded as having high flooding 

tolerance. Tecticornia willisii grows in seasonally inundated areas around salt lakes, and has been 

observed growing across the entire playa of a salt lake (Shepherd, 2018), while T. halocnemoides subsp. 

longispicata grows in “poorly drained” conditions (Wilson, 1980). Tecticornia medusa was observed 

to have high waterlogging and submergence tolerance in glasshouse experiments compared to other 

Tecticornia species (Moir-Barnetson, 2014; Konnerup et al., 2015). Similarities in morphology were 

also seen between some species in this clade. Tecticornia fimbriata and T. halocnemoides subsp. 

longispicata both resolved in Clade 2, and introgression had been speculated from specimens showing 

intermediate morphology between these taxa (Wilson, 1980). Tecticornia fimbriata and T. willisii 

resolved as sister in this analysis with high support, and also in a previous analysis based on 

morphological and anatomical characters (Shepherd et al., 2005b). A close morphological affinity 
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between T. medusa and T. halocnemoides subsp. longispicata has been noted (Shepherd and van 

Leeuwen, 2011), and also an affinity between T. medusa and T. sp. Lake Way. 

 

Clade 3 included all T. pergranulata accessions used in the study, including a sample that was 

uncertainly identified as T. pergranulata (T. aff. pergranulata 3230, Table 2.1). These subspecies were 

not monophyletic, being closely related to T. sp. Conneware, T. cupuliformis and T. doliiformis. 

Tecticornia pergranulata subsp. pergranulata and T. doliiformis also resolved as sister in a previous 

maximum likelihood and parsimony analysis using chloroplastic trnL data (Shepherd et al., 2004). 

Other studies have noted the close relationship between T. doliiformis and T. pergranulata based on 

morphology and distribution, and the two species have “virtually identical” seeds (Wilson, 1980; 

Shepherd et al., 2005a). Similar to the T. halocnemoides subspecies complex, T. pergranulata is not 

monophyletic. Further examination of these subspecies complexes is required, and these taxa may need 

to be reclassified. 

 

Tecticornia species in Clades 4 and 5 have little in common based on morphology, distribution, habitat, 

and position in previous phylogenetic analyses. However, Tecticornia pterygosperma and T. 

lepidosperma in Clade 4 are the only species in the genus that have white rather than brown or black 

seeds (Shepherd et al., 2005a). Most species in Clade 4 are distributed in southern regions of Australia 

(Atlas of Living Australia), although T. pterygosperma subsp. denticulata extends to the north west 

coastline (Atlas of Living Australia). 

 

Clade 6 includes a large number of both coastal and inland Tecticornia species. Many of these species 

are sympatric (Atlas of Living Australia; Shepherd, 2007) and have morphological similarities. Two T. 

pruinosa accessions resolved in this clade, and were not monophyletic (Figure 2.2). Tecticornia 

pruinosa and T. undulata, both in Clade 6, have been noted as having a close relationship based on 

morphology, and T. pruinosa and T. auriculata have morphological similarities in flower structure 

(Wilson, 1980). Tecticornia undulata and T. calyptrata, resolved as sister in a previous parsimony and 

maximum likelihood analysis using chloroplastic trnL data with high support (Shepherd et al., 2004); 

however, this was not found in the current study. Tecticornia laevigata, T. cymbiformis and T. undulata 

formed a strongly supported clade in the current study (Figure 2.2), and similarities between these 

species have been noted in previous studies. Tecticornia laevigata (as Halosarcia sp. Angelfish Island) 

placed sister to T. cymbiformis in analyses using chloroplastic trnL data, with high support (Shepherd 

et al., 2004), and T. cymbiformis placed sister to T. undulata in morphological phylogenetic analyses 

(Shepherd et al., 2005b; Shepherd, 2007). A close morphological affinity between T. undulata and T. 

laevigata has been noted in field guides (Datson, 2002) and taxonomic studies (Wilson, 1980; Shepherd, 

2007).  
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Clade 7 included Tecticornia species which had originally been classified in the genus Sclerostegia, 

including T. disarticulata, T. tenuis, and T. arbuscula, based on morphological similarities (Wilson, 

1980). Tecticornia annelida has similar seed morphology to T. tenuis and T. arbuscula (Shepherd et al., 

2005a; Shepherd et al., 2005b; Shepherd and Lyons, 2009).  

 

While the current study found strong support for nine clades within Tecticornia, as mentioned above 

further resolution of the backbone of the phylogeny is needed. Some sequences in this study (see Table 

2.1) were obtained from a genome sequencing project (Hall, Small et al., unpublished data), which 

included the chloroplast genome. A possible strategy for increasing resolution of the genus may be to 

combine chloroplast genome data with the nrDNA markers, as was done in a study of the Core 

Goodeniaceae (Gardner et al., 2016). Next generation sequencing (NGS) of plastid genomes, and 

genome skimming, were utilised to resolve the relationships between major clades in the family. 

Twenty-four key taxa, representing well-supported clades, were selected for genome skimming, and the 

combined NGS and Sanger sequencing approach generated a well-supported phylogenetic backbone, 

and resolved relationships between closely related species (Gardner et al., 2016). These methodologies 

could be applied to Tecticornia in future studies. 

 

Paralogous ETS sequences 

 

The importance of identifying paralogues as functional sequences or pseudogenes was exemplified in 

the current study. It was clear that some of the ETS sequences were pseudogenes, as the preliminary 

ETS tree had conflicting topology compared to the ITS tree generated using previously published data. 

Features of pseudogenes include differences in length, higher rates of nucleotide substitution, lower GC 

content, the absence of conserved motifs in coding regions, and lower secondary structure stability 

(Xiao et al., 2010). In this study, pseudogenes were identified based on the absence of highly conserved 

sequences in coding regions of nrDNA. The troubleshooting carried out in this study demonstrated that 

the primers used had different likelihoods of amplifying a functional or non-functional paralogue 

(pseudogene), with the ETS-Int1-Salic primer having a greater tendency to amplify pseudogenes, 

compared to the other two primers. The dynamics of amplification, including copy number, secondary 

structure, and primer site conservation, can result in preferential amplification of either functional or 

pseudogene sequences (Buckler et al., 1997). Particular care was taken in this study to identify 

pseudogenes, remove them from datasets, and obtain functional paralogue sequences with alternative 

primer sets to produce accurate phylogenetic trees. 

 

Paralogous sequences have been found in previous phylogenetic studies of angiosperm taxa using ITS 

and ETS markers (Buckler et al., 1997; Bailey et al., 2003). For example, a recent study of the genus 

Zieria (Rutaceae) found a high number of paralogous ETS and ITS sequences within individuals of a 
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given species (Barrett et al., 2018). High polymorphism in ITS sequences was also found in Cycas 

individuals (Xiao et al., 2010), with functional paralogous ITS sequences distinguished from 

pseudogenes, and only functional copies included in phylogenetic trees to resolve the relationships 

within the genus. This large and diverse genus is proposed to have undergone a recent radiation in the 

late Miocene (Xiao and Moller, 2015). Larix (Pinaceae) is another genus with paralogous nrDNA 

sequences, and molecular evidence also proposes recent recolonisation and radiation events in its recent 

evolutionary history (Wei and Wang, 2004). Similarities can be drawn between the evolutionary 

histories of these genera and the evolution of Tecticornia. The presence of paralogous ETS sequences 

in Tecticornia species supports the hypothesised rapid radiation of the genus in the late Miocene to 

Pliocene (Kadereit et al., 2003; Shepherd et al., 2004; Kadereit et al., 2005), and it seems that these 

paralogous nrDNA sequences have had insufficient time to become homogeneous within an individual 

of a species (Muir et al., 2001). Researchers should therefore be aware of the possible presence of 

paralogous sequences when conducting phylogenetic studies of groups that have recent radiations. 

 

While the presence of paralogous nrDNA in Tecticornia was clearly demonstrated, the identification 

and determination of the mechanism causing these paralogues can be difficult to determine. Bailey 

(2003) classified paralogous nrDNA sequences as “shallow paralogues” or “deep paralogues.” 

“Shallow paralogues” are the result of duplication and divergence subsequent to a speciation event, 

while “deep paralogues” are the result of duplication and divergence prior to a speciation event. On a 

phylogenetic tree, recently diverged “shallow paralogues” from a single taxon would be monophyletic, 

and would not interfere with phylogenetic inference. “Deep paralogues” may have a different 

phylogenetic position, even if amplified from the same taxa. In preliminary phylogenetic trees, all of 

the sequences identified as non-functional paralogues, or pseudogenes, clustered in a well-supported 

clade (data not shown). These paralogues had a different position in the phylogeny compared to the 

sequences amplified later from these samples, and included in the final phylogeny. Therefore, the non-

functional paralogues sequenced in this study seem to be “deep paralogues”, predating speciation. 

Alternatively, these paralogues could have resulted from later hybridisation events, as hybridisation is 

common between Tecticornia species (Wilson, 1972, 1980). Although not the main focus of the current 

study, there is potential to understand further how these pseudogenes arose, providing further insight 

into the evolutionary history of Tecticornia. 

 

Conclusions 
 
The combination of the ETS marker with the previously sequenced ITS marker increased resolution of 

phylogenetic relationships within the genus Tecticornia. Nine well-supported clades were identified in 

the Bayesian analysis, and all but two of these clades were also supported in the maximum likelihood 

analysis. The more highly resolved phylogenetic tree strongly supports a single origin of C4 
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photosynthesis in the genus Tecticornia, and suggested that T. peltata and T. verrucosa were the C3 

species most closely related to the C4 species. The phylogeny represents a significant resource for 

further molecular and taxonomic research on species in Tecticornia. The two C3 species were 

investigated, along with T. indica, subsp. bidens in further analyses at the anatomical, ultrastructural 

and molecular levels (Chapters 3 and 4). 

 

This study provided evidence of paralogous ETS sequences in Tecticornia, with non-functional 

paralogues (pseudogenes) being responsible for preliminary phylogenetic trees with conflicting 

topology. However, further analyses of these paralogues could provide additional insight into the 

evolutionary processes in the genus Tecticornia. 
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Chapter 3: Anatomy and ultrastructure of selected Tecticornia species in the context of 
evolution of C4 photosynthesis 
 

Introduction 
 

Tecticornia is a genus of succulent halophytes commonly found in coastal areas and on the shores of 

inland salt lakes (Wilson, 1972, 1980; Shepherd and Wilson, 2007). Tecticornia species have unusual 

anatomy compared to most eudicot species as they lack true leaves and carry out photosynthesis in 

succulent vegetative articles (Figure 3.1). Succulence and a reduced surface-area-to-volume ratio are 

features which help plants survive in both arid and saline conditions (Ogburn and Edwards, 2010). 

 

All Tecticornia species have the same basic vegetative article anatomy. Vegetative articles consist of a 

central stele surrounded by water storage tissue (Wilson, 1980; Carolin et al., 1982), which is 

surrounded by a layer of chlorenchyma cells covered by an epidermal cell layer (Figure 3.1a). 

Chlorenchyma cells may also be referred to as mesophyll cells. Chlorenchyma tissue may be sharply 

delineated from water storage tissue (Figure 3.1d) or the transition may be more diffuse and include 

cells with intermediate anatomy (Figure 3.1b; Wilson, 1980). Stomata are mostly distributed in rows 

parallel to the longitudinal axis of the vegetative article, alternating with rows of epidermal cells without 

stomata (Voznesenskaya et al., 2008). A network of vascular bundles is present within the vegetative 

article, and transverse sections reveal these peripheral vascular bundles may be positioned directly 

below chlorenchyma tissue (Figure 3.1d) or within water storage tissue (Figure 3.1b). The phloem of 

the vascular bundles faces towards the outside of the vegetative article, while the xylem is on the inside 

of the bundles (Wilson, 1980; Voznesenskaya et al., 2008). Some species of Tecticornia have reduced 

opposite leaves as part of vegetative articles (Voznesenskaya et al., 2008). Early anatomical studies of 

closely related species in Chenopodiaceae have suggested that vegetative articles are formed by a 

downward prolongation of sheathing leaf bases (James and Kyhos, 1961), while other studies have 

suggested that the articles are a result of simultaneous growth of leaf bases and cortex (Fahn and Arzee, 

1959; Voznesenskaya et al., 2008). Subsequent studies have accepted either the leaf base theory 

(Kadereit et al., 2006) or the leaf base and cortex theory (Voznesenskaya et al., 2008), but there is no 

definitive answer to the developmental origin of vegetative articles in Tecticornia. Some features of 

vegetative article anatomy differ between Tecticornia species, and differences in anatomy can be seen 

between C3 and C4 species (Wilson, 1980; Carolin et al., 1982).  
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Figure 3.1. Vegetative article anatomy of Tecticornia species a). A generalised transverse section of a 

vegetative article shows the concentric layers of tissue: the epidermis (epi), chlorenchyma cells (chlc) also 

known as mesophyll cells (m), vascular bundles (vb) embedded between water storage cells (ws), and a central 

stele (ste). See (b) for detail. b) A partial transverse section of T. loriae, a C3 species that corresponds to the 

region highlighted by the square in (a). The section is stained with toluidine blue and shows the same tissue 

layers. There is no distinct separation between chlorenchyma (chlc) and water storage (ws) tissue, and vascular 

bundles (vb) are located within water storage (ws) tissue. See (a) for other abbreviations. Scale bar 100 µm. c) 

A T. indica subsp. bidens individual growing in glasshouse conditions, showing succulent vegetative articles. 

d) A partial transverse section of T. indica subsp. bidens, a C4 species, that corresponds to the region 

highlighted by the square in (a) stained with toluidine blue. Only two layers of chlorenchyma cells (chlc), 

which are the mesophyll (m) and Kranz (k) layer, are present. There is a distinct separation between 

chlorenchyma (chlc) and water storage (ws) tissue, and most vascular bundles (vb) are positioned directly 

below the chlorenchyma (chlc) tissue. Colourless mesophyll (cm) cells can be seen between mesophyll cells. 

Scale bar 100 µm. 
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Two species of Tecticornia, T. indica and T. bibenda, have been identified as C4 species based on 

anatomy, carbon isotope ratio, enzyme localisation, and gas exchange data (Wilson, 1980; Carolin et 

al., 1982; Shepherd and van Leeuwen, 2007; Voznesenskaya et al., 2008; Moir-Barnetson et al., 2016). 

In these species, the chlorenchyma is differentiated into two layers: an upper “mesophyll” layer, and a 

lower “Kranz” layer (Figure 3.1d). The majority of peripheral vascular bundles are positioned directly 

below the Kranz cell layer. Unlike other C4 species in Chenopodiaceae, C4 Tecticornia species have a 

reticulum of colourless cells, sometimes referred to as “passage cells” or “windows”, between normal 

mesophyll cells (Wilson, 1980; Voznesenskaya et al., 2008). These colourless mesophyll cells have few 

organelles and some also have colourless Kranz cells beneath them (Voznesenskaya et al., 2008). The 

function of these colourless mesophyll cells has been speculated, and possible roles include structural 

support and light diffusion (Voznesenskaya et al., 2008). Stomata are absent above these colourless 

cells (Voznesenskaya et al., 2008). The anatomy of  C4 Tecticornia species represents a unique variation 

(Carolin et al., 1978; Carolin et al., 1982; Kadereit et al., 2003) originally designated as Kranz-

halosarcoid type (Kadereit et al., 2003) based on the original name of the genus. Due to the 

incorporation of Halosarcia and other genera into Tecticornia (Shepherd and Wilson, 2007), it is now 

referred to as Kranz-tecticornoid type (Voznesenskaya et al., 2008). The unique anatomy and the 

phylogenetic position of C4 Tecticornia species represents an independent origin of C4 photosynthesis 

amongst the angiosperms (Kadereit et al., 2003; Sage et al., 2011).  

 

The evolution of C4 photosynthesis involved a multitude of changes at the anatomical and molecular 

levels in ancestral C3 plants. C4 photosynthesis has evolved independently more than 60 times in 

different plant lineages (Sage et al., 2011), and is one of the best examples of convergent evolution. 

Phylogenetic and physiological studies of clades including closely related C3 and C4 species have 

allowed researchers to construct a model of the steps in the evolution of C4 photosynthesis from C3 

ancestors (Monson et al., 1984; Sage et al., 2012; Sage et al., 2014). Some of these clades also include 

C3-C4 intermediate species, which are valuable in elucidating the individual steps from C3 to C4 

photosynthesis. “C3-C4 intermediate” in the current study refers collectively to a range of intermediates, 

including proto-Kranz, partial C2, C2 and C4-like species (Stata et al., 2019). Clades which have been 

instrumental in the study of C4 evolution include the genera Flaveria  in Asteraceae (Sage et al., 2013), 

Heliotropium in Boraginaceae (Muhaidat et al., 2011), Moricandia in Brassicaceae (Rawsthorne et al., 

1988; Rylott et al., 1998; Schluter et al., 2017), and Cleome and related genera in Cleomaceae (Marshall 

et al., 2007; Voznesenskaya et al., 2007; Koteyeva et al., 2011; Voznesenskaya et al., 2018). The 

subtribe Neurachninae has been identified as a model clade for the evolution of C4 photosynthesis in 

grasses (Hattersley et al., 1984; Hattersley et al., 1986; Christin et al., 2012), and Salsoleae in 

Chenopodiaceae (Voznesenskaya et al., 2013; Schüssler et al., 2016). Studies of these clades have 

contributed to the Monson-Sage model of C4 photosynthesis evolution. 
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The Monson-Sage model of C4 photosynthesis evolution hypothesises that photorespiration plays a 

major role in the evolution of the pathway (reviewed in Sage et al., 2014). This model is heavily based 

on studies in the genus Flaveria, and some researchers have referred to it as the “Flaveria model” 

(Schüssler et al., 2016). The first step in C4 evolution is the presence of “anatomical enabling 

characteristics” in C3 species, including increased size of bundle sheath cells and low interveinal 

distance (Christin et al., 2011; Christin et al., 2013; Lauterbach et al., 2019), which increase the 

“evolvability” of C4 photosynthesis in a lineage. However, more recent studies have determined that 

the volume of bundle sheath cells does not change between C3 and C4 grass species (Ermakova et al., 

2020). For example, the bundle sheath cells in the Neurachninae instead changed in dimension, 

becoming shorter and wider in C4 species; consequently having a higher cross-sectional area compared 

to C3 species (Khoshravesh et al., 2020). Activation of bundle sheath cells is the next step, with 

increased numbers and size of mitochondria and chloroplasts, and this stage may be referred to as 

“primed C3” (Stata et al., 2019). In some species, these organelles are positioned in a centripetal 

position. Plants with these features have been termed “proto-Kranz” (Muhaidat et al., 2011) and the 

changes in organelle position and number facilitate the refixation of CO2 from photorespiration (Sage 

et al., 2013). The next step is a photosynthetic pathway known as C2 photosynthesis. C2 species have 

further increased mitochondria size and numbers in bundle sheath cells, and increased numbers of 

bundle sheath chloroplasts, which are repositioned in a centripetal position (Brown and Hattersley, 

1989; Sage et al., 2013). Glycine decarboxylase (GDC) is the enzyme which carries out decarboxylation 

of glycine as part of the photorespiratory pathway (Muhaidat et al., 2011; Schulze et al., 2016) and in 

C2 species this is confined to mitochondria in bundle sheath cells, creating a photorespiratory CO2 pump 

(Hylton et al., 1988; Sage et al., 2013; Khoshravesh et al., 2016). CO2 from photorespiration is only 

released in bundle sheath cells, and the positioning of the chloroplasts allows the CO2 to be refixed. In 

the current model of C4 evolution, C2 photosynthesis is an important stable intermediate evolutionary 

step between C3 and C4 photosynthesis (Sage et al., 2014). Increases in bundle sheath cell cross-

sectional area and increased vein density also occur in C2 and proto-Kranz species (Brown and 

Hattersley, 1989; Muhaidat et al., 2011; Sage et al., 2013; Khoshravesh et al., 2016). The final steps in 

this model of C4 photosynthesis evolution are the establishment and optimisation of the C4 cycle. 

 

Many C4 lineages have been found to follow this general model, but there are also differences between 

lineages at the anatomical and molecular levels. Tecticornia is in the family Chenopodiaceae which 

includes at least 10 independent C4 lineages and the highest diversity in C4 anatomy of any family with 

17 different C4 leaf types (Kadereit et al., 2003; Kadereit et al., 2012; Sage, 2016). C3-C4 intermediate 

species have so far been identified in three lineages in Chenopodiaceae: the tribe Salsoleae 

(Voznesenskaya et al., 2013; Schüssler et al., 2016), tribe Camphorosmeae (Sage et al., 2011), and the 

genus Chenopodium (Yorimitsu et al., 2019). C4 species in Salsoleae are similar to Tecticornia in having 

a sheath of Kranz cells surrounding vascular bundles and water storage tissue (Voznesenskaya et al., 
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2013), but photosynthesis is usually carried out in succulent leaves rather than vegetative articles. This 

tribe includes C4, C3, C2, and proto-Kranz species (Voznesenskaya et al., 2001; Voznesenskaya et al., 

2013) but the hypothesised evolutionary steps in these lineages seems to deviate from the Monson-Sage 

model of C4 photosynthesis evolution (Schüssler et al., 2016). In Salsoleae, there is an increase in 

succulence, but no increase in vein density or cross-sectional area of individual Kranz cells in the 

progression to C4 anatomy (Voznesenskaya et al., 2013; Schüssler et al., 2016). Sedobassia sedoides is 

also in Chenopodiaceae and may be classified as a proto-Kranz species (Freitag and Kadereit, 2014; 

Rakhmankulova et al., 2016; Rakhmankulova et al., 2018) or a C2 species (Voznesenskaya et al., 2013; 

Sage et al., 2014). Most recently, proto-Kranz and C2 species have been identified in the genus 

Chenopodium (Yorimitsu et al., 2019). In contrast to Salsoleae, these species have classic non-succulent 

leaf anatomy, with bundle sheath cells surrounding vascular bundles. Phylogenetic studies of 

Chenopodiaceae have also determined that salt-tolerance and succulence in a lineage increase the 

evolvability of C4 photosynthesis (Kadereit et al., 2012), in contrast to studies in other families in which 

the evolution of the C4 pathway is thought to subsequently confer tolerance to dry and saline conditions 

(Osborne and Freckleton, 2009; Edwards and Smith, 2010). Reversions from C4 to C3 photosynthesis, 

although rare, may have also occurred in Chenopodiaceae (Kadereit et al., 2012). Studying the evolution 

of C4 photosynthesis in a wide range of independent lineages allows a wider understanding of the 

possible steps from C3 to C4 photosynthesis. 

 

The genus Tecticornia represents a recently evolved and independent origin of C4 photosynthesis in 

Chenopodiaceae and may be a valuable clade in elucidating the steps in evolution of C4 photosynthesis.  

C4 Tecticornia species are halophytes with a unique anatomy, carry out photosynthesis in succulent 

vegetative articles rather than leaves, and survive in extremely harsh and varied environments. Studying 

this clade may provide insights into how these factors interplay with the evolution of C4 photosynthesis. 

Being a recently evolved origin of C4 photosynthesis (Kadereit et al., 2005), it is hypothesised that some 

Tecticornia species characterised as C3 may be in fact C3-C4 intermediates (Voznesenskaya et al., 2008). 

Previous studies have focused on the anatomy of C4 species in the genus (T. indica subspecies) with a 

comparison to a single C3 species (Voznesenskaya et al., 2008) or simply classified anatomy as “Kranz” 

or “non-Kranz” (Carolin et al., 1982). The anatomy of Tecticornia species has not been examined in 

the context of the Monson-Sage model of C4 photosynthesis evolution, and C3 species have not been 

examined for features of C3-C4 intermediacy. 

 

The genus Tecticornia presents a challenge to the Monson-Sage model of C4 evolution, as Tecticornia 

species do not have typical photosynthetic organs with mesophyll and bundle sheath cells as in most 

other eudicots. In the present study, “upper chlorenchyma cells” in C3 Tecticornia species are defined 

as the chlorenchyma cells closest to the epidermis, and “lower chlorenchyma cells” are defined as the 

chlorenchyma cells directly adjacent to vascular bundles. Alternatively, in C3 Tecticornia species where 
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vascular bundles are adjacent to water storage cells rather than chlorenchyma cells, “lower 

chlorenchyma cells” are defined as the lowest cells which contained chloroplasts and mitochondria. 

Developmental studies in T. indica subsp. bidens and T. indica subsp. indica determined that the 

mesophyll and Kranz cells in C4 Tecticornia species differentiate from chlorenchyma cells 

(Voznesenskaya et al., 2008). In the present study, the upper chlorenchyma cells in C4 Tecticornia 

species are referred to as “mesophyll” cells, and the specialised lower cells as “Kranz” cells (Figure 

3.1d), and the cells are referred to as “upper” and “lower” cells, respectively, in quantitative analyses 

to allow comparisons with C3 species. In this study, it was hypothesised that C3-C4 intermediate 

Tecticornia species would have different cell characteristics in upper and lower chlorenchyma cells, 

applying the current model of C4 photosynthesis evolution in mesophyll and bundle sheath cells to these 

two cell types. 

 

Aims of this study 
 

This study aimed to carry out a strategic analysis of vegetative article anatomy in Tecticornia species, 

in the context of evolution of C4 photosynthesis, to identify any potential C3-C4 intermediate Tecticornia 

species, and to hypothesise the step-wise changes at the anatomical and ultrastructural levels which 

occurred in the evolution of C4 photosynthesis in the genus Tecticornia. Qualitative and quantitative 

analyses were carried out. A wide range of C3 Tecticornia species were observed and scored for features 

observed in C4 Tecticornia species or associated with C3-C4 intermediacy in other model species. Those 

identified as potential C3-C4 intermediate species were then further analysed at the electron microscope 

level.  

 
Materials and methods 
 

Plant material 

 

Tecticornia plants were grown in glasshouse conditions and vegetative article tissue was then collected 

and fixed for microscopy. Mature specimens of T. indica subsp. bidens, T. loriae, T. peltata, and T. lylei 

were collected from their natural habitat at Cowcowing Lakes in Western Australia (31°03'01.1"S 

117°19'36.7"E) in May 2015.  Plants were grown in soil collected from the field site in naturally 

illuminated glasshouses at the University of Western Australia, Perth, Western Australia (latitude 

33°59’ south) at mean temperatures of 22 °C/18 °C (day / night) with cooling above 28 °C. Plants were 

watered daily with fresh water, and three times per week with 10 mM NaCl solution. 

 

Seed collected by Dr. Kelly Shepherd (Western Australian Herbarium) in May 2008 of T. medusa 

(KS1086) and T. auriculata (KS1073) from the Fortescue Marsh in the Pilbara bioregion of Western 
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Australia (22° 22′ 25.2″ S 119° 19′ 54.4″ E and 22° 22′ 16.9″ S 119° 19′ 54.7″ E respectively) were 

washed in 0.04% bleach solution and germinated on filter paper moistened with water in Petri dishes at 

ambient temperature on a naturally illuminated windowsill. Once the radicle had emerged, seedlings 

were transferred to pots containing commercial potting mix and grown in glasshouse conditions as 

described above. Seedlings were watered three times per week with a nutrient solution based on 

previous glasshouse experiments using Tecticornia (English and Colmer, 2011; English and Colmer, 

2013) (mM): Na+, 10; K+, 9.5; NH4
+, 0.2; Ca2+, 4.7; Mg2+, 1.0; NO3

–, 1.4; Cl–, 18.2; SO4
2–, 5.5; HPO4

2–

, 0.5; H2BO3–, 0.00625; Mn2+, 0.0005; Zn2+, 0.00005; Cu2+, 0.000125; and Mo2+, 0.000125, and 

Sequestrene-138-Fe chelated iron 0.0458 g/L. The pH was adjusted to 6.5 with concentrated KOH. 

Vegetative article tissue was harvested from these individuals when they were approximately 12 months 

old. 

 

Vegetative article tissue of T. verrucosa harvested from East Lake Bryde, Western Australia, by Peter 

White (Department of Biodiversity, Conservation and Attractions; DBCA), and T. australasica 

harvested from Townsville, Queensland, by Professor Joe Holtum (James Cook University) was 

transported to the University of Western Australia and fixed for microscopy as soon as possible.  

 

Light microscopy 

 

Vegetative article tissue was harvested from the newest growth that had reached mature size on each 

specimen. Three individuals (biological replicates) of each species were sampled. Vegetative article 

tissue was harvested from Tecticornia individuals between 8:00 am and 12:00 pm, cut into 

approximately 1 mm thick pieces using a razor blade and fixed in 0.5 % (v/v) glutaraldehyde and 4 % 

(w/v) paraformaldehyde in 0.05 M sodium cacodylate buffer, pH 6.9, at 4 °C overnight. The tissue was 

rinsed three times in 0.05 M sodium cacodylate buffer, pH 6.9, and dehydrated in ethanol in increments 

of 10 % for 12 hours each, including three times in 100 % ethanol, at 4 °C. Tissue was infiltrated in 10 

% increments of LR White (Electron Microscopy Sciences) for 12 hours each at 4 °C. Samples were 

embedded in LR White in disposable plastic beakers by polymerisation at 63 °C, for 48 hours. 

 

Transverse sections (1 μm thick) were either stained with toluidine blue (pH 9), or left unstained and 

examined with ultraviolet (UV) light with excitation wavelengths at 361-389 nm and emission 

wavelengths at 430-490 nm. Imaging was carried out using a Nikon Ti2 inverted microscope. 

 

For selected Tecticornia species, full transverse hand-cut sections were made of vegetative articles. 

Fresh material or spirit material (stored in 70% ethanol) sections were imaged using a Nikon Ti2 

inverted microscope and analysed using Fiji (Schindelin et al., 2012). Percentage area of chlorenchyma 

tissue and water storage tissue was measured, as well as the diameter of the vegetative article. 
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Fixed, embedded, sectioned and toluidine blue-stained Tecticornia tissue from a previous study 

(Shepherd, 2004) were also analysed. These samples had been fixed and embedded in glycol 

methacrylate (GMA) resin following previously described methods (O’Brien and McCully, 1981). 

Imaging was carried out using a Nikon Ti2 inverted microscope. Voucher and collection details are 

shown in Table A3.1. 

 

In Chapter 2 of this thesis, 54 Tecticornia taxa were included in the described phylogenetic analyses 

using ETS and ITS markers. The study resolved the Tecticornia phylogeny into nine well-supported 

clades. At least one species from each clade was selected and scored for anatomical features associated 

with C4 photosynthesis, based on the two C4 Tecticornia species (Figure A3.1). These features included: 

a distinct chlorenchyma/water storage tissue separation, two chlorenchyma cell layers, presence of 

colourless mesophyll cells, differentiation in chlorenchyma cell layers, vascular bundles positioned 

adjacent to chlorenchyma cells, relatively low interveinal distance, and a relatively high number of 

vascular bundles. The number of vascular bundles in partial sections was calculated by counting the 

vascular bundles in a section and measuring the angle of the section. The angle was used to estimate 

the number of vascular bundles in a full (360°) transverse section of vegetative article. Images were 

analysed using Fiji (Schindelin et al., 2012). 

 

Transmission Electron Microscopy 

 

Four C3 Tecticornia species with C4-associated characteristics were analysed at the transmission 

electron microscope (TEM) level. Tecticornia indica subsp bidens was included as a C4 species, and T. 

loriae was included as a true C3 species for comparison. Transverse sections (100 nm thick) were 

analysed from three biological replicates of each species using a JEOL2100 TEM. For each biological 

replicate, 10 images were taken of two cell types: upper and lower chlorenchyma cells in C3 species, 

and mesophyll (upper) and Kranz (lower) cells in T. indica subsp. bidens. Images were analysed using 

Fiji (Schindelin et al., 2012). Total cross-sectional cell area, mitochondria planar area per cell area, 

chloroplast planar area per cell area, positions of chloroplast (adjacent or not adjacent to an intercellular 

air space), and mitochondria small diameter (as defined by Voznesenskaya et al. 2008) were measured 

for each cell. 

 

Statistical analyses 

 

Data were organised using Microsoft Excel and statistical tests were completed in R (R Core Team, 

2019) with packages “R Commander” (Fox and Bouchet-Valat, 2019), “Companion to Applied 

Regression” (Fox and Weisberg, 2019) and “agricolae” (de Mendiburu, 2019). To test for statistical 
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significance in organelle area per cell, data were normalised to the average area per upper cell for each 

biological replicate. This gave the fold difference in organelle area per cell area of lower cells compared 

to upper cells. These values were averaged to provide a mean for each biological replicate. These 

biological replicates were the unit of replication for statistical analysis. Data were log transformed and 

a one-way analysis of variance (ANOVA) was carried out, followed by a Tukey Honest Significant 

Difference (HSD) post-hoc test. The prerequisites of a one-way ANOVA are normally distributed data 

and homogeneity of variance, which were checked using a Shapiro-Wilk test and Levene’s test, 

respectively. 

 

To test for statistical significance in mitochondria small diameter and position of chloroplasts, data were 

averaged for each biological replicate and a one-way ANOVA was carried out, followed by a Tukey 

HSD post-hoc test. The prerequisites of a one-way ANOVA were checked using a Shapiro-Wilk test 

and Levene’s test. 

 

Results 
 

Part 1: Broad anatomical survey of selected Tecticornia species  

 

At least one species from each well-supported clade of the combined ITS and ETS phylogenetic tree 

was scored for C4-associated anatomical characteristics. The Tecticornia species included in the broad 

survey showed diversity in vegetative article anatomy (Table 3.1). Species previously characterised as 

C3 included in the analysis were compared to T. indica subsp. bidens, with the aim of identifying C3 

species with C4-associated characteristics. Most species had a distinct separation between 

chlorenchyma cells and water storage cells, with only four species having an indistinct separation 

between the two cell types (T. loriae, T. peltata, T. fimbriata, and T. halocnemoides subsp. 

halocnemoides, Table 3.1). Tecticornia peltata was positioned sister to the C4 Tecticornia species in 

phylogenetic analyses, so a distinct boundary between cell types did not seem to correlate with 

phylogenetic proximity to C4 species (Figure A3.1). 

 

The number of chlorenchyma cell layers in the surveyed Tecticornia species ranged from two to eight 

(Table 3.1). Tecticornia australasica was notable in having two chlorenchyma cell layers which were 

different in size and shape. Tecticornia verrucosa also had differently shaped cells between 

chlorenchyma cell layers. These differences are described in more detail in Part 2. None of the surveyed 

C3 species had colourless mesophyll cells as seen in C4 Tecticornia species (Table 3.1). The estimated 

number of vascular bundles in a complete transverse section of a vegetative article was relatively high 

in the C4 species T. indica subsp. bidens (68 vascular bundles per complete transverse section; Table 

3.1) and lower in the C3 species T. loriae (12 vascular bundles per complete transverse section; Table 



 69 

3.1). Similar to the C4 species, transverse sections of T. auriculata, T. australasica, and T. verrucosa 

had a high number of vascular bundles (Table 3.1), while Tecticornia lepidosperma and T. medusa had 

a moderately high number of vascular bundles with approximately 50 vascular bundles per complete 

transverse section (Table 3.1). Tecticornia indica subsp. bidens had one of the lowest average 

interveinal distances (64.7 µm), along with the C3 species T. tenuis (44.1 µm), T. auriculata (55.7 µm) 

and T. verrucosa (58.5 µm; Table 3.1). Tecticornia peltata had the highest average interveinal distance 

(605.9 µm; Table 3.1). Many C3 Tecticornia species had vascular bundles positioned adjacent to the 

boundary between chlorenchyma and water storage cells, as seen in C4 Tecticornia species (Table 3.1). 

 

Based on the results of this broad survey, three C3 species with features that suggested C4-associated 

anatomy were selected to analyse further at the electron microscope level: T. australasica, T. verrucosa 

and T. auriculata had a high number of vascular bundles positioned directly adjacent to chlorenchyma 

tissue, and a distinct boundary between chlorenchyma and water storage tissue. Tecticornia peltata was 

selected due to a phylogenetic position sister to the C4 clade (Figure A3.1) despite a lack of any C4-

associated anatomical characteristics. In addition, T. indica subsp. bidens and T. loriae were included 

as representative C4 and C3 species for comparison.  
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Table 3.1. Anatomical characteristics from a broad survey including C4 Tecticornia species (T. indica subsp. bidens) and 13 C3 species. Species were selected based on 

phylogenetic position, with at least one species from each clade in the combined external transcribed spacer (ETS) and internal transcribed spacer (ITS) phylogenetic analysis 

(see Figure A3.1). T., Tecticornia; LR, London Resin; GMA, glycol methacrylate. Further details of voucher and collection of each specimen are shown in Table A3.1. 

Species Voucher/ 
identification 
number 

Fixation Differentiatio
n of 
chlorenchyma 
and water 
storage tissue 

Number of 
chlorenchym
a layers 

Colourless 
mesophyll 
cells 

Differentiation 
of 
chlorenchyma 
cells 

Position of 
vascular bundles 
relative to water 
storage tissue 

Estimated number 
of vascular bundles 
in complete 
transverse section 

Average 
interveinal 
distance 
(µm) 

T. indica subsp. 
bidens 

KS1569 LR White Distinct 2 Present Present At boundary 
(one embedded) 

68 64.7 

T. loriae KS1571 LR White Indistinct 3 Absent Absent Embedded 12 120.2 
T. lylei KS1570 LR White Distinct 6 Absent Absent Embedded, close 

to boundary 
20 68.1 

T. peltata KS1572-5 LR White Indistinct 2 - 3 Absent Absent Embedded 6 605.9 
T. lepidosperma KS704 GMA Distinct 4 - 5 Absent Absent At boundary 52 107.6 
T. pruinosa KS707 GMA Distinct 3 - 4 Absent Absent At boundary 

(few embedded) 
38 117.0 

T. medusa G6 LR White Distinct 3 Absent Absent At boundary 50 169.8 
T. fimbriata KS702 GMA Indistinct 4 Absent Absent Embedded 12 208.0 
T. halocnemoides 
subsp. 
halocnemoides 

KS698 GMA Indistinct 2 - 3 Absent Absent Embedded 16 74.8 

T. pergranulata 
subsp. 
pergranulata 

KS737 GMA Distinct 3 - 4 Absent Absent Embedded 36 151.98 

T. tenuis KS524 GMA Distinct 3 - 5 Absent Absent At boundary 28 44.1 
T. auriculata C2 LR White Distinct 4 - 5 Absent Absent At boundary (one 

embedded) 
75 55.7 

T. verrucosa V1 LR White Distinct 4 Absent Present At boundary 72 58.46 
T. australasica 
 

A1 LR White Distinct 2 Absent Present At boundary 78 261.0 
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Part 2: The ultrastructure of photosynthetic articles of Tecticornia species with potential C4-associated 

characteristics 

 

Tecticornia indica subsp. bidens (C4) 

 

Tecticornia indica subsp. bidens was included in analyses as a known C4 Tecticornia species and 

showed typical Kranz-tecticornoid type C4 anatomy (Figure 3.2). At the light and electron microscope 

levels, the two specialised chlorenchyma layers: mesophyll and Kranz cells were visible (Figure 3.2). 

Colourless mesophyll cells, a unique feature of Kranz-tecticornoid type anatomy, were seen between 

groups of mesophyll cells, and the cell walls of these colourless cells were more strongly fluorescent 

under UV light compared to other mesophyll cells (Figure 3.2a). Vascular bundles were located directly 

below the Kranz layer and there was a clear distinction between the Kranz cells and water storage tissue. 

 

The mesophyll cells of the upper chlorenchyma layer (Figure 3.2b) were elongate in shape and 

contained chloroplasts positioned around the periphery of the cell. Most chloroplasts were positioned 

adjacent to an intercellular air space. The Kranz cells of the lower chlorenchyma layer (Figure 3.2c) 

were more densely packed with organelles than the mesophyll cells, and the chloroplasts were larger 

compared to those in the mesophyll cells. These chloroplasts also had different morphology with 

numerous grana and large starch granules. Larger numbers of mitochondria were also visible in these 

cells. Organelles in the Kranz cells were generally centrifugally arranged (Figure 3.2c); however, this 

was often difficult to observe in most cells due to the high density of organelles. 

 

 

 

 

 



 72 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Anatomy of a Tecticornia indica subsp. bidens (C4) vegetative article. a) Transverse section of a 

Tecticornia indica subsp. bidens vegetative article at the light microscope level, showing autofluorescence 

under ultraviolet (UV) light. Visible layers of tissue include the epidermis (epi), mesophyll (m) cells, Kranz 

(k) cells, vascular bundles (vb), and water storage (ws) cells. Colourless mesophyll (cm) cells are also visible. 

Squares show the cell types in the transmission electron micrographs. Scale bar 200 µm. b) Transmission 

electron micrograph of mesophyll (m) cells, with chloroplasts (chl) around the periphery of the cell. Scale 

bar 15 µm. c) Transmission electron micrograph of Kranz (k) cells. These are distinctly different from the 

mesophyll cells, with large chloroplasts (chl) and mitochondria (mit) visible. The cells are directly adjacent 

to a vascular bundle (vb). Scale bar 15 µm 
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Tecticornia loriae (C3)  

 

Tecticornia loriae was included in the study as a true C3 species. Although there was considerable 

diversity in C3 Tecticornia anatomy, T. loriae had no C4-associated characteristics. Tecticornia loriae 

had approximately three chlorenchyma layers with an indistinct boundary between chlorenchyma and 

water storage cells (Figure 3.3a) unlike the distinct separation between these cell types seen in T. indica 

subsp. bidens (Figure 3.2a). Vascular bundles were larger and fewer in number compared to T. indica 

subsp. bidens and were positioned within the water storage tissue (Figure 3.3a). At the electron 

microscope level, upper and lower chlorenchyma cells had similar anatomy (cf. Figures 3.3b and 3.3c), 

with chloroplasts arranged around the periphery of the cell, adjacent to intercellular air spaces. 

Mitochondria were small and few in number (not visible at this scale; Figures 3.3b and 3.3c). 

 

 

 

Figure 3.3. Anatomy of a Tecticornia loriae (C3) vegetative article. a) Transverse section of a Tecticornia 

loriae vegetative article at the light microscope level, showing autofluorescence under ultraviolet (UV) light. 

Visible tissues include the epidermis (epi), and the chlorenchyma (chlc) cells and water storage (ws) cells 

which have an indistinct boundary. Vascular bundles (vb) are embedded in the water storage tissue. Squares 

show the cell types in the electron micrographs. Scale bar 100 µm. b) Transmission electron micrograph of 

upper chlorenchyma (chlc) cells with chloroplasts (chl) around the periphery of the cells. Scale bar 15 µm. c) 

Transmission electron micrograph of lower chlorenchyma cells (chlc) with chloroplasts (chl) around the 

periphery of the cells. Scale bar 15 µm. 
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Tecticornia peltata (C3)  

 

The anatomy of Tecticornia peltata vegetative articles was similar to that of T. loriae. At the light 

microscope level in this C3 species (Figure 3.4a), two to three layers of chlorenchyma cells were 

observed, with an indistinct boundary between these cells and the water storage cells. There were few 

vascular bundles, and these were positioned within the water storage tissue as seen in T. loriae (cf. 

Figures 3.3a and 3.4a). Both upper (Figure 3.4b) and lower (Figure 3.4c) chlorenchyma cells had similar 

morphology, with chloroplasts positioned at the periphery of each cell adjacent to intercellular 

airspaces. 

 

 

 

Figure 3.4. Anatomy of a Tecticornia peltata (C3) vegetative article. a) Transverse section of a Tecticornia 

peltata vegetative article at the light microscope level, showing autofluorescence under ultraviolet (UV) light. 

Visible tissues include the epidermis (epi), and the chlorenchyma (chlc) cells and water storage (ws) cells 

between which there is an indistinct boundary. Vascular bundles (vb) are embedded in the water storage (ws) 

tissue. Squares show the cell types in the electron micrographs. Scale bar 100 µm. b) Transmission electron 

micrograph of upper chlorenchyma (chlc) cells, with chloroplasts (chl) around the periphery of the cell. Scale 

bar 5 µm. c) Lower chlorenchyma (chlc) cells, with chloroplasts (chl) around the periphery of the cells. Scale 

bar 5 µm. Note: The chloroplasts of Tecticornia peltata contained large starch grains regardless of the time 

of day that the tissue was harvested and fixed. These starch grains were lost during sectioning, leaving holes 

in the sections. 
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Tecticornia auriculata (C3) 

 

Tecticornia auriculata, a species currently classified as C3, had four to five layers of chlorenchyma cells 

(Figure 3.5a). High numbers of vascular bundles were positioned directly below chlorenchyma tissue, 

and a clear distinction between chlorenchyma and water storage tissue was seen as in the C4 species T. 

indica subsp. bidens (cf. Figure 3.2a). The lower chlorenchyma cells in T. auriculata were directly 

adjacent to vascular bundles (Figure 3.5c). At the electron microscope level, there were differences in 

morphology between upper and lower layers of chlorenchyma cells (cf. Figures 3.5b, 3.5c). Tecticornia 

auriculata upper chlorenchyma cells (Figure 3.5b) shared the anatomy of the upper chlorenchyma cells 

of C3 T. loriae and T. peltata, with small chloroplasts positioned around the periphery of the cell, 

adjacent to intercellular airspaces (Figure 3.3b, 4b). However, the lower chlorenchyma cells of T. 

auriculata (Figure 3.5c) seemed to have higher numbers of chloroplasts and mitochondria compared to 

the upper chlorenchyma cells, and starch granules were observed in the chloroplasts in these cells. In 

most cells, these organelles were positioned around the periphery of the cell, but in some cells the 

organelles were in a centrifugal position in relation to the vascular bundles. This difference between 

upper and lower chlorenchyma cells was similar to that seen in the C4 species, T. indica subsp. bidens 

(Figure 3.2b, 3.2c), and these observations were further investigated for T. auriculata (see “Part 3: 

Quantitative ultrastructural analyses of Tecticornia species with C4-associated characteristics”). 

 

Some lower chlorenchyma cell walls appeared to have a thicker cell wall compared to upper 

chlorenchyma cells (cf. Figure 3.5b, 3.5c). Cell wall thickness was quantified, but the difference 

between upper and lower chlorenchyma cells was not significant (p > 0.05, data not shown). 
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Figure 3.5. Anatomy of a Tecticornia auriculata (C3) vegetative article. a) Transverse section of a Tecticornia 

auriculata article at the light microscope level, showing autofluorescence under ultraviolet (UV) light. Visible 

tissues include the epidermis (epi), chlorenchyma (chlc) layer, vascular bundles (vb) and water storage (ws) 

cells. There is a distinct separation between the chlorenchyma (chlc) and water storage (ws) tissue. Squares 

show the cell types in the electron micrographs. Scale bar 100 µm. b) Transmission electron micrograph of 

upper chlorenchyma (chlc) cells, with chloroplasts (chl) around the periphery. Scale bar 15 µm. c) 

Transmission electron micrograph of a lower chlorenchyma (chlc) cell, directly adjacent to a vascular bundle 

(vb). Chloroplasts (chl) and mitochondria (mit) are visible in the cell. Scale bar 5 µm. 
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Tecticornia verrucosa (C3) 

 

Tecticornia verrucosa, currently classified as a C3 species, had approximately four layers of 

chlorenchyma cells (Figure 3.6a). There was a clear distinction between chlorenchyma cells and water 

storage cells, and high numbers of vascular bundles positioned at the boundary between these two tissue 

types, similar to T. indica subsp. bidens and T. auriculata (Figure 3.2a, Figure 3.5a). Upper 

chlorenchyma cells appeared to be smaller in size and more rounded compared to the lower 

chlorenchyma cells (Figure 3.6a). At the electron microscope level, upper chlorenchyma (Figure 3.6b) 

and lower chlorenchyma (Figure 3.6c) cells had similar anatomy, with chloroplasts (chl) positioned 

around the periphery of cells, adjacent to intercellular air spaces.  

 

 

 

Figure 3.6. Anatomy of a Tecticornia verrucosa (C3) vegetative article. a) Transverse section of a Tecticornia 

verrucosa vegetative article at the light microscope level, showing autofluorescence under ultraviolet (UV) 

light. Visible tissue types include the epidermis (epi), chlorenchyma (chlc) layer, vascular bundles (vb) and 

water storage (ws) cells. Note the distinct separation between the chlorenchyma (chlc) and water storage (ws) 

tissue. Squares show the corresponding cell types in the electron micrographs. Scale bar 200 µm. b) 

Transmission electron micrograph of upper chlorenchyma (chlc) cells, with chloroplasts (chl) around the 

periphery. Scale bar 15 µm. c) Transmission electron micrograph of lower chlorenchyma cells (chlc), with 

chloroplasts (chl) around the periphery of the cells. Scale bar 15 µm. 
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Tecticornia australasica (C3) 

 

Tecticornia australasica, currently classified as a C3 species, had two layers of chlorenchyma cells 

(Figure 3.7a). These cell layers were different, with the lower chlorenchyma cells larger and more 

elongate in shape compared to upper chlorenchyma cells. There was a clear distinction in the anatomy 

between the chlorenchyma (chlc) cells and water storage (ws) cells and high numbers of vascular 

bundles positioned directly below chlorenchyma cells (Figure 3.7a). These characeristics are similar to 

those of the vegetative articles of T. indica subsp. bidens, T. auriculata, and T. verrucosa. At the 

electron microscope level, upper chlorenchyma (Figure 3.7b) and lower chlorenchyma (Figure 3.7c) 

cells had similar anatomy, with chloroplasts (chl) positioned around the periphery of cells, next to 

intercellular air spaces. 

 

 

 

Figure 3.7. Anatomy of a Tecticornia australasica (C3) vegetative article. a) Transverse section of a 

Tecticornia australasica article at the light microscope level, showing autofluorescence under ultraviolet 

(UV) light. Visible layers of tissue include the epidermis (epi), chlorenchyma (chlc) layer, vascular 

bundles (vb), and water storage (ws) cells. Squares show the corresponding cell types in the electron 

micrographs. Scale bar 200 µm. b) Transmission electron micrograph of upper chlorenchyma (chlc) cells, 

with chloroplasts (chl) at the periphery of the cell. Scale bar 15 µm. c) Transmission electron micrograph 

of lower chlorenchyma (chlc) cells, with chloroplasts (chl)  at the periphery of the cell. Scale bar 15 µm. 
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Complete transverse sections of vegetative articles were analysed, and the percentage of water storage 

tissue, chlorenchyma tissue (based on planar area), and diameter of the article was recorded (Table 3.2). 

Tecticornia indica subsp. bidens had the highest percentage of water storage tissue (76.4% of the 

vegetative article) and the lowest percentage of chlorenchyma tissue (18.8% of the vegetative article). 

Tecticornia australasica and T. verrucosa also had high percentages of water storage tissue and low 

percentages of chlorenchyma tissue compared to the other C3 species. These three species also had the 

largest diameters of vegetative articles, which seemed to correlate with a low percentage of 

chlorenchyma. Tecticornia loriae, included as a C3 species, had the smallest vegetative article diameter 

and highest percentage of chlorenchyma tissue. 

 

Species % chlorenchyma % water 
storage tissue 

Diameter (mm) 

T. loriae (C3) 47.9 36.7 1.58 

T. indica subsp. bidens (C4) 18.8 76.4 3.82 

T. auriculata (C3) 35.2 49.7 2.11 
T. peltata (C3) 45.8 34.6 2.44 
T. australasica (C3) 22.3 67.4 2.84 
T. verrucosa (C3) 25.9 62.2 8.56 

 

 

Part 3: Quantitative ultrastructural analyses of Tecticornia species with potential C4-associated 

characteristics  

 

A one-way ANOVA indicated that there was a significant difference between Tecticornia species in 

the ratio of chloroplast planar area per cell area in upper and lower chlorenchyma cells (p < 0.001). In 

most C3 Tecticornia species (T. loriae, T. peltata, T. australasica, and T. verrucosa), chloroplast planar 

area per area cell ratio was close to one (Figure 3.8), indicating an approximately equal pattern of 

distribution of chloroplasts between upper and lower chlorenchyma cells. Post-hoc tests determined 

that unlike the other C3 species, T. auriculata had higher chloroplast planar area per area cell in lower 

chlorenchyma cells compared to upper chlorenchyma cells (p < 0.01), with approximately 3 to 4 times 

higher chloroplast planar area per cell area in lower chlorenchyma cells. Original data showing 

biological replicates are shown in Figure A3.3. 

 

Tecticornia indica subsp. bidens similarly had higher chloroplast planar area per area cell in lower 

(Kranz) cells compared to upper (mesophyll) cells (Figure 3.8), with approximately twice the area in 

lower cells compared to upper cells (Figure 3.8). There was no significant difference between the ratio 

Table 3.2. Percentage of chlorenchyma and water storage tissue, and diameter of vegetative articles 

of selected Tecticornia species. 
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of chloroplast planar area per area cell in T. auriculata and T. indica subsp. bidens (p > 0.05, Figure 

3.8), suggesting that T. auriculata had a pattern of chloroplast distribution which was very similar to a 

C4 species. 

 

 

. 

 

 

 

 

 

 

There was no significant difference between the chloroplast planar area ratio in T. indica subsp. bidens, 

T. peltata, and T. australasica (p >0.05, Figure 3.8). However, there was considerable variation between 

biological replicates of T. peltata and T. australasica (Figure A3.3) with some biological replicates 

showing higher chloroplast planar area per cell area in upper cells, and others showing lower chloroplast 

planar area. In all three biological replicates of T. indica subsp. bidens and T. auriculata, lower 

chlorenchyma (or Kranz) cells had a consistently higher chloroplast planar area per cell area compared 

to upper cells. 

 

A one-way ANOVA indicated that there was also a significant difference between Tecticornia species 

in the ratio of mitochondria planar area per cell area between upper and lower chlorenchyma cells (p < 

0.001). In most C3 Tecticornia species (T. loriae, T. peltata, T. australasica, and T. verrucosa), the 

mitochondria planar area per area cell ratio was approximately one (Figure  3.9) indicating an equal 

pattern of distribution of mitochondria between upper and lower chlorenchyma cells. There was no 

Figure 3.8. Chloroplast planar area per cell area in Tecticornia loriae (C3), T. indica 

subsp. bidens (C4), T. auriculata (C3), T. australasica (C3), and T. verrucosa (C3). Data 

were normalised against the planar area in upper cells, showing the fold difference in 

planar area in lower chlorenchyma cells compared to upper cells. Different letters above 

bars indicate a statistically significant difference from a one-way ANOVA using log 

transformed data, followed by a Tukey HSD post-hoc test. Standard error bars are 

shown. 
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significant difference between the ratio of mitochondria planar area between these C3 species (p > 0.05, 

Figure 3.9). 

 

 
 

 

 

 

 

 

 

Post-hoc tests determined that T. auriculata was the only C3 species with a significantly higher 

mitochondria planar area per cell in lower chlorenchyma cells compared to upper cells (p < 0.01) with 

approximately seven times higher planar area in the lower chlorenchyma cells (Figure 3.9). Tecticornia 

indica subsp. bidens also had a significantly higher ratio of mitochondrial planar area per cell compared 

to most C3 species (p < 0.05, Figure 3.9) with four times higher planar area in lower (Kranz) cells. There 

was no significant difference between the ratio of mitochondria planar area per cell in T. auriculata and 

T. indica subsp. bidens, suggesting that T. auriculata, a C3 species, had a C4-like distribution of 

mitochondria between upper and lower chlorenchyma cells. 

 

 

 

 

Figure 3.9. Mitochondria planar area per cell area in Tecticornia loriae (C3), T. indica 

subsp. bidens (C4), T. auriculata (C3), T. peltata (C3), T. australasica (C3), and T. 

verrucosa (C3). Data were normalised against the planar area in upper cells, showing 

the fold difference in planar area in lower chlorenchyma cells compared to upper cells. 

Different letters above bars indicate a statistically significant difference from a one-way 

ANOVA using log transformed data, followed by a Tukey HSD post-hoc test. Standard 

error bars are shown. 
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Total cell planar area was measured in each species at the electron microscope level (Figure 3.10). Both 

upper (mesophyll) and lower (Kranz) cells in T. indica subsp. bidens had a similar planar area, and were 

smaller compared to most cell types in C3 species. Chlorenchyma cells in C3 Tecticornia species 

generally followed the trend of upper chlorenchyma cells having a smaller planar area compared to 

lower chlorenchyma cells within each species (Figure 3.10). Tecticornia auriculata was an exception 

among the C3 species, with lower chlorenchyma cells having a smaller planar area. These lower 

chlorenchyma cells had a similar planar area to both cell types of T. indica subsp. bidens. 

 

 

 

 

 

 

 

In addition to measuring their planar areas, chloroplasts in transmission electron micrographs were 

scored as either adjacent or non-adjacent (internal) to an intercellular airspace. C3 and C4 Tecticornia 

species varied from 0 to 89.6% in the percentage of chloroplast planar area adjacent to an airspace in 

lower chlorenchyma cells (Figure 3.11). Percentage of chloroplast planar area adjacent to an airspace 

in upper chlorenchyma cells varied less, ranging between 88.8 and 99.2%. In all Tecticornia species, 

the majority of chloroplast planar area in upper chlorenchyma cells was adjacent to an intercellular 

airspace (Figure 3.11). 

 

Figure 3.10. Cell planar area of upper and lower chlorenchyma cells in T. loriae (C3), T. indica 

subsp. bidens (C4), T. auriculata (C3), T. peltata (C3), T. australasica (C3), and T. verrucosa 

(C3). Standard error bars are shown. 
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In T. indica subsp. bidens (C4), all chloroplast planar area in lower (Kranz) cells was internal (Figure 

3.11). In T. auriculata, the majority (96.7%) of chloroplast planar area was internal. In the other C3 

species, the majority of chloroplast planar area in lower chlorenchyma cells was instead adjacent to an 

airspace, up to 80 to 90% in T. verrucosa, T. loriae, and T. australasica, and 61.5% in T. peltata. (Figure 

3.11). 

 

A one-way ANOVA indicated that there was a significant difference between Tecticornia species in 

the percentage of chloroplast planar area adjacent to an airspace in lower chlorenchyma cells in (p < 

0.0001, Figure 3.11). Post-hoc tests determined that T. indica subsp. bidens and T. auriculata had a 

significantly lower percentage of chloroplast planar area adjacent to an intercellular airspace in the 

lower chlorenchyma compared to T. loriae, T. peltata, T. australasica and T. verrucosa (p < 0.05). 

There was no significant difference between the percentage chloroplast planar area in T. auriculata and 

T. indica subsp. bidens, suggesting that T. auriculata (a C3 species) had a C4-like chloroplast distribution 

in lower chlorenchyma cells. 

 

Figure 3.11. Chloroplast position in upper and lower chlorenchyma cells in Tecticornia loriae (C3), T. indica 

subsp. bidens (C4), T. auriculata (C3), T. peltata (C3), T. australasica (C3), and T. verrucosa (C3). Chloroplasts, 

based on planar area, were recorded as either internal or adjacent to an intercellular airspace. Different letters 

above bars indicate a statistically significant difference from a one-way ANOVA, followed by a Tukey HSD 

post-hoc test. 
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Mitochondria small diameter was measured in upper and lower chlorenchyma cells in all Tecticornia 

species. Mitochondria small diameter was higher in lower cells of T. auriculata and T. indica subsp. 

bidens compared to that in upper cells, but this difference was not significant (Figure 3.12). A one-way 

ANOVA determined that there was no significant difference in mitochondrial small diameter between 

species, or between cell types in any individual C3 or C4 Tecticornia species (p > 0.05, Figure 3.12).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Discussion 

 

Tecticornia auriculata as a possible C3-C4 intermediate species 

 

When compared to the photosynthetic vegetative articles of the C4 T. indica subsp. bidens, the articles 

of T. auriculata, which is currently classified as a C3 species, had multiple C4-associated characteristics. 

These included a relatively high number of vascular bundles, a low interveinal distance, a distinct 

boundary between chlorenchyma and water storage cells, and vascular bundles positioned directly 

adjacent to chlorenchyma cells (Table 3.1, Figure 3.5). While the percentage of water storage tissue 

was lower in T. auriculata than in T. indica subsp. bidens, T. verrucosa, and T. australasica, it was 

higher than that in T. loriae and T. peltata (Table 3.2). At the ultrastructural level, there were features 

which set T. auriculata apart from all other C3 species included in the analysis. Tecticornia auriculata 

had a distribution of chloroplasts and mitochondria between upper and lower cells which was similar 
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Figure 3.12. Mitochondria small diameter in upper and lower chlorenchyma cells in T. 

loriae (C3), T. indica subsp. bidens (C4), T. auriculata (C3), T. peltata (C3), T. 

australasica (C3), and T. verrucosa (C3). Standard error bars are shown. 
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to a C4 species, with a greater planar area of chloroplasts and mitochondria per cell planar area in lower 

chlorenchyma cells compared to upper chlorenchyma cells (Figures 3.8, 3.9). Chloroplast planar area 

was approximately 3 to 4 times greater in lower cells compared to upper cells (Figure 3.8), and 

mitochondria planar area was approximately 7 times higher in lower cells compared to upper cells 

(Figure 3.9). Although there was no consistent centrifugal or centripetal positioning of organelles, the 

majority of chloroplasts were positioned internally (not adjacent to intercellular air spaces; Figure 3.11). 

This positioning of chloroplasts away from intercellular air spaces was also seen in the C4 species.  

 

In reference to the Monson-Sage model of C4 evolution, T. auriculata may be classified as a proto-

Kranz species (Sage et al., 2014). The term “proto-Kranz” was first used to describe two Heliotropium 

species (Muhaidat et al., 2011) and was proposed to represent an early step in the evolution of C4 

photosynthesis from the ancestral C3 condition. The definition of proto-Kranz includes “activated 

bundle sheath cells”:  enlarged bundle sheath cells with increased numbers of chloroplasts and larger 

mitochondria compared to closely related C3 species (Sage et al., 2014). The majority of mitochondria 

are localised to the inner wall of the bundle sheath cell in proto-Kranz species (Muhaidat et al., 2011) 

and chloroplasts are often positioned close to the mitochondria, which is thought to enhance the 

recapture of CO2 released from photorespiration. This mechanism is believed to provide an advantage 

to proto-Kranz plants by exploiting photorespiratory CO2 that would otherwise be lost, and over 

evolutionary time facilitated the establishment of the more complex carbon concentrating mechanisms 

seen in species using C2 and C4 photosynthesis (Monson et al., 1984; Bauwe, 2011; Sage et al., 2012). 

Tecticornia auriculata appears to have the equivalent “activated bundle sheath cells” (Sage et al., 2014) 

in having “activated” lower chlorenchyma cells. The majority of chloroplasts in the lower 

chlorenchyma cells of this species were positioned internally or away from intercellular air spaces 

(Figure 3.10). This suggests that the chloroplasts in these cells may be fixing photorespiratory CO2 

released from neighbouring mitochondria, as proposed for previously identified proto-Kranz species in 

other lineages (Monson et al., 1984; Bauwe, 2011; Muhaidat et al., 2011; Sage et al., 2012) Many of 

the chloroplasts had large starch granules (Figure 3.5c), evidence that carbon fixation was taking place 

in these lower chlorenchyma cells as well as the upper cells.  

 

However, the anatomy of the vegetative articles of T. auriculata lacked some important features of 

previously described proto-Kranz species. The anatomy of these photosynthetic organs lacked lower 

chlorenchyma cells with a large cross-sectional area, which would be the equivalent of large bundle 

sheath cells (Muhaidat et al., 2011; Sage et al., 2012). In direct contrast, lower chlorenchyma cells of 

T. auriculata were smaller in planar area compared to upper chlorenchyma cells (Figure 3.10) and were 

smaller in planar area compared to lower chlorenchyma cells in all other C3 Tecticornia species. 

Interestingly, smaller cell planar area was also observed in both mesophyll and Kranz cells in T. indica 

subsp. bidens compared to C3 Tecticornia species (Figure 3.10). This also seemed to directly contrast 
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the widely-accepted current model of C4 evolution in which enlargement of bundle sheath cells is an 

important step (Sage et al., 2014). However, recent studies of other lineages have shown that enlarged 

bundle sheath cells are not necessarily found in C4 and intermediate species. In the Neurachninae, cross-

sectional area of bundle sheath cells was found to increase between C3 and C4 species, but cell volume 

did not (Khoshravesh et al., 2020). Instead, bundle sheath cells changed in both width and length. In 

Salsoleae, there was no increase in the size of Kranz or Kranz-like cells between C3 and C4 species 

(Schüssler et al., 2016). Salsoleae and Tecticornia are both succulent lineages in Chenopodiaceae, so it 

may be that the anatomical steps taken during the evolution of C4 photosynthesis in these taxa differ 

from those of species with non-succulent photosynthetic organs. In T. auriculata, smaller chlorenchyma 

cells may allow for higher density of organelles per area of tissue, facilitating an increased investment 

of organelles and more efficient recapture of photorespiratory CO2. Alternatively, there may be changes 

in length as well as cross-sectional area. Longitudinal measurements of cells were not carried out, so it 

is not known how Tecticornia chlorenchyma cells vary in volume or length between different C3 and 

C4 species. Tecticornia auriculata had four to five layers of chlorenchyma cells (Table 3.1, Figure 3.5). 

Multiple chlorenchyma layers may also increase the chances of photorespiratory CO2 recapture before 

it is lost to the atmosphere. Surprisingly, mitochondria were not significantly larger in T. auriculata 

compared to other C3 species, nor in T. indica subsp. bidens compared to C3 species (Figure 3.12). This 

conflicts with the current model of C4 photosynthesis (Sage et al., 2014) in which increased size of 

mitochondria in the bundle sheath cells is a feature of proto-Kranz and C4 species. In an earlier study 

comparing T. pergranulata subsp. pergranulata with two subspecies of T. indica, mitochondria in the 

Kranz cells of C4 species were larger compared to mitochondria in other cell types (Voznesenskaya et 

al., 2008). This conflicts with the current study, in which the increased mitochondrial planar area 

appears to be due to increases in number of mitochondria rather than an increase in the size of the 

mitochondria (Figure 3.12). 

 

Tecticornia auriculata also lacked the centripetal positioning of mitochondria seen in many other proto-

Kranz species (Muhaidat et al., 2011; Sage et al., 2014; Schüssler et al., 2016), and is thought to increase 

efficiency of photorespiratory CO2 capture. A lack of centripetally positioned organelles has also been 

observed in C3-C4 intermediate species in the Neurachninae (Khoshravesh et al., 2020). In these species, 

the mestome sheath cells, which is where photosynthetic carbon reduction occurs in C4 Neurachninae, 

have a greater investment of organelles, and a suberised cell wall, which is hypothesised to prevent loss 

of photorespiratory CO2 and negate the need for centripetal positioning of organelles. Tecticornia indica 

subsp. bidens and T. indica subsp indica do not have suberised cell walls, but the walls of the Kranz 

cells in these species were found to be thicker compared to mesophyll cells and chlorenchyma cells in 

C3 species (Voznesenskaya et al., 2008). This has been hypothesised to explain the unusual centrifugal 

arrangement of organelles in C4 Tecticornia species; the thick cell walls prevent CO2 leakage and 

organelles do not need to be centripetally arranged as seen in most other C4 dicot species 
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(Voznesenskaya et al., 2008). However, the thickness of the cell walls in T. auriculata was not found 

to significantly differ between upper and lower chlorenchyma cells (data not shown). As previously 

discussed, another important observation was that the majority of chloroplasts in lower cells of both T. 

auriculata and T. indica were not adjacent to intercellular airspaces (Figure 3.11). Anatomical studies 

of C4 Suaeda (Chenopodiaceae) species found that a C4 leaf type with a lack of intercellular airspaces 

between mesophyll and Kranz cells had centrifugally arranged organelles in the Kranz cells 

(Voznesenskaya et al., 2007). This was in contrast to another C4 type in the same genus with 

intercellular airspaces near Kranz cells and centripetally arranged organelles. The lack of intercellular 

airspaces was hypothesised to prevent CO2 leakage (Voznesenskaya et al., 2007). This anatomical 

feature, also observed in T. auriculata and T. indica subsp. bidens (Figure 3.11), may also explain the 

lack of centripetally positioned organelles in these species.  

 

In a phylogenetic context, T. auriculata as an intermediate species would represent an independent 

origin towards C4 evolution in Tecticornia (See Chapter 2). Tecticornia auriculata is not positioned 

sister to the C4 species, and is instead sister to T. calyptrata in a larger clade of C3 Tecticornia species 

(See Figure A3.1, Clade 6). Tecticornia auriculata as a proto-Kranz species may have evolved from a 

C3 ancestor because the changes in anatomy created a physiological advantage (Sage et al., 2012; Sage 

et al., 2014).  

 

Potential anatomical enabling characteristics in C3 Tecticornia species 

 

This study began with the hypothesis that anatomical enabling characteristics in particular Tecticornia 

species were the first step in the evolution of C4 photosynthesis in the genus. In the Monson-Sage model 

of C4 evolution (reviewed in Sage et. al. 2014), anatomical enablers or pre-conditioning stages are the 

first step in C4 evolution (Sage, 2001; Williams et al., 2013) and they are also considered to be the most 

limiting step (Sage et al., 2011; Edwards, 2019), as seen by the high incidence of C4 species in some 

clades but the absence in others. Anatomical enablers include large bundle sheath cells and high vein 

density (Muhaidat et al., 2011; Christin et al., 2013; Sage et al., 2014; Lauterbach et al., 2019) and are 

observed in C3 clades which are sister to C4 clades (Sage et al., 2014). 

 

The results of the broad anatomical survey reported in the current study suggested that C4-associated 

anatomical features were present in multiple clades in the genus Tecticornia rather than confined to a 

single clade (Table 3.1, Figure A3.1). A high number of vascular bundles positioned directly below 

chlorenchyma tissue was observed in T. verrucosa, T. auriculata, and T. australasica, all of which 

resolved in separate clades in the current phylogeny (See Chapter 2, and Figure A3.1). While T. peltata 

and T. verrucosa were closely related in the phylogeny, forming a clade sister to the C4 Tecticornia 

species, and T. verrucosa had many C4-associated anatomical features, T. peltata had similar features 
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to T. loriae, another C3 species, with a high ratio of chlorenchyma to water storage tissue (Table 3.2), 

vascular bundles embedded in water storage tissue, and an indistinct separation between chlorenchyma 

and water storage tissue (Table 3.1, Figure 3.4). This suggests that there is no clear set of anatomical 

enabling characteristics in C3 Tecticornia species that are sister to the C4 species. Frequent evolutionary 

shifts in anatomical traits have been observed in other succulent plant lineages, including Sesuvioideae 

(Azioaceae; Bohley et al., 2015), Tetraena and Roepera (Zygophyllaceae; Lauterbach et al., 2016). . 

Phylogenetic and anatomical studies of these lineages found high variability in leaf anatomy and 

characteristics which appeared to have evolved multiple times independently. This seemed to be similar 

to what was observed in Tecticornia.  

 

As T. auriculata may represent an independent origin of C3-C4 intermediacy, and T. verrucosa resolved 

as sister to the known C4 Tecticornia species (Figure A3.1), the features in these species may be 

hypothesised to represent the first anatomical steps towards C4 photosynthesis in Tecticornia. The 

chlorenchyma and water storage tissue are easily distinguished in these two species and both had a 

relatively high number of veins positioned directly below the chlorenchyma layer, and low interveinal 

distance (Table 3.1). These two species also had relatively high percentages of water storage tissue and 

low percentages of chlorenchyma tissue (Table 3.2). These features were also observed in the C4 species 

T. indica subsp. bidens (Tables 3.1, 3.2). 

 

Does Tecticornia follow the Monson-Sage model of the steps in C4 evolution? In this model, increased 

vein density and increased bundle sheath size are important anatomical characteristics (Sage et al., 

2014). There appears to be an increase in vein density is seen in C4 Tecticornia relative to C3 species, 

but there is no increase in size of lower chlorenchyma cells (the equivalent of bundle sheath cells) as 

discussed above. Instead, lower chlorenchyma cells have a smaller cross-sectional area in T. auriculata 

(proto-Kranz) and T. indica subsp. bidens (C4; Figure 3.10). High vein density and large bundle sheath 

cells are thought to assist plants in surviving in hot, dry conditions: a high density of veins delivers 

water faster to photosynthetic tissues (Sage, 2001; Sage, 2004), and enlarged bundle sheath cells 

improve hydraulic capacitance (Griffiths et al., 2013), preventing early stomatal closure. In lineages of 

succulent C3 and C4 plants, these anatomical features may not have such an important role. Succulent 

plants like Tecticornia have large volumes of water storage tissue (Figure 3.1), which provide buffering 

against water loss in photosynthetic tissues in drought conditions (Marchesini et al., 2014). C3 

Tecticornia species do not have bundle sheath cells; instead vascular bundles are directly adjacent to 

water storage tissue or chlorenchyma tissue. Therefore, it may be relatively simple for water to transfer 

from water storage tissue directly to photosynthetic tissue. In Salsoleae, another succulent C4 lineage 

in Chenopodiaceae with concentric Kranz cells surrounding water storage tissue, there is no increase in 

bundle sheath size or vein density in C4 speices relative to C3 species (Voznesenskaya et al., 2013; 
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Schüssler et al., 2016). The succulent nature and anatomical arrangement in Tecticornia species may 

mean that enlarged bundle sheath cells are not as important as adaptations to drought. 

 

In Tecticornia, the boundary between chlorenchyma and water storage tissue, and positioning of the 

vascular bundles may be an important anatomical feature. A distinct separation between water storage 

tissue and chlorenchyma tissue was seen in T. indica subsp. bidens, T. auriculata, T. verrucosa and 

many other C3 species (Table 3.1). Species with a clear separation between these tissue types also had 

a lower percentage of chlorenchyma tissue compared to other C3 species (Table 3.2). In other succulent 

species, a clear division of cells between photosynthetic and water storage tissue is an adaptation to 

drought stress (Males, 2017). In drought conditions, water is lost from water storage tissue rather than 

photosynthetic tissue, allowing photosynthetic tissue to stay functional for longer. Limiting 

photosynthetic tissue to a thin, specialised layer allows increased water storage capacity without 

decreasing photosynthetic capacity (Ripley et al., 2013). Positioning of vascular bundles adjacent to 

chlorenchyma may also assist in delivering water to photosynthetic tissue during drought stress. 

 

The Monson-Sage model hypothesises that anatomical features early in C4 evolution are adaptations 

connected to water stress (Sage, 2001; Sage, 2004). However, the variation in vein density and 

positioning of vascular bundles may be connected to other aspects of physiology in Tecticornia. As 

well as transporting water to photosynthetic tissues, vascular bundles also transport sugars produced by 

these cells. The positioning of vascular bundles adjacent to chlorenchyma tissue in Tecticornia, 

observed in C4 and some C3 species, may be connected to this role, allowing more rapid transport of 

newly generated sugars form highly productive chlorenchyma or Kranz cells (Ogburn and Edwards, 

2013). The unusual feature of phloem positioned towards the outside of vegetative articles in 

Tecticornia species may also facilitate this transport (Wilson, 1980; Voznesenskaya et al., 2008). The 

Monson-Sage model is based on studies of plant species with two-dimensional leaves (Sage, 2014; 

Stata, 2019). Tecticornia species, in contrast, have a three-dimensional vascular system in vegetative 

articles (Wilson, 1980; Voznesenskaya et al., 2008).  Studies of vein density demonstrated that the 

evolution of three-dimensional venation in succulent leaves seemed to disrupt the constraints of 

hydraulic paths and systems (Ogburn and Edwards, 2013). This suggests that the relationship between 

vein density and water transport is very different in succulent photosynthetic organs when compared to 

two-dimensional leaves. The three-dimensional vascular system of Tecticornia may be a major reason 

why the anatomical features of this taxa do not closely follow the Monson-Sage model of C4 evolution. 

 

Each proposed step in the evolution of C4 photosynthesis must provide an advantage for the species 

(Sage et al., 2012), so physiological measurements must be carried out to determine if the features seen 

at the anatomical level contribute to gas exchange and drought tolerance. Interestingly, a study of 

drought tolerance in C4 (T. indica subsp. bidens) and C3 (T. auriculata and T. medusa) Tecticornia 
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species found that these species responded in a remarkably similar way to drought stress (Marchesini 

et al., 2014). Further physiological studies on the species identified in this study, particularly T. 

auriculata, are described in Chapter 4. 

 

The current study used transverse sections of Tecticornia species for qualitative and quantitative 

anatomical features. Further analysis using longitudinal sections could provide information about cell 

volume, organelle position and abundance. This could be achieved by a sample of longitudinal sections, 

or by analysing serial sections to build up a three-dimensional structure of vegetative articles in each 

species. Carolin et. al. (1982) noted that chlorenchyma cells in T. triandra were elongated and sloped, 

leading to variation in the number of chlorenchyma layers seen in different sections. A three-

dimensional view of vegetative articles would assist in determining how anatomical features influence 

physiology, and how the steps in C4 evolution in Tecticornia differ from “normal” leaves. 

 

Conclusions 

 

The anatomy of C4 Tecticornia species is distinctive among C4 species, with concentric Kranz and 

mesophyll layers developed from chlorenchyma cells, phloem positioned towards chlorenchyma, and 

the presence of colourless mesophyll cells (Voznesenskaya et al., 2008). These species represent an 

independent origin of C4 photosynthesis in the family Chenopodiaceae (Kadereit et al., 2003; Kadereit 

et al., 2012). 

 

Tecticornia auriculata stands out as a species representing possible steps towards C4 photosynthesis. 

This species, currently classified as C3, shares a number of anatomical characteristics with C4 

Tecticornia species. High numbers of vascular bundles, low interveinal distances, a clear anatomical 

distinction between chlorenchyma and water storage tissue, and positioning of vascular bundles directly 

below chlorenchyma may represent the first steps towards C4 photosynthesis. These anatomical features 

were also seen in other C3 Tecticornia species, including T. verrucosa and T. australasica. In addition, 

T. auriculata had a higher planar area of mitochondria and chloroplasts per cell planar area in lower 

chlorenchyma cells, a feature which was also seen in the lower Kranz cells of the C4 species, T. indica 

subsp. bidens. A high density of organelles is hypothesised to increase recapture of photorespiratory 

CO2 from mitochondria, as proposed for other proto-Kranz species (Muhaidat et al., 2011; Sage et al., 

2013). Tecticornia auriculata has some features of a C3-C4 intermediate, and here is tentatively 

classified as the equivalent of a proto-Kranz species (Muhaidat et al., 2011). However, rather than 

exhibiting the characteristics of activated bundle sheath cells decribed for other proto-Kranz species, 

the lower chlorenchyma cells directly adjacent to vascular bundle sheaths have been “activated” with 

higher planar area per cell of mitochondria and chloroplasts. 
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Tecticornia auriculata is not closely related to the C4 clade but may represent an independent origin of 

C3-C4 intermediacy and a step towards C4 photosynthesis. Tecticornia auriculata would be a valuable 

lineage to include in studies of the evolution of the myriad of C4 photosynthesis in the family 

Chenopodiaceae. Further studies in physiology to measure photorespiration and CO2 compensation 

point, and in photosynthetic protein expression and localisation must be carried out to confirm T. 

auriculata as a C3-C4 intermediate species, and this is explored in subsequent chapters. 
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Chapter 4: Photosynthetic protein expression and gas exchange in C3, C4 and potential 

C3-C4 intermediate Tecticornia species 
 

Introduction 

 

The evolution of C4 photosynthesis from ancestral C3 photosynthesis involved a multitude of changes 

at both an anatomical and biochemical level. Of particular importance were changes in expression and 

localisation of enzymes in the photosynthetic and photorespiratory pathways. All of the enzymes 

making up the C4 photosynthetic pathway are also found in C3 species (Aubry et al., 2011) and changes 

in expression levels and compartmentation lead to these proteins being re-purposed in new pathways 

(Edwards et al., 2001; Ludwig, 2013).  

 

Phosphoenolpyruvate carboxylase (PEPC) and ribulose-1,5-bisphosphate carboxylase/oxygenase 

(RuBisCO) are two important enzymes in photosynthetic carbon fixation pathways. In C3 plants, 

RuBisCO is localised to mesophyll cell chloroplasts where it functions as the primary carboxylase, 

catalysing the addition of atmospheric CO2 to ribulose-1,5-bisphosphate to form two molecules of 3-

phosphoglycerate (3-PGA), a three-carbon compound that gives the C3 photosynthetic pathway its 

name. 3-PGA is subsequently reduced via the reactions of the photosynthetic carbon reduction (PCR) 

cycle. Instead of incorporating CO2, RuBisCO may also fix atmospheric O2 to produce one molecule of 

3-PGA and one molecule of 2-phosphoglycolate. The 2-phosphoglycolate then enters the 

photorespiratory pathway, ultimately leading to a loss of previously fixed CO2. The oxygenase reaction 

of RuBisCO is minimised in C4 plants by compartmentation of the enzyme in the chloroplasts of bundle 

sheath cells only, while the mesophyll cells instead express the cytosolic enzyme PEPC (Edwards et 

al., 2001). PEPC is also found in the mesophyll cell cytosol in C3 plants but is expressed at much lower 

levels than in C4 plants (Sheen, 1999). In C3 plants, PEPC plays a role in anaplerotic pathways, malate 

homeostasis, nitrogen metabolism and regulating stomatal conductance (Bläsing et al., 2002; Aubry et 

al., 2011). However, in C4 plants PEPC functions as the primary carboxylase and uses bicarbonate and 

phosphoenolpyruvate to form oxaloacetate, a C4 acid, which gives the pathway its name. Oxaloacetate 

is then converted to other C4 acids that diffuse into the bundle sheath cells where they are 

decarboxylated to release CO2. CO2 concentration is increased at the active site of RuBisCO, therefore 

promoting the carboxylation reaction over the oxygenation reaction. This carbon concentrating 

mechanism minimises the production of 2-phosphoglycolate and therefore photorespiration. 

 

Photorespiration plays a central role in the current model of C4 photosynthesis evolution, referred to as 

the Monson-Sage model (Monson and Rawsthorne, 2000; Bauwe, 2011; Sage et al., 2012; Sage et al., 

2014). Adaptations to reduce levels of photorespiration in hot, dry or saline environments are 



 93 

hypothesised to be instrumental as steps towards C4 photosynthesis (Sage et al., 2014). The 

photorespiratory pathway involves chloroplasts, peroxisomes and mitochondria, and begins with 2-

phosphoglycolate produced by the oxygenase activity of RuBisCO. The 2-phosphoglycolate is 

converted to glycolate and then glycine via reactions in the peroxisome (Ogren, 1984). Glycine is then 

processed by glycine decarboxylase (GDC), a mitochondrial enzyme complex that works with serine 

hydroxymethyltransferase to convert two molecules of glycine to serine, CO2 and NH3 (Douce et al., 

2001). This CO2 may be released into the atmosphere or refixed by RuBisCO. The GDC complex 

consists of four subunits: L, T, P, and H, and the P-subunit carries out the first step of the reaction, 

releasing CO2 (Douce et al., 2001). The molecular mass of the GDC-P protein ranges between 80 and 

128 kDa in plants (Walker and Oliver, 1986a; Hylton et al., 1988), and it forms a homodimer (Walker 

and Oliver, 1986a, Walker and Oliver, 1986b) as part of the GDC complex. Changes to the intercellular 

localisation of the P-subunit of GDC are important steps in the evolution of C4 photosynthesis.  

 

The Monson-Sage model of the evolution of C4 photosynthesis begins with anatomical enabling 

characteristics in C3 ancestral species (Christin et al., 2013; Sage et al., 2014), followed by the proto-

Kranz condition, C2 photosynthesis and C4-like photosynthesis. Proto-Kranz species have “activated” 

bundle sheath cells: larger cells with a greater investment of mitochondria and chloroplasts that may be 

positioned in a centripetal position (Muhaidat et al., 2011; Sage et al., 2014). The increase in investment 

of mitochondria and their internal positioning within these cells increases the recapture of photorespired 

CO2, and therefore, reduces the carbon lost via photorespiration (Muhaidat et al., 2011). Changes in 

protein expression and localisation are a subsequent step, with GDC-P investment increasing in bundle 

sheath cells and declining in mesophyll cells. This stage may be described as “partial C2” (Stata et al., 

2019).  In C2 species, GDC-P is localised exclusively to bundle sheath cells (Monson and Rawsthorne, 

2000). Photorespiratory CO2 is therefore only released in bundle sheath cells, increasing the refixation 

of released CO2 and creating a “photorespiratory glycine shuttle”; a basic carbon concentrating 

mechanism (Monson et al., 1984; Monson and Rawsthorne, 2000; Sage et al., 2014). It is important to 

note that C2 photosynthesis provides an advantage in itself by reducing CO2 lost via photorespiration, 

and C2 lineages may or may not take the next steps towards C4 photosynthesis. C2 species are divided 

into two types: Type I species use only the glycine shuttle to concentrate CO2 in bundle sheath cells 

while Type II species have an accessory C4 cycle (Edwards and Ku, 1987). Type II C2 species represent 

the next step in C4 evolution, followed by “C4-like” species with increased activity of C4 enzymes and 

a reduction in RuBisCO activity in mesophyll cells (Ku et al., 1991; Monson and Rawsthorne, 2000; 

McKown et al., 2005) and the final step is the optimisation of this C4 cycle. Collectively, proto-Kranz, 

C2 and C4-like species are called C3-C4 intermediate species (Sage et al., 2014). In C4 species, similar 

to C2 species, GDC-P is only localised to bundle sheath cells (Hylton et al., 1988; Schüssler et al., 2016), 

although some studies have found a lower but “substantial” abundance in mesophyll cells (Yoshimura 
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et al., 2004; Parys and Jastrzebski, 2008; Schulze et al., 2016). The enrichment of GDC-P in bundle 

sheath cells is an important identifying feature of C2, C4-like and C4 species. 

 

C3-C4 intermediate species may also be identified through gas exchange analysis, quantifying 

photosynthesis at the physiological level. Proto-Kranz, C2 and partial C2 species have a basic 

photorespiratory glycine shuttle, and differences can be seen in these species when compared to true C3 

and C4 species (Vogan et al., 2007; Busch et al., 2013; Sage et al., 2013). Measurements of CO2 

assimilation rate (A) plotted against intercellular CO2 concentration (Ci) creates an A/Ci curve. From 

this curve, the CO2 compensation point (G) may be calculated, which is the CO2 concentration at which 

the rate of photosynthesis is equal to the rate of respiration, including day respiration and 

photorespiration (Long and Bernacchi, 2003). On the A/Ci curve, this is the point at which the curve 

intercepts the x axis. In C4 plants, the G is significantly lower compared to C3 species, often close to 0 

µmol mol-1, and the curve has a steeper initial slope (Long and Bernacchi, 2003). In C3-C4 intermediate 

species, the G is intermediate between C3 and C4 values (Hattersley et al., 1986; Vogan et al., 2007; 

Vogan and Sage, 2012; Sage et al., 2013). This slight difference in G may be difficult to detect, 

particularly in proto-Kranz species, so measurements of Ci* or C* (the apparent CO2 compensation 

point in the absence of day respiration) may be carried out to further discern C3-C4 intermediate species 

(Sage et al., 2013). Estimates of Ci* are calculated by measuring multiple A/Ci curves at different light 

intensities and the Ci* value is the point at which these lines intersect (Brooks and Farquhar, 1985; 

Walker and Ort, 2015). Ci* is a measure of photorespiratory CO2 refixation using glycine shuttling, and 

is lower in proto-Kranz and C2 species compared to closely related C3 species (Busch et al., 2013; Sage 

et al., 2013; Khoshravesh et al., 2020). This method does not work for C4 species, as G varies little at 

different light intensities and is very close to zero. Theoretically, Ci* values may be negative if CO2 

released from mitochondria passes exclusively through chloroplasts (Walker et al., 2016), but may also 

be negative due to the fitting of a linear model to A/Ci curves which are not linear at values close to 

zero.  

 

Tecticornia, a genus of succulent halophytes, includes two species identified as carrying out C4 

photosynthesis: T. indica and T. bibenda (Carolin et al., 1982; Shepherd and van Leeuwen, 2007). The 

remaining species are currently classified as using the C3 photosynthetic pathway from observations of 

anatomy and carbon isotope ratio (Wilson, 1972, 1980; Carolin et al., 1982). Tecticornia species carry 

out photosynthesis in vegetative articles rather than leaves, and C4 species have a unique form of 

anatomy, with two concentric layers of cells surrounding water storage tissue (Chapter 3). The two 

specialised cells are referred to as the mesophyll and Kranz cells in the present study, rather than 

mesophyll and bundle sheath cells. 
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There are limited studies of photosynthesis in Tecticornia at the molecular level. The only previous 

study looking at expression of photosynthetic proteins in vegetative articles was by Voznesenskaya et 

al. (2008), comparing photosynthesis in T. pergranulata (a C3 species) and two subspecies of T. indica 

(a C4 species): T. indica subsp. bidens and T. indica subsp. indica. Immunoblots of PEPC, RuBisCO, 

GDC-P, NAD-malic enzyme (NAD-ME), NADP-malic enzyme (NADP-ME), phosphoenolpyruvate 

carboxykinase (PEPCK), and pyruvate, phosphate dikinase (PPDK) were carried out, as well as 

immunogold labelling at the electron microscope level. Tecticornia indica and T. pergranulata had 

been previously identified as C4 and C3 respectively from anatomical and carbon isotope data (Wilson, 

1980; Carolin et al., 1982), and analyses at the molecular level supported these classifications and 

determined that the C4 subspecies were NAD-ME type (Voznesenskaya et al., 2008). Analyses of 

anatomy, ultrastructure and gas exchange were also completed. The CO2 assimilation rate was measured 

at different light intensities and different intercellular CO2 concentrations, comparing the C3 species 

and two C4 subspecies. The different Tecticornia species behaved as expected given their 

photosynthetic type, with the C4 T. indica subspecies having a much lower G compared to the C3 species 

T. pergranulata. The study sought to further characterise C3 and C4 photosynthesis in Tecticornia but 

did not aim to identify C3-C4 intermediate species. Immunoblot analyses included GDC-P (although 

results were not shown) and GDC-P immunogold labelling results were reported to be as expected in 

C3 and C4 species, although these data were not quantified. The researchers suggested in their 

conclusion that there may be unknown C3-C4 intermediate species of Tecticornia and further work was 

required to screen for these species (Voznesenskaya et al., 2008). 

 

The relatively recent evolutionary origin of C4 photosynthesis in Tecticornia (Kadereit et al., 2003; 

Kadereit et al., 2005) increases the likelihood of intermediate traits persisting in the genus. Previous 

work presented in this thesis identified four C3 Tecticornia species as potential C3-C4 intermediate 

species. Tecticornia peltata and T. verrucosa resolved as sister to the C4 clade in phylogenetic studies 

using the external transcribed spacer (ETS) and internal transcribed spacer (ITS) markers (Chapter 2), 

and T. auriculata, T. verrucosa and T. australasica had C4-associated anatomical features (Chapter 3). 

Additionally, T. auriculata was found to have a distribution of mitochondria and chloroplasts between 

upper and lower chlorenchyma cells that was similar to a C4 Tecticornia species, and was consequently 

classified as a possible proto-Kranz species (Chapter 3). 

 

Aims of this study 

 

This study aimed to identify potential C3-C4 intermediate Tecticornia species, suggested from previous 

analyses of anatomical characteristics and phylogenetics (Chapters 2 and 3). Immunoblotting and 

immunocytochemistry were used to examine the localisation and abundance of GDC-P, a key 

characteristic of C2, partial C2, C4-like and C4 species. Abundance and localisation of PEPC and 
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RuBisCO were also analysed to check for any changes compared to known C3 and C4 species. It was 

hypothesised that if a Tecticornia species was using C2 photosynthesis or a partial C2 pathway, it would 

have a greater investment of GDC-P in lower chlorenchyma cells, the equivalent of Kranz cells in a C4 

species, compared to lower chlorenchyma cells. Gas exchange analyses were completed on C3, C4 and 

potential C3-C4 intermediate species to confirm intermediacy at the physiological level. A/Ci curves 

were measured, allowing comparison of G and Ci*.  

 

Materials and methods 

 

Plant material 

 

Plant material was harvested from mature Tecticornia individuals (Table A4.1) that had been grown 

from seed or collected as whole plants from the field (Chapter 3: Materials and methods, Plant material). 

Additionally, T. bibenda was grown from seed collected in the Little Sandy Desert, Western Australia, 

by Dr Grant Wells (Phoenix Environmental Sciences Pty Ltd).  Seed was sterilised and germinated, 

then transferred to potting mix and watered with nutrient solution as described previously (Chapter 3: 

Materials and methods, Plant material). Plants were subsequently grown in naturally illuminated 

glasshouses at the University of Western Australia, Perth, Western Australia (latitude 33°59’ south) at 

mean temperatures of 30 °C/25 °C (day / night), which were warmer conditions than previously 

described (Chapter 3: Materials and methods, Plant material). These temperatures more closely matched 

the natural range of T. bibenda (Shepherd and van Leeuwen, 2007). 

 

Glycine decarboxylase P-subunit (GDC-P) antibody generation 

 

Preliminary immunoblots showed that a GDC-P antibody generated against a highly conserved 16 

amino acid peptide from Flaveria species and used in previous studies (Khoshravesh et al., 2020) did 

not cross-react with Tecticornia proteins (data not shown). A new antibody specific to Tecticornia 

GDC-P was therefore generated via the following procedure. 

 

RNA was extracted from T. indica subsp. bidens, T. bibenda, T. loriae, and T. peltata. Vegetative article 

tissue was harvested from the newest growth on each specimen that had reached mature size and 

immediately immersed in liquid nitrogen. Tissue was ground using a mortar and pestle under liquid 

nitrogen and stored at -80 °C. RNA was extracted from approximately 100 mg of tissue using the 

RNeasy Kit (Qiagen) following the manufacturer’s instructions for plants and fungi and including an 

on-column DNase treatment (Qiagen). The only modification was that ß-Mercaptoethanol was not 

added to the extraction buffer. A second DNase treatment (DNA-free DNA Removal Kit, Invitrogen) 

was carried out according to manufacturer’s instructions. RNA was quantified using a Shimadzu 
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Biotech BioSpec-nano spectrophotometer and an aliquot was separated on a 1% (w/v) agarose Tris-

acetate-EDTA (TAE) gel stained with ethidium bromide to check quality (Sambrook et al., 1989). 

cDNA was synthesised using the Tetro Reverse Transcriptase Kit (Bioline) following the 

manufacturer’s instructions modified as follows: cDNA was synthesised using 1 μg total RNA, oligo 

dT primers at a final concentration of 0.5 μM and random hexamers at a final concentration of 3.1 μM 

in a final volume of 20 μL. Reactions were incubated at 25 °C for 10 min, 45 °C for 60 min, and 85 °C 

for 5 min. 

 

An alignment of cDNA sequences encoding GDC-P from Flaveria pringlei (GenBank accession 

number: Z25857.1) and from RNA-Seq data of Salsola divaricata, S. soda, and S. oppositifolia 

(Lauterbach et al., 2017) was assembled. Gene specific primers were designed using conserved regions 

of GDC-P sequences in Salsola, a genus which is in the same family as Tecticornia (Chenopodiaceae). 

The primers ND9-R (5'-GCAGCAGTTCCCTCATCAAGC-3') and ND11-F (5'-

TCAAGGTATGTTTCAACTATGGC -3') were used in a PCR, using the cDNA as a template. 

Fragments were amplified using MyFi polymerase kit (Bioline) following manufacturer’s instructions. 

Amplification was carried out using the following conditions: 1 cycle of 95 °C for 1 min; 35 cycles of 

95 °C for 15 s; 54 °C for 15 s; 72 °C for 30 s; 1 cycle of 72 °C for 7 min (Applied Biosystems 2720 

Thermal Cycler). Products were separated on 1% (w/v) agarose Tris-borate-EDTA (TBE) gel stained 

with ethidium bromide (Sambrook et al., 1989). A 570 bp fragment corresponding to the expected 

amplicon size was seen in each sample (data not shown). 

 

Amplified PCR products were inserted into pGEM-T Easy vectors (Promega) according to the 

manufacturer’s instructions and incubated at 4 °C overnight. Escherichia coli cells (Alpha-Select 

Chemically Competent Cells, BioLine) were transformed with ligation products, following 

manufacturer’s instructions. Cells were spread on Luria-Bertani (LB) medium plates containing 40 

μg/mL 5-bromo-4-chloro-3-indolyl beta-galactoside (X-Gal), 11.6 μg/mL isopropyl thiogalactoside 

(IPTG) and 125 μg/mL ampicillin (Sambrook et al., 1989). Four individual white colonies from each 

transformation were selected and grown overnight in LB medium containing 125 μg/mL ampicillin, 

and the plasmids extracted by alkaline lysis (Sambrook et al., 1989). To confirm the presence of inserts, 

the plasmid DNA was resuspended in 10 uL ddH2O and 2 μL were digested for 1 hr 45 min at 37°C 

with 8 units of EcoR1 (New England Biolabs) in 1x CutSmart Buffer (New England Biolabs) and a 

final reaction volume of 20 μL. RNase (10 μg) was added to each restriction digest product along with 

4 μL  6x sample buffer and the digests separated on a 1 % (w/v) agarose TBE gel stained with ethidium 

bromide (Sambrook et al., 1989). Plasmid preparations (15 μL) containing desired inserts were digested 

at 37°C for 30 min with 20 μg RNase in a final volume of 57 μL, followed by 

chloroform:isoamylalcohol (24:1) extraction. Plasmid DNA was concentrated by 20% (w/v) 

polyethylene glycol (PEG) 6000-8000/ 2.5 M NaCl precipitation on ice for 30 min. Samples were 
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quantified using an Eppendorf Biophotometer and sequencing reactions, using 500 ng of plasmid, 

sequencing primers and BigDye Terminator (Applied Biosystems), were carried out according to 

manufacturer’s instructions using an Applied Biosystems 2720 Thermal Cycler. Sequences of the 

inserts were determined at the Australian Genome Research Facility (AGRF), Harry Perkins Institute 

for Medical Research. 

 

Sequences from T. indica subsp. bidens, T. bibenda, T. peltata, and T. loriae were analysed using the 

Multiple Sequence Alignment tool in Geneious (Version 6.1.7; Biomatters Limited) and aligned with a 

GDC-P sequence from Flaveria pringlei (GenBank accession number: Z25857.1). A conserved 14 

amino acid peptide (Figure 4.1) was selected and used to produce a custom rabbit anti-Tecticornia 

GDC-P polyclonal primary antibody (GenScript). 

 

 

Immunoblotting 

 

Photographs were taken of vegetative articles of T. indica subsp. bidens, T. loriae, T. auriculata and T. 

peltata, and the average diameter was measured using Fiji (Schneider et al., 2012). Surface area per 

length vegetative article was calculated by treating each article as a cylinder. A corresponding length 

of vegetative article with 50 mm2 surface area was harvested from each species (2.68 cm from T. indica 

subsp. bidens, 3.61 cm from T. peltata, 5.15 cm from T. loriae and 3.06 cm from T. auriculata). Tissue 

was harvested from the newest growth on each specimen that had reached mature size between 8:00 am 

and 12:00 pm, and immediately immersed in liquid nitrogen. Tissue was ground using a mortar and 

pestle under liquid nitrogen and stored at -80 °C. Total protein was extracted following a protocol 

modified from Voznesenskaya et. al. (2008). Protein was extracted using 200 μL extraction buffer: 0.1 

M Tris-HCl pH 7.5, 5 mM MgSO4, 5 mM EDTA, 10 mM dithiothreitol (DTT), 0.5% (w/v) sodium 

dodecyl sulphate (SDS), 2% ß-mercaptoethanol, 10 % (v/v) glycerol, 1 mM phenylmethylsulphonyl 

fluoride (PMSF), 1:40 Protease Inhibitor Cocktail VI-Plant (Astral Scientific), 38 μg/mL aprotinin, and 

38 μg/mL chymostatin. Tissue and extraction buffer were vortexed for 5 min, cell debris collected by 

centrifugation at maximum speed for 3 min, and the supernatant containing the extracted proteins was 

transferred to a new tube. Aliquots of the protein samples were diluted 1:50 in ddH2O and quantified 

by measuring absorbance at 280 nm using an Eppendorf Biophotometer. The relative absorbance was 

used to adjust volumes slightly for equal loading. 

 

Protein samples were added to sample buffer (1x =  62.5 mM Tris-HCl pH 6.8, 2 % SDS, 10 % glycerol, 

0.001 % bromophenol blue, 100 mM DTT), boiled for 5 min, and clarified by centrifugation (Laemmli, 

1970). Proteins were separated on a 10 % Mini-PROTEAN TGX Stain-Free precast polyacrylamide gel 

(Bio-Rad) using a Mini-PROTEAN Tetra Cell system (Bio-Rad) and running buffer containing 25 mM 
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Tris, 192 mM glycine and 0.25 % SDS, pH 8.6. A molecular mass standard (HyperPAGE, Bioline) was 

included. Early immunoblots showed specific degradation of GDC-P and PEPC, so total protein was 

extracted rapidly and loaded on the polyacrylamide gel within 1.5 hours of extraction. 

 

Stain-Free gels were imaged using a Bio-Rad ChemiDoc system to visualise the amount of protein 

loaded. Separated proteins were blotted to nitrocellulose membranes at 0.52 mA cm-1 for 90 min using 

a Bio-Rad Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell. Protein transfer was verified by 

staining with 0.0007% amido black (Sigma-Aldrich) in 50% methanol. Membranes were blocked 

overnight with 5% (w/v) skim milk powder in Tris-buffered saline (TBS; 12.5 mM Tris-HCl, 137 mM 

NaCl, 2.7 mM KCl, pH 8.0) with 0.1% (v/v) Tween 20 (TBST). Membranes were incubated in 1:6000 

dilutions of rabbit anti-Tecticornia GDC-P primary antibody, 1:5000 rabbit anti-Zea mays PEPC 

(Aviva) primary antibody, or a 1:12000 rabbit anti-Nicotiana tabacum RuBisCO primary antibody 

(provided by John Andrews, from the Australian National University, Canberra) in blocking buffer for 

1 h at room temperature. A no-primary control blot was incubated in blocking buffer. After three washes 

in TBST, membranes were incubated with a 1:3000 dilution of anti-rabbit IgG secondary antibody 

conjugated to horseradish peroxidase (Promega) in TBS for 1 h at room temperature. Membranes were 

washed three times in TBST and rinsed twice in TBS. Immunoreactive proteins were detected using the 

Pierce ECL Western Blotting Detection Kit (ThermoFisher Scientific), according to manufacturer’s 

instructions, and imaged using a Bio-Rad ChemiDoc system. 

 

For further analyses of PEPC abundance, proteins were used in a dot blot. An equal volume (4 µL) of 

protein sample was spotted on a piece of nitrocellulose and air-dried. The dot blot was immunolabelled 

following the same protocol as an immunoblot, as described above, using the anti-Zea mays PEPC 

primary antibody. 

 

Immunolocalisation 

 

Vegetative article tissue was harvested from the newest growth that had reached mature size on each 

specimen. Three individuals (biological replicates) of each species were sampled (Table A4.1). 

Vegetative article tissue was harvested from Tecticornia individuals between 8:00 am and 12:00 pm, 

cut into approximately 1 mm thick pieces using a razor blade, and fixed in 0.5 % (v/v) glutaraldehyde 

and 4 % (w/v) paraformaldehyde in 50 mM sodium cacodylate buffer, pH 6.9. Samples were stored at 

4 °C overnight. The tissue was rinsed three times in the cacodylate buffer and dehydrated in ethanol in 

increments of 10 % for 12 hours each, including three times in 100 % ethanol, at 4 °C. Tissue was 

infiltrated in 10 % increments of LR White (Electron Microscopy Sciences) for 12 hours each at 4 °C. 

Samples were embedded in LR White in disposable plastic beakers by polymerisation at 63 °C for 48 

hours. 
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Transverse sections, approximately 100 nm thick, were made using a diamond knife and a Leica EM 

UC6 ultramicrotome and mounted on nickel grids (200 mesh; Electron Microscopy Sciences). Three 

biological replicates were sectioned of each species. 

 

For GDC-P immunolabelling, sections were incubated in 50 mM glycine for 15 min and then transferred 

to blocking buffer (10% [w/v] ovalbumin in TBST) for 1 hr. Sections were rinsed in TBST three times 

for 1 minute each time by placing the grids, section side down, on drops of buffer on a magnetic stirrer 

at lowest speed. Sections were labelled overnight in a 1:400 dilution of rabbit anti-GDC-P primary 

antibody in TBST and 10% ovalbumin (w/v). Additionally, a control section was labelled with only 

10% ovalbumin (w/v), excluding the primary antibody. Sections were rinsed six times in TBST using 

the magnetic stirrer and transferred to a 1:40 dilution of secondary antibody (goat anti-rabbit IgG 

secondary antibody conjugated to 12 nm gold particles [Jackson ImmunoResearch Laboratories]) in 

TBST for 1 hr, then washed six times in TBST using the magnetic stirrer.  

 

For PEPC and RuBisCO immunolabelling, sections were incubated in 50 mM glycine for 15 min and 

transferred to blocking buffer (5% [w/v] ovalbumin in TBST) for 1 hr. Grids were rinsed three times in 

TBST and then incubated in either a 1:1000 dilution of anti-Nicotiana tabacum RuBisCO primary 

antibody or a 1:500 dilution of anti-Zea mays PEPC (Aviva) primary antibody in TBST and 1% 

ovalbumin (w/v) for 1 hr. A control section was labelled with only 1% ovalbumin (w/v), excluding the 

primary antibody. Sections were rinsed six times in TBST, transferred to a 1:40 dilution of secondary 

antibody (goat anti-rabbit IgG secondary antibody conjugated to 12 nm gold particles [Jackson 

ImmunoResearch Laboratories]) in TBST for 1 hr, then washed six times in TBST. 

 

After drying, 10 images were taken of each section using a JEOL2100 TEM. Images were analysed 

using Fiji (Schindelin et al., 2012). Immunogold labelling density was calculated by counting 

immunogold particles and dividing by area. 

 

Statistical analysis of immunolocalisation data 

 

Data were organised using Microsoft Excel, and statistical tests were carried out using R (R Core Team, 

2019) and the packages “R Commander” (Fox and Bouchet-Valat, 2019), “Companion to Applied 

Regression” (Fox and Weisberg, 2019) and “agricolae” (de Mendiburu, 2019). To test for statistical 

significance, data were normalised to the average immunolabelling density of the upper cell for each 

biological replicate. This gave the fold difference in immunolabelling density of lower cells compared 

to upper cells. These values were averaged to provide a mean for each biological replicate and these 

were the unit of replicate for statistical analysis. Data were log transformed and a one-way analysis of 
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variance (ANOVA) was carried out, followed by a Tukey Honest Significant Difference (HSD) post-

hoc test. The prerequisites of a one-way ANOVA are normally distributed data and homogeneity of 

variance, which were checked using a Shapiro-Wilk test and Levene’s test, respectively. 

 

Gas exchange analysis 

 

Gas exchange measurements and data analysis were carried out by Dr. Florian Busch (Australian 

National University) on plants growing in glasshouse conditions at the University of Western Australia 

using a LI-6800 gas exchange system (LICOR Biosciences). Measurements were completed on attached 

young vegetative articles of T. indica subsp. bidens, T. loriae, T. peltata and T. auriculata, with three 

individual plants measured of each species. Responses of net CO2 assimilation rate (A) to intercellular 

CO2 concentration (Ci) were measured at a light intensity of 2000 μmol m-2 s-1 and a leaf/article 

temperature of 30 °C. A/Ci curves were constructed using a sequence of reference CO2 concentrations: 

30, 50, 100, 150, 200, 250, 325, 400, 500, 600, 700, 800, 900, 1050, 1250, 1500, 1750 and 2000 μmol 

mol-1. Data were recorded in quick succession with an equilibration time of approximately 120 s at each 

CO2 concentration. Projected area of the vegetative articles, rather than leaf area, was used to normalise 

data. Because of this, the maximum photosynthesis rate varied widely between species due to 

differently sized vegetative articles. For comparisons of A/Ci curves between species, photosynthesis 

rate was normalised to the maximum photosynthesis rate of each species.  

 

Measurements of Ci
* (the apparent intercellular CO2 compensation point in the absence of day 

respiration) were completed using the common-intercept method (Brooks and Farquhar, 1985; Walker 

et al., 2016) at 30 °C. Vegetative articles were acclimated to a leaf/article temperature of 30 °C and a 

reference CO2 concentration of 400 μmol mol-1 before measuring. Measurements were completed at 

CO2 concentrations of 80, 75, 70, 65, 60, 55, 50, 45, 40, 35 and 30 μmol mol-1, and at five different 

light intensities: 1000, 500, 300, 175 and 100 μmol m-2 s-1. Lower light intensities reduce the slope of 

an A/Ci curve at low Ci, and the set of linear responses can be used to estimate Ci* by plotting a 

regression slope of the responses versus their corresponding y-intercept (Walker and Ort, 2015; Walker 

et al., 2016). Ci* is the slope of this relationship, assuming a constant value for mesophyll conductance. 

Outlier points that deviated from the linear A/Ci curves at high light were excluded for some species 

(Walker and Ort, 2015; Walker et al., 2016).  
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Results 

 

Glycine decarboxylase P-subunit (GDC-P) antibody design and generation 

 

The cDNA fragments amplified with the GDC-P-specific primers were confirmed to code for GDC-P 

from BLAST searches. An alignment of the predicted amino acid sequences from T. loriae, T. indica 

subsp. bidens, T. peltata and T. bibenda indicated 91.3% identity. Sequences from C3 Tecticornia 

species shared 95.9 – 98.3% identity, and sequences from C4 species shared 98.3 – 100% identity. 

(Figure 4.1). 

 

An anti-Flaveria GDC-P antibody (Khoshravesh et al., 2020) did not cross-react with Tecticornia 

proteins, most likely due to amino acid differences within the 16 amino acid peptide used to generate 

this antibody. Sequence alignment confirmed this hypothesis, with four amino acids differing between 

the Flaveria peptide and the corresponding GDC-P sequence in C3 Tecticornia species, and three amino 

acids differed between the peptide and C4 Tecticornia species GDC-P sequences (data not shown). A 

Tecticornia GDC-P-specific antibody was commercially generated using a highly conserved 14 amino 

acid sequence in Tecticornia species (Figure 4.1).  

 

 

 

 

Figure 4.1. Alignment of translated cDNA sequences encoding part of the glycine decarboxylase P-subunit 

(GDC-P) from Tecticornia loriae, T. peltata, T. bibenda and T. indica subsp. bidens. Sequences are aligned 

with a translated cDNA sequence of GDC-P from Flaveria pringlei (GenBank accession number: Z25857.1). 

Conserved amino acids are shown with asterisks. The 14 amino acid peptide used to generate the Tecticornia-

specific anti-GDC-P antibody is highlighted in the T. indica subsp. bidens sequence in light grey. 
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GDC-P, PEPC and RuBisCO immunoblots and dotblots 

 

Approximately equal protein loading in each sample was confirmed by imaging the polyacrylamide gel 

before blotting (Figure A4.1). A control immunoblot was incubated in blocking buffer with the primary 

antibody excluded. No immunolabelling was detected on this blot (results not shown), and consequently 

non-specific labelling would have been minimal in all immunoblots.  

 

The immunoblot labelled for GDC-P showed a strongly labelled band at approximately 110 kDa, which 

is within the expected range of GDC-P size (Walker and Oliver, 1986a; Hylton et al., 1988), in all 

Tecticornia species (Figure 4.2a). The band from the C4 species, T. indica subsp. bidens, was less 

intense compared to those of the C3 species T. loriae, T. auriculata and T. peltata. The band in the T. 

loriae sample appeared to be slightly more intense than the other C3 species (Figure 4.2a.). Therefore, 

T. loriae had the highest abundance of GDC-P on a total protein basis, T. auriculata and T. peltata had 

a moderately high abundance and T. indica subsp. bidens had the least. 

 

The immunoblot labelled for PEPC displayed a strongly labelled polypeptide at approximately 110 kDa 

in T. indica subsp. bidens (Figure 4.2b.), which is the expected size of the protein (Takahashi-Terada 

et al., 2005). Some labelled polypeptide was also detected at approximately 70 kDa, which is likely due 

to degradation as reported for PEPC from other species (Moraes and Plaxton, 2000). In support of this 

hypothesis, when chymostatin concentration was increased from 36 μg/mL to 70 μg/mL during protein 

extraction, the lower molecular mass band decreased in intensity (results not shown). There was a less 

intense band in the C3 T. auriculata, and no labelled polypeptide at the expected size in T. loriae and T. 

peltata (Figure 4.2b.). On some immunoblots there was a strongly labelled 110 kDa band in the protein 

extracts from T. auriculata (Figure 4.2b.), while others showed no labelled band (results not shown). A 

dot blot confirmed that some protein samples from T. auriculata had a moderate abundance of PEPC 

while in others, no PEPC was detected (Figure 4.3). These protein samples were extracted from tissue 

harvested from the same individual plant on different days. The protein sample was loaded based on 

equal volume, and therefore corresponded to an equal amount of tissue used in the extraction. 

Quantification of relative absorbance at 280 nm confirmed that these samples had a similar protein 

concentration. 

 

The immunoblot labelled for RuBisCO displayed strongly labelled bands at approximately 55 kDa, the 

expected size of the large subunit (Valegård et al., 2018),  in all the included Tecticornia species (Figure 

4.2c). The antibody also labelled the small subunit, with faint bands observed at approximately 15 kDa 

in some of the extracts (Figure 4.2c). The bands were more intense in C3 species compared to the C4 

species. Among the C3 species, the most intense band was seen in T. loriae.  
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Figure 4.2. Immunoblots of proteins extracted from Tecticornia indica subsp. bidens (C4; ind), T. loriae (C3; 

lor), T. auriculata (C3; aur) and T. peltata (C3; pel). Lanes were loaded based on equal amount of total protein, 

measured using the absorbance at 280 nm. The sizes of a molecular mass marker in kilodaltons (kDa) are 

shown to the left of each immunoblot. a) Immunoblot labelled with a 1:6000 dilution of rabbit anti-Tectiornia 

glycine decarboxylase P-subunit (GDC-P) primary antibody. An approximately 110 kDa band is labelled in 

all species. b) Immunoblot labelled with a 1:5000 dilution of rabbit anti-Zea mays phosphoenolpyruvate 

carboxylase (PEPC) primary antibody. An approximately 110 kDa band is strongly labelled in T. indica subsp. 

bidens and a faint band can be seen at 70 kDa. A 110kDa band is also labelled in T. auriculata. b) Immunoblot 

labelled with a 1:12000 dilution of rabbit anti-Nicotiana tabacum ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RuBisCO) primary antibody. An approximately 60 kDa band is strongly labelled in 

all species. Faint bands can also be seen at approximately 15 kDa.  
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GDC-P, PEPC and RuBisCO immunolocalisation 

 

When the anti-Tecticornia GDC-P antiserum was used to label thin sections of six Tecticornia species, 

the immunogold particles were localised to mitochondria (Figure 4.4, Figure 4.5). A one-way ANOVA 

indicated that there was no significant difference in the ratio of immunogold labelling density in upper 

and lower cells between the Tecticornia species studied (p > 0.05). In most Tecticornia species (T. 

loriae, T. indica subsp. bidens, T. peltata, and T. verrucosa), the ratio of immunogold labelling density 

was approximately one (Figure 4.6), indicating essentially an equal distribution of GDC-P between 

mitochondria in upper and lower cells. Tecticornia auriculata and T. australasica had slightly higher 

immunogold labelling density in lower cells compared to upper cells (Figure 4.6, Figure 4.4f) but this 

was not statistically significant. Background labelling was consistent and low across all samples and 

biological replicates (0.16 particles per µm2) and the control which excluded the primary antibody had 

little to no labelling. Original data of biological replicates are shown in Figure A4.2. 

 

 

 

aur aur aur ind lor pel

Figure 4.3. Dot blot of Tecticornia proteins, labelled with a 1:5000 dilution of rabbit anti-Zea 

mays phosphoenolpyruvate carboxylase (PEPC) primary antibody. An equal volume of protein 

extract (4 µL) was dotted of each sample. Tecticornia indica subsp. bidens (ind; C4) had a high 

abundance of PEPC, while T. loriae (lor; C3) and T. peltata (pel; C3) had no PEPC detected. 

Three protein samples from T. auriculata (aur; C3) are included, extracted from tissue harvested 

on different days from the same individual. No PEPC was detected in one of these samples, 

while another has a low amount of labelling, and the third has a moderate amount. 
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Figure 4.4. Glycine decarboxylase P-subunit (GDC-P) immunogold labelling in mitochondria (mit) of 

upper and lower chlorenchyma cells of C3 Tecticornia species, and upper mesophyll and lower Kranz cells 

of C4 Tecticornia species. Immunogold particles are visible as black dots. Chloroplasts (chl) are also visible 

in some images. a) Upper chlorenchyma cell of T. loriae (C3). b) Lower chlorenchyma cell of T. loriae (C3). 

c) Upper (mesophyll) cell of T. indica subsp. bidens (C4). d) Lower (Kranz) cell of T. indica subsp. bidens 

(C4). e) Upper chlorenchyma cell of T. auriculata (C3). f) Lower chlorenchyma cell of T. auriculata (C3). 

Scale bar 400 nm. 
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Figure 4.5. Glycine decarboxylase P-subunit (GDC-P) immunogold labelling in mitochondria (mit) of 

upper and lower chlorenchyma cells of C3 Tecticornia species. Immunogold particles are visible as black 

dots. Chloroplasts (chl) are also visible in some images. a) Upper chlorenchyma cell of T. peltata (C3). 

b) Lower chlorenchyma cell of T. peltata (C3). c) Upper chlorenchyma cell of T. australasica (C3). d) 

Lower chlorenchyma cell of T. australasica (C3). e) Upper chlorenchyma cell of T. verrucosa (C3). f) 

Lower chlorenchyma cell of T. verrucosa (C3). Scale bar 400 nm. 
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RuBisCO immunogold labelling was localised to chloroplasts in all Tecticornia species (Figure 4.7). A 

high density of immunogold labelling was found in upper and lower chlorenchyma cells of the C3 

species T. loriae and T. auriculata (Figure 4.7a, 4.7b, 4.7e, 4.7f). In T. indica subsp. bidens, a C4 species, 

there was a higher density of labelling in chloroplasts of Kranz (lower) cells compared to mesophyll 

(upper) cells (Figure 4.7c, 4.7d). A one-way ANOVA indicated that there was a significant difference 

between Tecticornia species in the ratio of immunogold labelling density in upper and lower cells (p < 

0.01, Figure 4.8a.). In T. auriculata and T. loriae, the ratio was approximately one (Figure 4.8a), 

indicating an equal distribution of RuBisCO between upper and lower chlorenchyma cells. In T. indica 

subsp. bidens, there was approximately five times higher immunogold density in Kranz cells compared 

to upper cells (Figure 4.8a). Background labelling was consistent and low across all samples and 

biological replicates (0.55 particles per µm2) and the controls which excluded the primary antibody had 

little to no labelling. Original data of the biological replicates are shown in Figure A4.3.  

 

Figure 4.6. Glycine decarboxylase P-subunit (GDC-P) immunogold labelling in 

mitochondria of Tecticornia loriae (C3), T. indica subsp. bidens (C4), T. auriculata 

(C3), T. peltata (C3), T. australasica (C3), and T. verrucosa (C3) vegetative articles. 

Data were normalised against the immunogold labelling in upper cells, with the 

figure showing the fold difference in immunogold labelling in lower cells compared 

to upper cells. Standard error bars are shown, n = 3. 
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Figure 4.7. Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) labelling of chloroplasts 

(chl) in upper and lower chlorenchyma cells of C3 Tecticornia species, and in upper mesophyll and 

lower Kranz cells of C4 Tecticornia species. Immunogold particles are visible as black dots. 

Mitochondria (mit) are also visible in some images. a) Upper chlorenchyma cell of T. loriae (C3). b) 

Lower chlorenchyma cell of T. loriae (C3). c) Upper (mesophyll) cell of T. indica subsp. bidens (C4). 

d) Lower (Kranz) cell of T. indica subsp. bidens (C4). e) Upper chlorenchyma cell of T. auriculata 

(C3). f) Lower chlorenchyma cell of T. auriculata (C3). Scale bar, 800 nm. 
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PEPC immunogold labelling was low in the cytosol and chloroplasts of both upper and lower 

chlorenchyma cells of the C3 species T. loriae and T. auriculata (Figure 4.9a, 4.9b, 4.9e, 4.9f), and close 

to the density of background labelling (1.43 particles per µm2). By contrast, immunolabelling density 

was very high in the cytosol of mesophyll (upper) cells in T. indica subsp. bidens (Figure 4.9c). A one-

way ANOVA denoted that there was a significant difference between Tecticornia species in the ratio 

of immunogold labelling density in upper and lower cells (p < 0.01). The immunogold labelling density 

in mesophyll (upper) cells in T. indica subsp. bidens was approximately 27 times higher compared to 

Kranz (lower) cells (Figure 4.8b). In T. auriculata and T. loriae, the ratio was approximately one (Figure 

4.8b), indicating an equal distribution of PEPC between upper and lower chlorenchyma cells. Controls 

that excluded the primary anti-PEPC antibody had little to no labelling. Original data from biological 

replicates are shown in Figure A4.4. 

 

Figure 4.8. a) Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) immunogold labelling in 

chloroplasts of Tecticornia loriae (C3), T. indica subsp. bidens (C4), and T. auriculata (C3). Data were 

normalised against the immunogold labelling in upper cells, showing the fold difference in immunogold 

labelling in lower cells compared to upper cells. b) Phosphoenolpyruvate carboxylase (PEPC) immunogold 

labelling in cytosol of T. loriae (C3), T. indica subsp. bidens (C4), and T. auriculata (C3). Data were normalised 

against the immunogold labelling in lower cells, showing the fold difference in immunogold labelling in upper 

cells compared to lower cells. Different letters above bars indicate a statistically significant difference from a 

one-way ANOVA with a log transformation, followed by a Tukey HSD post-hoc test. Standard error bars are 

shown, n = 3. 
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Figure 4.9. Phosphoenolpyruvate carboxylase (PEPC) labelling of chloroplasts (chl) and cytosol (cyt) in 

upper and lower chlorenchyma cells in C3 Tecticornia species, and in upper mesophyll and lower Kranz cells 

in C4 species. Immunogold particles are visible as black dots. Mitochondria (mit) are also visible in some 

images. a) Upper chlorenchyma cell of T. loriae (C3). b) Lower chlorenchyma cell of T. loriae (C3). c) Upper 

(mesophyll) cell of T. indica subsp. bidens (C4). d) Lower (Kranz) cell of T. indica subsp. bidens (C4). e) 

Upper chlorenchyma cell of T. auriculata (C3). f) Lower chlorenchyma cell of T. auriculata (C3). Scale bar 

800 nm. 
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Gas exchange analysis 

 

The A/Ci curve of Tecticornia indica subsp. bidens was typical of a C4 species, with a steep initial slope 

and an estimated CO2 compensation point (G; the point at which the line intersects the x axis) close to 

zero (Figure 4.10). Tecticornia loriae, T. peltata and T. auriculata showed more C3-like curves, with a 

higher G and a low initial slope relative to the C4 species (Figure 4.10). While T. peltata and T. loriae 

had a G of approximately 55 µmol mol-1 at 30 °C, T. auriculata was intermediate between the C4 species 

and the other C3 species, recording a G value of approximately 20 µmol mol-1. Original data are shown 

in Figure A4.5.  

 

Ci* values were calculated from a series of A/Ci curves at different light intensities (Figure 4.11) using 

the common-intercept method as described in the Materials and methods section of this chapter. The 

approximate Ci* can also be seen on each graph as the point at which five the A/Ci curves intersect 

(Figure 4.11). Tecticornia loriae had a relatively high Ci* value, confirming this species is a C3 species 

with limited capacity for refixation of photorespiratory CO2 (Figure 4.11). Tecticornia peltata was also 

confirmed as a C3 species, with a slightly lower value. The C4 species T. indica subsp. bidens had a 

negative value. It would be expected that a C4 species would have a Ci* value which is very close to 

zero, due to very low levels of photorespiration (Figure 4.11). Interestingly, T. auriculata, a C3 species, 

also had a negative value that was very similar to that of the C4 species.  

 

 

 

 
Figure 4.10. The response of net CO2 assimilation rate (A) to variation in intercellular CO2 concentration 

(Ci) in four Tecticornia species. Tecticornia indica subsp. bidens (C4), T. loriae (C3), T. auriculata (C3), 

and T. peltata (C3). Net CO2 assimilation was normalised to the maximum photosynthetic rate in each 

species. Standard error bars are shown, n = 3.  
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Discussion 

 

Tecticornia auriculata demonstrates biochemical and physiological characteristics of a C3-C4 

intermediate species 

 

In analyses of anatomical and ultrastructural characteristics, T. auriculata stood out among the C3 

species as having multiple C4-associated traits (Chapter 3). Tecticornia auriculata had a relatively high 

number of vascular bundles positioned adjacent to chlorenchyma tissue, and a distinct separation 

between water storage and chlorenchyma tissue. In addition, there was a higher planar area of 

Figure 4.11. The response of net CO2 assimilation rate (A) to variation in intercellular CO2 concentration 

(Ci) in four Tecticornia species. Tecticornia loriae (C3), T. peltata (C3), Tecticornia indica subsp. bidens 

(C4), and T. auriculata (C3) were measured at five different light intensities. The point at which the five 

curves intercept, indicated by a red arrow in each graph, is approximately the Ci* value, the apparent CO2 

compensation point in the absence of day respiration. 
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mitochondria and chloroplasts per area of cell in lower chlorenchyma cells compared to upper 

chlorenchyma cells, which was similar to the distribution of organelles in C4 species (Chapter 3). Based 

on this anatomical evidence, T. auriculata was classified as a potential C3-C4 intermediate species. In 

the Monson-Sage model of the evolution of C4 photosynthesis, anatomical changes are an early step 

from C3 photosynthesis towards the C4 syndrome and are followed by changes in protein localisation 

and abundance (Sage et al., 2013; Sage et al., 2014). Based on the observed anatomical characteristics 

and distribution of mitochondria and chloroplasts, T. auriculata was classified as a proto-Kranz species. 

This study aimed to determine if there was any evidence of changes in protein localisation compared to 

other C3 Tecticornia species, particularly focusing on GDC-P. It was hypothesised that if a C2 pathway 

was operating in T. auriculata, there would be a higher investment of GDC-P in lower chlorenchyma 

cells compared to upper chlorenchyma cells. 

 

In the current study, the same anti-GDC-P antibody used for immunolocalisation labelled a band of the 

expected size in an immunoblot (Figure 4.2a), and the band was less intense in the C4 species. This is 

as expected, as C4 plants minimise photorespiration and generally have a lower abundance of GDC-P 

compared to C3 species (Hylton et al., 1988; Schulze et al., 2016). The immunogold labelling in 

mitochondria was significantly higher than the background labelling of sections (0.16 particles per µm2, 

compare with values in Figure A4.2).  

 

Tecticornia auriculata did not have significantly higher GDC-P localisation in mitochondria of lower 

chlorenchyma cells compared to upper chlorenchyma cells (Figure 4.6). There is therefore no evidence 

of T. auriculata fitting the definition of a C2 or partial C2 species (Edwards and Ku, 1987; Stata et al., 

2019). In addition, the distribution of RuBisCO and PEPC between cell types in T. auriculata was 

identical to that observed in the C3 species T. loriae (Figure 4.8a, 4.8b). The anatomical and protein 

localisation analyses in the current study support the hypothesis of T. auriculata as a proto-Kranz 

species; a C3-C4 intermediate species that represents an early step in the current model of C4 evolution 

(Muhaidat et al., 2011; Sage et al., 2014). 

 

Gas exchange analyses strongly supported the hypothesis of T. auriculata being a C3-C4 intermediate. 

Measurements of CO2 compensation point (G) supported the anatomical evidence of T. auriculata as a 

C3-C4 intermediate species, with a lower G compared to the two C3 species T. loriae and T. peltata 

(Figure 4.10; Sage et al, 2013, Khoshravesh et al., 2019). However, T. auriculata displayed a negative 

Ci* value like the C4 species, T. indica subsp. bidens (Figure 4.11). This suggested that T. auriculata 

had an extremely low Ci* and was behaving much more like a C4 species at a physiological level. This 

could mean that T. auriculata had low levels of photorespiration like a C4 species, or was very efficiently 

refixing photorespiratory CO2 as a C3-C4 intermediate species (Busch et al., 2013; Walker et al., 2016). 
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Tecticornia auriculata is certainly an interesting “C3” species, showing C4-associated characteristics at 

the anatomical and physiological levels. But on closer inspection, it does not fit well in the current 

classification of C3-C4 intermediates. At the anatomical and biochemical level, it looks most similar to 

a proto-Kranz species (Chapter 3), but at a physiological level it seems to behave like a C4 species. 

 

Intriguingly, there was also an observation that some protein extracts from a T. auriculata individual 

varied in the abundance of PEPC, as detected on an immunoblot and dotblot (Figure 4.2b, Figure 4.3). 

These protein extracts were obtained from the same individual plant in glasshouse conditions on 

different days over a two week period. Although the localisation of PEPC in different cell types was 

typical of a C3 species (Figure 4.8b), the changes in the abundance of PEPC in T. auriculata were 

unusual and were not observed in any other C3 Tecticornia species. Upregulation of PEPC gene 

expression and activity is generally a step that happens late in the evolution of C4 evolution, according 

to the most well-supported model of C4 evolution (Ku et al., 1991; Sage et al., 2014). Further 

experiments need to be carried out to determine if this upregulation of PEPC at the protein level is 

replicable, and if it is connected to an environmental or temporal variable. 

 

An unexpected distribution of GDC-P in Tecticornia species 

 

It was expected that true C3 species would have GDC-P localised to all chlorenchyma cell types, while 

C4 and potential C2 species would have a higher localisation in Kranz/lower cells compared to 

mesophyll/upper cells (Hylton et al., 1988; Sage et al., 2014). None of the included C3 Tecticornia 

species showed a difference in the ratio of GDC-P localisation between upper and lower chlorenchyma 

cells and therefore there was no evidence of these species fitting the classic definition of a C2 or partial 

C2 species (Figure 4.6). But surprisingly, there was also no difference between these species and the 

labelling pattern of GDC-P in the C4 species, T. indica subsp. bidens (Figure 4.6). The ratio of 

immunolabelling density in lower cells compared to upper cells in T. indica subsp. bidens was one, 

indicating an approximately equal density of GDC-P immunogold labelling in mitochondria of 

mesophyll and Kranz cells (Figure 4.6). These findings conflict with a previous study of 

immunolocalisation in T. indica subsp. bidens and subsp. indica (Voznesenskaya et al., 2008), which 

reported that GDC-P selectively localised to the mitochondria of Kranz cells. However, quantification 

of the immunolabelling was not reported in that study and a GDC-P immunoblot was not included. In 

contrast, the localisation of RuBisCO and PEPC in T. indica subsp. bidens was as expected for a C4 

species, and was consistent with the results reported in previous studies including T. indica subsp. 

bidens and T. indica subsp. indica (Voznesenskaya et al., 2008).  
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From the Ci* and G values, there was evidence that T. indica subsp. bidens and T. auriculata were 

operating an efficient carbon concentrating mechanism (Figure 4.10, 4.11). These two species had 

greater mitochondrial planar area per cell area in lower cells compared to upper cells (Chapter 3). If 

there was no difference in GDC-P immunolabelling density in the mitochondria of these cells, the lower 

cells would still have a greater investment of GDC-P due to more mitochondrial planar area per cell. In 

recent studies of GDC-P immunolocalisation in Neurachninae species, labelling per protoplast cross-

sectional area was a better measure of GDC-P investment, reflecting both mitochondrial area and 

labelling density per mitochondrial area (Khoshravesh et al., 2020). In Tecticornia species, T. indica 

subsp. bidens and T. auriculata would be expected to have a higher GDC-P immunogold labelling per 

protoplast area. However, the large size of individual cells in Tecticornia species were not suitable for 

a quantitative analysis at the EM level like the one carried out in the Neurachninae species (Khoshravesh 

et al., 2020). Changes in mitochondria localisation rather than changes in protein localisation may 

represent an alternative way of compartmentalising of GDC-P to lower chlorenchyma or Kranz cells in 

Tecticornia species. 

 

An additional explanation as to why GDC-P is present in the mesophyll cells of C4 Tecticornia species 

is a possible connection between the photorespiration pathway and the glycine betaine biosynthesis 

pathway in halophytes. Glycine betaine is an important compatible solute in Tecticornia species 

(English and Colmer, 2013; Moir-Barnetson et al., 2016), allowing the plants to survive in saline 

conditions. Located in the cytosol, glycine betaine balances the osmotic potential between the cytosol 

and the vacuole, allowing the plant cell to store sodium and chloride ions (Flowers and Colmer, 2015). 

Glycine betaine concentrations increase in tissue of both C3 and C4 Tecticornia species when exposed 

to high salinity (Moir-Barnetson et al., 2016). The biosynthesis of glycine betaine in plants begins with 

serine, which is converted to choline via ethanolamine (Rhodes and Hanson, 1993). Serine is also a by-

product of the photorespiratory pathway, with the GDC complex (including GDC-P) along with SHMT 

oxidatively decarboxylating glycine to produce serine, CO2 and NH3 (Douce et al., 2001). It has been 

suggested in previous studies that metabolites from photorespiration may be used as precursors for other 

pathways (Wingler et al., 2000; Busch, 2020), and serine from photorespiration may be used as a 

precursor in the biosynthesis of glycine betaine in stressful conditions (Di Martino et al., 2003; Carillo 

et al., 2008; Busch et al., 2018; Annunziata et al., 2019). Studies have directly noted the increase in 

glycine, serine and glycine betaine in plants under salt stress, correlating with the increase in 

photorespiration and leading to the proposal that these two pathways are linked (Di Martino et al., 

2003). Studies of GDC-P localisation in C4 species have found low but substantial levels of GDC-P in 

the mesophyll cells (Yoshimura et al., 2004; Parys and Jastrzebski, 2008) and it has been hypothesised 

that this GDC-P may be playing a role and interacting with other metabolic pathways (Schulze et al., 

2016).  
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The extreme halophytic lifestyle of Tecticornia may impact on the molecular steps towards C4 

photosynthesis, with the localisation of GDC-P playing a role in the synthesis of compounds for stress-

response as well as photorespiration. Consistent with this hypothesis is the fact that T. indica subsp. 

bidens (C4) accumulated less glycine betaine when exposed to high salinity, compared to the C3 species 

T. medusa and T. auriculata, and showed higher mortality at the highest salinity treatment (Moir-

Barnetson et al., 2016). If a C4 species has lower levels of photorespiration, then this may mean less 

serine is available to synthesise glycine betaine and may explain why T. indica subsp. bidens did not 

survive in extremely saline conditions. This hypothesis may be tested by tracing the synthesis of serine, 

glycine and glycine betaine in Tecticornia species under salt stress. 

 

Conclusions 

 

This study aimed to identify any C3-C4 intermediate species in Tecticornia by measuring the localisation 

of photosynthetic proteins and gas exchange. Out of the C3 species included in this study, T. auriculata 

was particularly interesting. Tecticornia auriculata did not have a significantly different ratio of GDC-

P in upper and lower chlorenchyma cells compared to other C3 Tecticornia species, and RuBisCO and 

PEPC localisation were similar to the C3 species T. loriae. However, at the physiological level, there 

was strong evidence of C3-C4 intermediacy, with a lower G compared to other C3 species and a Ci* value 

very similar to that of the C4 species, T. indica subsp. bidens. Tecticornia auriculata is difficult to 

classify as a C3-C4 intermediate species because there is no evidence of C2 photosynthesis in operation, 

yet it behaves like a C4 species in gas exchange analyses. An interesting observation of variation in 

PEPC abundance in immunoblots needs to be investigated further. 

 

The localisation and abundance of GDC-P in T. indica subsp bidens was unexpected for a C4 species. 

GDC-P had a similar distribution between the mitochondria of Kranz and mesophyll cells, and there 

was no significant difference between C3 and C4 species. Two possible hypotheses for this result were 

proposed, including that higher mitochondrial planar area per cell was the mechanism through which 

Tecticornia species had a higher investment of GDC-P in lower chlorenchyma or Kranz cells. In 

addition, GDC-P may play a role in C4 mesophyll cells linking the photorespiratory pathway to glycine 

betaine synthesis. This suggests that perhaps an extreme halophytic lifestyle has an impact on how C3-

C4 intermediate and C4 photosynthetic pathways operate in Tecticornia species. 
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Chapter 5: Concluding Discussion 
 

Tecticornia is a distinctive genus of plants native to Australia, with an extreme halophytic lifestyle and 

succulent vegetative articles instead of true leaves. The genus has both fascinated and challenged 

researchers, being difficult to identify at a species level and showing a lack of resolution in phylogenetic 

studies (Wilson, 1980; Shepherd et al., 2004; Shepherd et al., 2005b).  

 

To date only two species in a genus of 46 have been identified as carrying out C4 photosynthesis. These 

species represent a recently evolved, independent origin of C4 photosynthesis with a unique anatomy 

known as Kranz-tecticornoid type (Kadereit et al., 2003; Kadereit et al., 2005). The work described in 

this thesis aimed to carry out a strategic study of Tecticornia species that had previously been 

characterised as C3 or C4, to identify potential C3-C4 intermediate species, and hypothesise the steps of 

C4 evolution in the genus. This study firstly improved the understanding of species relationships within 

the genus through a molecular phylogenetic study using the external transcribed spacer (ETS) and 

internal transcribed spacer (ITS) nuclear markers (Chapter 2). This phylogeny was used to direct a broad 

survey at the anatomical level, identifying C3 species with features similar to the C4 species (Chapter 

3). Selected C3 species with C4-associated characteristics were then further analysed, comparing 

abundance and positioning of chloroplasts and mitochondria in different cell types (Chapter 3). The 

localisation and quantification of key enzymes in photosynthetic and photorespiratory pathways were 

also examined (Chapter 4), and finally, gas exchange measurements were carried out to determine if 

the features observed at the anatomical and biochemical levels had an impact on photosynthetic 

physiology (Chapter 4).  

 

Evidence for C3-C4 intermediacy in Tecticornia auriculata 

 

One of the major aims of this project was to identify possible C3-C4 intermediate species in the genus 

Tecticornia. Tecticornia auriculata, previously identified as a C3 species (Wilson, 1980; Moir-

Barnetson et al., 2016), was found to have multiple characteristics at the anatomical and physiological 

levels that were similar to the C4 species, T. indica subsp. bidens. Transverse sections of vegetative 

articles of T. auriculata showed a relatively high number of vascular bundles per transverse section, 

low interveinal distance, and a high percentage of water storage tissue (Chapter 3). Tecticornia 

auriculata also had a clear distinction between chlorenchyma and water storage tissue, and vascular 

bundles were positioned directly below chlorenchyma tissue (Chapter 3). Lower chlorenchyma cells 

had higher mitochondria and chloroplast planar area per cell planar area compared to upper cells 

(Chapter 3). These anatomical features were also observed in the C4 species included in the analyses. 

From A/Ci curves, the CO2 compensation point (G) of T. auriculata was between those of the C4 species 
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and the other C3 species, and the calculated Ci* value was very similar to that of the C4 species (Chapter 

4). Overall, there was strong evidence of T. auriculata being distinct from other C3 Tecticornia species 

in having traits of C3-C4 intermediacy. 

 

Tecticornia auriculata does not seem to fit precisely into the current definitions of C3-C4 intermediate 

species. Measurements of G and anatomical features suggested that T. auriculata was a proto-Kranz or 

a C3 primed species (Sage et al., 2014; Stata et al., 2019). Additionally, there was no evidence of 

differences in glycine decarboxylase P-subunit (GDC-P), ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RuBisCO) and phosphoenolpyruvate carboxylase (PEPC) localisation 

compared to the true C3 species, T. loriae (Chapter 4). Tecticornia auriculata fits the traditional 

definition of a proto-Kranz species (Muhaidat et al., 2011), but lacks the centripetal positioning of 

chloroplasts and mitochondria in the equivalent of Kranz bundle sheath cells. This type of C3-C4 

intermediate represents a relatively early step in C4 evolution according to the Monson-Sage model 

(Sage et al., 2013; Sage et al., 2014). The calculated Ci* value of T. auriculata was negative and similar 

to the value from the C4 species T. indica subsp. bidens, which is evidence of highly efficient refixation 

of photorespiratory CO2 (Sage et al., 2013; Walker et al., 2016). The approximately equal distribution 

of GDC-P between upper and lower chlorenchyma cells, based on immunolabelling per mitochondria 

planar area, argues against a fully functional C2 photosynthetic pathway in this species (Monson et al., 

1984). However, the high abundance of mitochondria in lower chlorenchyma cells (Chapter 3) may 

contribute to a higher investment of GDC-P in these cells, which may establish a basic photorespiratory 

CO2 concentrating mechanism (Muhaidat et al., 2011; Sage and Khoshravesh, 2016).  

 

Tecticornia auriculata is distributed in Western Australia in northern tropical and sub-tropical regions, 

in both coastal and inland areas (Figure 5.1a, 5.1b, Atlas of Living Australia, 2020). These regions have 

a warm climate, with most rainfall received in the summer months (Saintilan, 2009). C3-C4 intermediacy 

gives plants an advantage in hot conditions by reducing CO2 lost through photorespiration (Sage et al., 

2018) and this may assist T. auriculata to inhabit these areas. Studies of the global centres of origin of 

C4 photosynthesis found that most eudicot lineages arose in hot areas with monsoonal rainfall, or 

moisture to support summer growth (See Sage et al. 2018 for references). Many of these regions also 

experience aridity or salinity stress, leading to high rates of photorespiration (Sage et al., 2012; Sage et 

al., 2018). The habitats of T. auriculata fit perfectly with this description (Figure 5.1a, 5.1b; Atlas of 

Living Australia, 2020). The range of T. auriculata also overlaps with the C4 Tecticornia species: T. 

bibenda and all four subspecies of T. indica (Atlas of living Australia, 2020; Chapter 1). 
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In glasshouse experiments, T. auriculata was observed to have a higher water use efficiency (WUE) 

compared to T. medusa (a C3 species) but lower than T. indica subsp. bidens (Moir-Barnetson, 2014). 

Tecticornia auriculata was one of the more salt tolerant of the Tecticornia species, surviving in higher 

salinity treatments compared to T. indica subsp. bidens (Moir-Barnetson et al., 2016). At high salinity 

treatments, T. auriculata also had lower transpiration rates compared to T. medusa and an equal 

transpiration rate to T. indica subsp. bidens (Moir-Barnetson et al., 2016). In terms of photosynthetic 

parameters in response to salinity, it seemed that T. auriculata was intermediate between T. medusa 

(C3) and T. indica subsp. bidens (C4). Another interesting observation was that T. auriculata had very 

high intercellular CO2 concentration at high salinity treatments despite a low net photosynthetic rate 

and low stomatal conductance (Moir-Barnetson et al., 2016). These physiological observations are 

consistent with T. auriculata having a basic CO2 concentrating mechanism as a proto-Kranz species. 

 

Also in support of a basic CO2 concentrating mechanism in T. auriculata are recent analyses of stable 

carbon isotope ratios in chronologies from mature woody tissue in T. auriculata individuals. The ratios 

were found to vary considerably between years (Grierson, personal communication, unpublished data) 

and in some years were found to be -19‰, which is unusually low for a C3 species (Cerling, 1999) as 

C3 species typically have a carbon isotope range between -24‰ and -30‰ (Whelan et al., 1973). Carbon 

isotope ratio is one of the major ways of identifying C4 species, as these species characteristically record 

values between -10‰ and -15‰ (Whelan et al., 1973). The low value of T. auriculata may be indicative 

of a variant photosynthetic pathway in this species. 

 

Figure 5.1. Habitat and distribution of Tecticornia auriculata. a) Distribution of Tecticornia auriculata 

in Australia, shown in green. Records from Atlas of Living Australia, 2020. b) A T. auriculata individual 

growing in its natural habitat. (Photograph by Dr. Kelly Shepherd, Department of Biodiversity, 

Conservation and Attractions)  
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In the combined ETS and ITS phylogeny, T. auriculata was not found to be closely related to the C4 

species (Chapter 2). It resolved in a clade that also included the C3 species T. calyptrata, T. pruinosa, 

T. chartacea, T. undulata and T. laevigata (Chapter 2). This suggests T. auriculata may represent an 

independent origin of C3-C4 intermediacy. In most lineages that contain C4, C3 and intermediate species, 

including Neurachninae (Christin et al., 2012; Khoshravesh et al., 2020) and Salsoleae (Schüssler et al., 

2016), the proposed evolution of C4 photosynthesis from the ancestral C3 pathway is not directly 

supported by the phylogenetic positions of species. Only in one lineage, the well-studied genus 

Flaveria, was the suggested progression from a C3 ancestor to proto-Kranz, C2 and C4 supported by the 

phylogeny (McKown et al., 2005). As an extant proto-Kranz species, T. auriculata is still valuable for 

hypothesising the steps from C3 to C4 photosynthesis in Tecticornia. 

 

The possible steps in C4 evolution in Tecticornia 

 

From the results described in this thesis, it seems that the evolution of C4 photosynthesis in Tecticornia 

differs from the most widely accepted Monson-Sage model of C4 evolution (Monson et al., 1984; Sage 

et al., 2014; Stata et al., 2019). A model of the steps in C4 evolution, based on extant Tecticornia species, 

is proposed as follows. All species in the genus Tecticornia are succulent and salt tolerant (Wilson, 

1972, 1980), and these have been identified as traits that increase the likelihood of C4 photosynthesis 

evolving in a lineage within Chenopodiaceae (Kadereit et al., 2012). Therefore, these traits may be seen 

as a pre-conditioning step or steps in Tecticornia. The proposed model defines upper and lower 

chlorenchyma cells in C3 Tecticornia species as equivalent to mesophyll and bundle sheath cells, 

respectively, in other C3 species, as described previously (Chapter 3, Chapter 4). 

 

The first step of this model is represented by T. loriae, defined as a true C3 species with no C4-associated 

traits at the anatomical, biochemical and physiological levels (Figure 5.2a; Chapter 3 and 4). Tecticornia 

loriae has relatively few vascular bundles with a high interveinal distance, and the bundles are generally 

positioned within storage tissue. There is no clear distinction between chlorenchyma and water storage 

tissue, and the boundary between these tissue types shows a gradient of cells that are intermediate 

between the two types (Figure 5.2a; Chapter 3). 
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Figure 5.2. An overview of the hypothetical steps in the evolution of C4 photosynthesis in Tecticornia. a) 

Tecticornia loriae represents a true C3 species, with few vascular bundles that are positioned within water storage 

tissue, high interveinal distance, and an indistinct separation between water storage tissue and chlorenchyma. b) 

C4-associated anatomical features in T. verrucosa, a C3 species, include a relatively higher number of vascular 

bundles, low interveinal distance, a distinct separation of chlorenchyma and water storage tissue, and vascular 

bundles positioned directly below chlorenchyma cells. c) Tecticornia auriculata is identified as the equivalent of 

a proto-Kranz species. As well as C4-associated anatomical traits, T. auriculata also has activated lower 

chlorenchyma cells with a higher investment of organelles compared to upper chlorenchyma cells. These 

activated cells also have a smaller transverse planar area compared to upper chlorenchyma cells, and 

chlorenchyma cells in T. verrucosa. d) Full C4 photosynthesis is represented by T. indica subsp. bidens with 

Kranz-tecticornoid anatomy. There are distinct mesophyll and Kranz cells with thickened cell walls, and 

colourless mesophyll cells. 
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Tecticornia verrucosa was a species that resolved as sister to the C4 clade in phylogenetic analyses 

(Chapter 2) and shared many of the anatomical features observed in T. auriculata and the C4 species, T. 

indica subsp. bidens (Figure 5.2b). This species may therefore represent early anatomical changes in 

the steps from C3 to C4 photosynthesis. These traits include a relatively high number of vascular bundles 

compared to the C3 T. loriae, low interveinal distance, an increase in succulence, and a distinct boundary 

between chlorenchyma and water storage tissue (Figure 5.2b; Chapter 3). As in the Monson-Sage model 

of C4 evolution, these anatomical features may provide an advantage to plants by increasing drought 

tolerance (Christin et al., 2013; Sage et al., 2013). Specialised chlorenchyma and water storage tissue 

suggest that water is lost from water storage tissue rather than photosynthetic tissue during drought, 

allowing plants to continue photosynthesising under this stress condition (Ripley et al., 2013; Males, 

2017). Increased numbers of vascular bundles positioned near chlorenchyma may also assist in 

delivering water to photosynthetic tissue (Osborne and Sack, 2012). The positioning of vascular bundles 

may also play a role in transportation of sugars from productive photosynthetic cells (Ogburn and 

Edwards, 2013). Specialised chlorenchyma and water storage tissue allow greater water storage 

capacity without decreasing photosynthetic capacity (Ripley et al., 2013), possibly contributing to an 

increase in succulence. Increased succulence is a trait that is also observed in the C4 and C3-C4 

intermediate species of Salsoleae (Voznesenskaya et al., 2013; Schüssler et al., 2016). 

 

In addition to C4-associated anatomical features, T. auriculata had lower chlorenchyma cells with a 

higher planar area of mitochondria and chloroplasts per cell area compared to upper chlorenchyma cells 

(Figure 5.2c; Chapter 3). These lower chlorenchyma cells are defined as activated (Muhaidat et al., 

2011) and have a smaller total planar area compared to chlorenchyma cells in other C3 Tecticornia 

species (Chapter 3). From gas exchange analyses, it was predicted that the higher investment of 

mitochondria in lower cells allowed greater refixation of photorespiratory CO2 and provided an 

advantage to T. auriculata in conditions that promote photorespiration (Chapter 4). These organelles 

were not arranged in a centripetal or centrifugal position (Chapter 3) and there was no evidence of 

thickened cell walls to assist in creating a CO2 concentrating mechanism (Chapter 3; Voznesenskaya et 

al, 2008). Instead, the positioning of these organelles away from intercellular air spaces may assist 

chloroplasts in recapturing photorespiratory CO2 from mitochondria within the cell (Chapter 3; 

Voznesenskaya et al., 2007). 

 

Tecticornia indica subsp. bidens represents the final stage of C4 photosynthesis evolution in the genus 

(Figure 5.2d). This includes specialised mesophyll and Kranz cells, a higher abundance of PEPC 

partitioned to the cytosol of mesophyll cells, and RuBisCO localised to Kranz cells (Chapter 4). 

Additional C4-associated anatomical features that seem to have evolved at a later stage in Tecticornia 

C4 evolution include colourless mesophyll cells, thickened Kranz cell walls, and centrifugal positioning 

of organelles in Kranz cells (Voznesenskaya et al., 2008). 



 124 

 

An increase in the size of bundle sheath cells in C4 and C3-C4 intermediates relative to those of C3 

species is a key step in the Monson-Sage model of C4 evolution (Sage et al., 2013). In Tecticornia, there 

are no bundle sheath cells, and instead the lower chlorenchyma cells in T. auriculata appeared to be the 

equivalent of bundle sheath cells in a C3-C4 intermediate species (Chapter 3). Instead of enlarged cells, 

Tecticornia auriculata seemed to have lower chlorenchyma cells with a smaller transverse planar area 

compared to chlorenchyma cells in other C3 Tecticornia species. Another important feature of C3-C4 

intermediate species in the Monson-Sage model is enlarged mitochondria (Muhaidat et al., 2011; Sage 

et al., 2014), but again, this was not observed in T. auriculata or the C4 T. indica subsp. bidens (Chapter 

3). 

 

One of the most surprising findings of the current study was the lack of a difference in GDC-P 

immunolabelling per mitochondria planar area between different cell types. This was found in all C3 

species included in the analysis, as well as the C4 species, T. indica subsp. bidens (Chapter 4). A C4 

species is expected to have a higher investment of GDC-P in Kranz or bundle sheath cells compared to 

mesophyll cells (Hylton et al., 1988; Parys and Jastrzebski, 2008; Schulze et al., 2016). One possible 

explanation for the lack of differential GDC-P labelling is that GDC may be playing a role in salt 

tolerance mechanisms in Tecticornia. It has been proposed recently that the photorespiratory pathway 

may be connected to stress responses in plants, with the serine from photorespiration used as a substrate 

for stress-related compounds, including glycine betaine (Wingler et al., 2000; Busch, 2020). Glycine 

betaine is an essential compound in Tecticornia species, assisting in osmoregulation and salt tolerance 

(English and Colmer, 2013; Moir-Barnetson et al., 2016). Photorespiration and GDC-P play a major 

role in the Monson-Sage model of C4 evolution by creating a preliminary CO2 concentrating mechanism 

(Sage et al., 2012). If indeed the products of the photorespiration pathway are important for the synthesis 

of glycine betaine, this may have a profound impact on the path of C4 evolution in halophytic lineages.  

 

Tecticornia has many similarities to the tribe Salsoleae, also in the family Chenopodiaceae. Both 

lineages contain closely related C3 and C4 succulent species. However, Tecticornia carry out 

photosynthesis in succulent vegetative articles while most species in Salsoleae have succulent leaves as 

a primary photosynthetic organ (Voznesenskaya et al., 2013; Schüssler et al., 2016). There are 

similarities in general anatomy, and both lineages have C4 anatomical types with concentric layers of 

Kranz and mesophyll cells surrounding water storage tissue. The suggested steps in Tecticornia C4 

evolution have some similarities with the model proposed for Salsoleae, with no change in transverse 

bundle sheath cell size and an increase in succulence (Voznesenskaya et al., 2013). However, changes 

in vein density and interveinal distance seem to be important traits in C3-C4 and C4 Tecticornia species, 

unlike species in Salsoleae (Voznesenskaya et al., 2013; Schüssler et al., 2016). The Salsoleae model 

also suggests that a decrease in the number of layers of mesophyll cells is a crucial step in C4 evolution 
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(Voznesenskaya et al., 2013), while this does not appear to be the case in Tecticornia, as T. auriculata 

had a relatively high number of chlorenchyma layers (Figure 5.2c; Chapter 3).  

 

Tecticornia and other groups of plants that deviate from the Monson-Sage model, including Salsoleae, 

assist in extending and developing the model. Recognising the different paths that lineages have taken 

to a C4 syndrome, and how these steps are connected to physiology and anatomy, may provide insights 

into the possibility of engineering of the C4 pathway into C3 species (Sage and Zhu, 2011). Although 

the photosynthetic organs of Tecticornia have a very different anatomy compared to those of 

conventional crop species, further studies with this genus may demonstrate how the evolution of the C4 

pathway interacts with the adaptations to saline conditions; information that may also prove beneficial 

to crop improvement strategies. 

 

Future directions and further work 

 

With T. auriculata identified as a C3-C4 intermediate, further analyses at the molecular level could be 

carried out to determine how C4 photosynthesis evolved in Tecticornia. For example, investigations 

involving genome sequencing and transcriptomics could target T. auriculata and compare it to other C3 

and C4 Tecticornia species. The observation in immunoblots of variation in abundance of PEPC in T. 

auriculata (Chapter 4) was another interesting anomaly and should be further investigated by 

determining if environmental or temporal factors have an effect on PEPC abundance in this species. 

 

A major barrier to constructing a hypothesis of the evolution of C4 in Tecticornia is the lack of a robust 

and fully resolved phylogeny (Chapter 2). This framework is important as it places species into an 

evolutionary context by which models of C4 evolution can be hypothesised and tested (McKown et al., 

2005). Future phylogenetics work is needed to resolve the relationships between Tecticornia species, 

and in particular to determine how the clade including T. auriculata is related to the C4 clade. This study 

used the ETS and ITS markers to increase resolution in the phylogeny and identified nine well-

supported clades, but the backbone of the phylogeny, in other words, how these clades are related, 

remained unresolved (Chapter 2). The persistent low genetic diversity and the additional observation of 

paralogous sequences (Chapter 2) demonstrate that traditional phylogenetic techniques, adding data 

from individual nuclear and chloroplastic markers, may not be the best strategy to resolve this difficult 

phylogeny. Newer next generation phylogenomics techniques, such as genome skimming, target 

enrichment, and larger scale sequencing of chloroplast genomes (Gardner et al., 2016; Jabaily et al., 

2018; Johnson et al., 2018) may provide the genetic data necessary to resolve relationships within 

Tecticornia. 
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The current model of C4 photosynthesis was constructed using lineages with leaves as the primary 

photosynthetic organ. The concepts of vein density and cell size were made from measurements of 

transverse sections of leaves (Sage et al., 2013). Tecticornia anatomy is completely different, with a 

three-dimensional structure including veins that begin at two points on each node and branch into a 

complex pattern (Wilson, 1980). The complexity of vein density, vein position, cell size and cell 

arrangement are not fully conveyed by a transverse section through a Tecticornia vegetative article. 

Future anatomical work should take the three dimensions into account and use serial sectioning or 

computer-assisted techniques to examine the full structure of vegetative articles and the patterns of 

veins and cell types within them. For example, X-ray micro-computed tomography (microCT) has been 

applied to leaf structure, allowing researchers to generate a 3D image of mesophyll cells and airspaces 

(Lehmeier et al., 2017). The effects of manipulating cell cycle genes on overall leaf architecture were 

explored, and it was found that changes in mesophyll size had complex effects on air space networks 

and photosynthesis at the physiological level (Lehmeier et al., 2017). This provided a holistic view of 

the leaf, rather than that of a single transverse section, and allowed details about leaf airspace networks, 

for example, to be observed. In Tecticornia species, the continuous cylindrical shape of the 

chlorenchyma cells arranged around water storage tissue presents a completely different context for gas 

diffusion, vascular networks, and light diffusion. An integrated structural and physiological approach 

would be required to fully determine the effects of vein density and chlorenchyma cell size on 

photosynthesis. For example, a higher vein density and lower average chlorenchyma cell planar area 

were observed in T. auriculata compared to other C3 Tecticornia species (Chapter 3). In studies carried 

out in Arabidopsis thaliana, smaller mesophyll cell size compared to the wild type was achieved 

through genetic engineering techniques, leading to a higher density of mesophyll cells, lower leaf 

porosity, and higher photosynthesis capacity (Lehmeier et al., 2017). Does smaller chlorenchyma cell 

size have a similar effect in Tecticornia species? Detailed analyses in three dimensions, combined with 

physiological data, could answer this question. 

 

Tecticornia is a fascinating genus of plants with their highly reduced features and adaptations to harsh 

and sometimes contrasting conditions. Species have evolved to survive and thrive in high salinity, high 

light, flooding and submergence, as well as prolonged drought conditions. Tecticornia species seem to 

have a very different lifestyle and morphology from the majority of “normal” plants, and this difference 

is also reflected in their unique evolution of C4 photosynthesis. The insights gained from studying C4 

photosynthesis in this genus indicate that the evolutionary steps outlined in the most widely accepted 

Monson-Sage model of C4 evolution may deviate, or even be unimportant, in particular lineages. 

Studying the evolution of C4 photosynthesis in these nearly aphyllous plants provides greater 

comprehension of the pathways that lineages may have taken to C4 photosynthesis. 

 

 



 127 

References 
 

Abadie C, Tcherkez G (2019) Plant sulphur metabolism is stimulated by photorespiration. Commun 

Biol 2: 379 

Alonso-Cantabrana H, von Caemmerer S (2016) Carbon isotope discrimination as a diagnostic tool 

for C4 photosynthesis in C3-C4 intermediate species. Journal of Experimental Botany 67: 

3109-3121 

Annunziata MG, Ciarmiello LF, Woodrow P, Dell'Aversana E, Carillo P (2019) Spatial and 

Temporal Profile of Glycine Betaine Accumulation in Plants Under Abiotic Stresses. 

Frontiers in Plant Science 10: 13 

Atlas of Living Australia website at http://www.ala.org.au. Accessed 2020. 

Aubry S, Brown NJ, Hibberd JM (2011) The role of proteins in C3 plants prior to their recruitment 

into the C4 pathway. Journal of Experimental Botany 62: 3049-3059 

Bailey CD, Carr TG, Harris SA, Hughes CE (2003) Characterization of angiosperm nrDNA 

polymorphism, paralogy, and pseudogenes. Molecular Phylogenetics and Evolution 29: 435-

455 

Ball MC, Cowan IR, Farquhar GD (1988) Maintenance of Leaf Temperature and the Optimisation 

of Carbon Gain in Relation to Water Loss in a Tropical Mangrove Forest. Functional Plant 

Biology 15: 263-276 

Ball P, Cornejo X, Kadereit G (2017) Mangleticornia (Amaranthaceae: Salicornioideae) — a new 

sister for Salicornia from the Pacific coast of South America. Willdenowia 47: 145-153 

Barrett RA, Bayly MJ, Duretto MF, Forster PI, Ladiges PY, Cantrill DJ (2018) Phylogenetic 

analysis of Zieria (Rutaceae) in Australia and New Caledonia based on nuclear ribosomal 

DNA shows species polyphyly, divergent paralogues and incongruence with chloroplast 

DNA. Australian Systematic Botany 31: 16-47 

Bassuner B, Keerberg O, Bauwe H, Pyarnik T, Keerberg H (1984) Photosynthetic CO2 

metabolism in C3-C4 Intermediate And C4 Species Of Flaveria (Asteraceae). Biochemie Und 

Physiologie Der Pflanzen 179: 631-634 

Bauwe H (1984) Photosynthetic Enzyme Activities And Immunofluorescence Studies On The 

Localization Of Ribulose-1,5-Bisphosphate Carboxylase/Oxygenase In Leaves Of C3, C4 And 

C3-C4 Intermediate Species Of Flaveria (Asteraceae). Biochemie Und Physiologie Der 

Pflanzen 179: 253-268 

Bauwe H (2011) Photorespiration: The Bridge to C4 Photosynthesis. In C4 Photosynthesis and the 

Related CO2 Concentrating Mechanisms, Vol 32. Springer, The Netherlands, pp 81-108 

Berry JO, Patel M, Zielinski A (2011) Chapter 12 C4 Gene Expression in Mesophyll and Bundle 

Sheath Cells. In AS Raghavendra, RF Sage, eds, C4 Photosynthesis and Related CO2 

Concentrating Mechanisms. Springer Netherlands, Dordrecht, pp 221-256 



 128 

Bianconi ME, Dunning LT, Moreno-Villena JJ, Osborne CP, Christin P-A (2018) Gene 

duplication and dosage effects during the early emergence of C4 photosynthesis in the grass 

genus Alloteropsis. Journal of Experimental Botany 69: 1967-1980 

Bläsing OE, Ernst K, Streubel M, Westhoff P, Svensson P (2002) The non-photosynthetic 

phosphoenolpyruvate carboxylases of the C4 dicot Flaveria trinervia – implications for the 

evolution of C4 photosynthesis. Planta 215: 448-456 

Bloom AJ (2015) Photorespiration and nitrate assimilation: a major intersection between plant carbon 

and nitrogen. Photosynthesis Research 123: 117-128 

Bohley K, Joos O, Hartmann H, Sage R, Liede-Schumann S, Kadereit G (2015) Phylogeny of 

Sesuvioideae (Aizoaceae) – Biogeography, leaf anatomy and the evolution of C4 

photosynthesis. Perspectives in Plant Ecology, Evolution and Systematics 17: 116-130 

Brammer J (2018) Sheep farmer’s bush food that’s salt of the earth. In The West Australian. The 

West Australian and Seven West Media, Perth 

Bremer B, Bremer K, Chase MW, Fay MF, Reveal JL, Soltis DE, Soltis PS, Stevens PF, 

Anderberg AA, Moore MJ, Olmstead RG, Rudall PJ, Sytsma KJ, Tank DC, Wurdack 

K, Xiang JQY, Zmarzty S, Angiosperm Phylogeny G (2009) An update of the Angiosperm 

Phylogeny Group classification for the orders and families of flowering plants: APG III. 

Botanical Journal of the Linnean Society 161: 105-121 

Brooks A, Farquhar GD (1985) Effect of temperature on the CO2/O2 specificity of ribulose-1,5-

bisphosphate carboxylase/oxygenase and the rate of respiration in the light. Planta 165: 397-

406 

Brown RH (1810) Prodromus florae novae Hollandiae et Insulae Van-Diemen, Vol 1. Norimbergae 

:Sumtibus L. Schrag 

Brown RH, Bouton JH, Rigsby L, Rigler M (1983) Photosynthesis of Grass Species Differing in 

Carbon Dioxide Fixation Pathways. Plant Physiology 71: 425 

Brown RH, Hattersley PW (1989) Leaf Anatomy Of C3-C4 Species as Related to Evolution Of C4 

Photosynthesis. Plant Physiology 91: 1543-1550 

Buckler ES, Ippolito A, Holtsford TP (1997) The evolution of ribosomal DNA: Divergent 

paralogues and phylogenetic implications. Genetics 145: 821-832 

Busch FA (2020) Photorespiration in the context of Rubisco biochemistry, CO2 diffusion and 

metabolism. Plant Journal 101: 919-939 

Busch FA, Sage RF, Farquhar GD (2018) Plants increase CO2 uptake by assimilating nitrogen via 

the photorespiratory pathway. Nature Plants 4: 46-54 

Busch FA, Sage TL, Cousins AB, Sage RF (2013) C3 plants enhance rates of photosynthesis by 

reassimilating photorespired and respired CO2. Plant, Cell & Environment 36: 200-212 



 129 

Carillo P, Mastrolonardo G, Nacca F, Parisi D, Verlotta A, Fuggi A (2008) Nitrogen metabolism 

in durum wheat under salinity: accumulation of proline and glycine betaine. Functional Plant 

Biology 35: 412-426 

Carolin R, Jacobs S, Vesk M (1982) The chlorenchyma of some members of the Salicornieae 

(Chenopodiaceae). Australian Journal of Botany 30: 387-392 

Carolin RC, Jacobs SWL, Vesk M (1978) Kranz cells and mesophyll in Chenopodiales. Australian 

Journal of Botany 26: 683-698 

Cegelski L, Schaefer J (2006) NMR determination of photorespiration in intact leaves using in vivo 
13CO2 labeling. Journal of Magnetic Resonance 178: 1-10 

Cerling TE (1999) 13 - Paleorecords of C4 Plants and Ecosystems. In RF Sage, RK Monson, eds, C4 

Plant Biology. Academic Press, San Diego, pp 445-469 

Christin P-A, Osborne CP, Chatelet DS, Columbus JT, Besnard G, Hodkinson TR, Garrison 

LM, Vorontsova MS, Edwards EJ (2013) Anatomical enablers and the evolution of C4 

photosynthesis in grasses. Proceedings of the National Academy of Sciences of the United 

States of America 110: 1381-1386 

Christin P-A, Wallace MJ, Clayton H, Edwards EJ, Furbank RT, Hattersley PW, Sage RF, 

Macfarlane TD, Ludwig M (2012) Multiple photosynthetic transitions, polyploidy, and 

lateral gene transfer in the grass subtribe Neurachninae. Journal of Experimental Botany 63: 

6297-6308 

Christin PA, Besnard G, Samaritani E, Duvall MR, Hodkinson TR, Savolainen V, Salamin N 

(2008) Oligocene CO2 decline promoted C4 photosynthesis in grasses. Curr Biol 18: 37-43 

Christin PA, Sage TL, Edwards EJ, Ogburn RM, Khoshravesh R, Sage RF (2011) Complex 

Evolutionary Transitions and the Significance Of C3-C4 Intermediate Forms of Photosynthesis 

in Molluginaceae. Evolution 65: 643-660 

Colmer TD, Flowers TJ (2008) Flooding tolerance in halophytes. New Phytologist 179: 964-974 

Colmer TD, Vos H, Pedersen O (2008) Tolerance of combined submergence and salinity in the 

halophytic stem-succulent Tecticornia pergranulata. Annals of Botany 103: 303-312 

Cornic G, Briantais J-M (1991) Partitioning of photosynthetic electron flow between CO2 and O2 

reduction in a C3 leaf (Phaseolus vulgaris L.) at different CO2 concentrations and during 

drought stress. Planta 183: 178-184 

Dalby DH (1963) Seed Dispersal in Salicornia pusilla. Nature 199: 197-& 

Darriba D, Taboada GL, Doallo R, Posada D (2012) jModelTest 2: more models, new heuristics 

and parallel computing. Nature Methods 9: 772 

Datson B (2002) Samphires in Western Australia: A Field Guide to Chenopodiaceae Tribe 

Salicornieae. Department of Conservation and Land Management, Western Australia 

de Mendiburu F (2019) agricolae: Statistical Procedures for Agricultural Research.  



 130 

Di Martino C, Delfine S, Pizzuto R, Loreto F, Fuggi A (2003) Free amino acids and glycine betaine 

in leaf osmoregulation of spinach responding to increasing salt stress. New Phytologist 158: 

455-463 

Douce R, Bourguignon J, Neuburger M, Rebeille F (2001) The glycine decarboxylase system: a 

fascinating complex. Trends in Plant Science 6: 167-176 

Drincovich MF, Lara MV, Andreo CS, Maurino VG (2011) C4 Decarboxylases: Different 

Solutions for the Same Biochemical Problem, the Provision of CO2 to Rubisco in the Bundle 

Sheath Cells. In AS Raghavendra, RF Sage, eds, C4 Photosynthesis and Related CO2 

Concentrating Mechanisms. Springer Netherlands, Dordrecht, pp 277-300 

Drummond AJ, Rambaut A (2007) BEAST: Bayesian evolutionary analysis by sampling trees. Bmc 

Evolutionary Biology 7 

Edwards EJ (2019) Evolutionary trajectories, accessibility and other metaphors: the case of C4 and 

CAM photosynthesis. New Phytologist 223: 1742-1755 

Edwards EJ, Smith SA (2010) Phylogenetic analyses reveal the shady history of C4 grasses. 

Proceedings of the National Academy of Sciences 107: 2532-2537 

Edwards GE, Franceschi VR, Ku MSB, Voznesenskaya EV, Pyankov VI, Andreo CS (2001) 

Compartmentation of photosynthesis in cells and tissues of C4 plants. Journal of Experimental 

Botany 52: 577-590 

Edwards GE, Ku MSB (1987) 5 - Biochemistry of C3–C4 Intermediates. In MD Hatch, NK 

Boardman, eds, Photosynthesis. Academic Press, pp 275-325 

Edwards GE, Voznesenskaya EV (2011) C4 Photosynthesis: Kranz Forms and Single-Cell C4 in 

Terrestrial Plants. In AS Raghavendra, RF Sage, eds, C4 Photosynthesis and Related CO2 

Concentrating Mechanisms, Vol 32, pp 29-61 

Ehleringer J, Pearcy RW (1983) Variation in Quantum Yield for CO2 Uptake among C3 and C4 

Plants. Plant Physiology 73: 555 

Engel N, van den Daele K, Kolukisaoglu Ü, Morgenthal K, Weckwerth W, Pärnik T, Keerberg 

O, Bauwe H (2007) Deletion of Glycine Decarboxylase in Arabidopsis Is Lethal under 

Nonphotorespiratory Conditions. Plant Physiology 144: 1328 

English J, Colmer T (2011) Salinity and waterlogging tolerances in three stem-succulent halophytes 

(Tecticornia species) from the margins of ephemeral salt lakes. Plant & Soil 348: 379-396 

English JP, Colmer TD (2013) Tolerance of extreme salinity in two stem-succulent halophytes 

(Tecticornia species). Functional Plant Biology 40: 897-912 

Epimashko S, Meckel T, Fischer-Schliebs E, Lüttge U, Thiel G (2004) Two functionally different 

vacuoles for static and dynamic purposes in one plant mesophyll leaf cell. The Plant Journal 

37: 294-300 

Ermakova M, Danila FR, Furbank RT, von Caemmerer S (2020) On the road to C4 rice: advances 

and perspectives. Plant Journal 101: 940-950 



 131 

Fahn A, Arzee T (1959) Vascularization of Articulated Chenopodiaceae and the Nature of Their 

Fleshy Cortex. American Journal of Botany 46: 330-338 

Fisher AE, McDade LA, Kiel CA, Khoshravesh R, Johnson MA, Stata M, Sage TL, Sage RF 

(2015) Evolutionary History of Blepharis (Acanthaceae) and the Origin of C4 Photosynthesis 

in Section Acanthodium. International Journal of Plant Sciences 176: 770-790 

Flowers TJ, Colmer TD (2015) Plant salt tolerance: adaptations in halophytes. Annals of botany 

115: 327-331 

Fox J, Bouchet-Valat M (2019) Rcmdr: R Commander. In, Vol R package version 2.5-2. 

Fox J, Weisberg S (2019) An R Companion to Applied Regression. In, Vol Third Edition. Sage, 

Thousand Oaks, CA 

Freitag H, Kadereit G (2014) C3 and C4 leaf anatomy types in Camphorosmeae 

(Camphorosmoideae, Chenopodiaceae). Plant Systematics and Evolution 300: 665-687 

Furbank RT (2011) Evolution of the C4 photosynthetic mechanism: are there really three C4 acid 

decarboxylation types? Journal of Experimental Botany 62: 3103-3108 

Gardner AG, Sessa EB, Michener P, Johnson E, Shepherd KA, Howarth DG, Jabaily RS (2016) 

Utilizing next-generation sequencing to resolve the backbone of the Core Goodeniaceae and 

inform future taxonomic and floral form studies. Molecular Phylogenetics and Evolution 94: 

605-617 

Garnett O (2019) 'Sea asparagus' shows commercial bush food potential for salty inland farmland. In 

ABC News. ABC News, Perth 

Ghannoum O, Evans JR, von Cammerer S (2011) Nitrogen and Water Use Efficiency of C4 plants. 

In AaS Raghavendra, R., ed, C4 photosynthesis and Related CO2 Concentrating Mechanisms, 

Vol 32. Springer, Dordrecht, The Netherlands 

Gowik U, Westhoff P (2010) Chapter 13 C4 Phosphoenolpyruvate Carboxylase.  

Griffiths H, Males J (2017) Succulent plants. Current Biology 27: R890-R896 

Griffiths H, Weller G, Toy LFM, Dennis RJ (2013) You're so vein: bundle sheath physiology, 

phylogeny and evolution in C3 and C4 plants. Plant Cell and Environment 36: 249-261 

Guy R, Reid DM, Krouse H (1986) Factors affecting 13C/12C ratios of inland halophytes. II. 

Ecophysiological interpretations of patterns in the field. Canadian Journal of Botany 64: 

2700-2707 

Hatch MD (1987) C4 photosynthesis: a unique blend of modified biochemistry, anatomy and 

ultrastructure. Biochimica et Biophysica Acta (BBA) - Reviews on Bioenergetics 895: 81-106 

Hattersley PW, Watson L, Johnston CR (1982) Remarkable leaf anatomical variations in 

Neurachne and its allies (Poaceae) in relation to C3 and C4 photosynthesis. Botanical Journal 

of the Linnean Society 84: 265-272 



 132 

Hattersley PW, Watson L, Wong SC (1984) Varying Photosynthetic Pathway and a C3-C4 

Intermediate in Australian Neurachne and its Allies (Poaceae). In C Sybesma, ed, Advances 

in Photosynthesis Research, Vol 3. Springer Netherlands, pp 403-406 

Hattersley PW, Wong SC, Perry S, Roksandic Z (1986) Comparative ultrastructure and gas-

exchange characteristics of the C3-C4 intermediate Neurachne minor Blake,S.T. (Poaceae). 

Plant Cell and Environment 9: 217-233 

Heckmann D, Schulze S, Denton A, Gowik U, Westhoff P, Weber Andreas PM, Lercher 

Martin J (2013) Predicting C4 Photosynthesis Evolution: Modular, Individually Adaptive 

Steps on a Mount Fuji Fitness Landscape. Cell 153: 1579-1588 

Hernandez-Ledesma P, Berendsohn WG, Borsch T, Von Mering S, Akhani H, Arias S, 

Castaneda-Noa I, Eggli U, Eriksson R, Flores-Olvera H, Fuentes-Bazan S, Kadereit G, 

Klak C, Korotkova N, Nyffeler R, Ocampo G, Ochoterena H, Oxelman B, Rabeler RK, 

Sanchez A, Schlumpberger BO, Uotila P (2015) A taxonomic backbone for the global 

synthesis of species diversity in the angiosperm order Caryophyllales. Willdenowia 45: 281-

383 

Hylton CM, Rawsthorne S, Smith AM, Jones DA, Woolhouse HW (1988) Glycine decarboxylase 

is confined to the bundle-sheath cells of leaves of C3-C4 intermediate species. Planta 175: 

452-459 

Igamberdiev AU, Mikkelsen TN, Ambus P, Bauwe H, Lea PJ, Gardeström P (2004) 

Photorespiration Contributes to Stomatal Regulation and Carbon Isotope Fractionation: A 

Study with Barley, Potato and Arabidopsis Plants Deficient in Glycine Decarboxylase. 

Photosynthesis Research 81: 139-152 

Jabaily RS, Shepherd KA, Michener PS, Bush CJ, Rivero R, Gardner AG, Sessa EB (2018) 

Employing hypothesis testing and data from multiple genomic compartments to resolve 

recalcitrant backbone nodes in Goodenia s.l. (Goodeniaceae). Molecular Phylogenetics and 

Evolution 127: 502-512 

James LE, Kyhos DW (1961) The nature of the fleshy shoot of Allenrolfea and allied genera 

American Journal of Botany 48: 101-108 

Jenkins CLD, Furbank RT, Hatch MD (1989) Mechanism of C4 Photosynthesis. Plant Physiology 

91: 1372 

Johnson MG, Pokorny L, Dodsworth S, Botigue LR, Cowan RS, Devault A, Eiserhardt WL, 

Epitawalage N, Forest F, Kim JT, Leebens-Mack JH, Leitch IJ, Maurin O, Soltis DE, 

Soltis PS, Wong GK-S, Baker WJ, Wickett NJ (2018) A Universal Probe Set for Targeted 

Sequencing of 353 Nuclear Genes from Any Flowering Plant Designed Using k-medoids 

Clustering. bioRxiv: 361618 

Jordan DB, Ogren WL (1984) The CO2/O2 specificity of ribulose 1,5-bisphosphate 

carboxylase/oxygenase. Planta 161: 308-313 



 133 

Kadereit G, Ackerly D, Pirie MD (2012) A broader model for C4 photosynthesis evolution in plants 

inferred from the goosefoot family (Chenopodiaceae s.s.). Proceedings of the Royal Society 

B-Biological Sciences 279: 3304-3311 

Kadereit G, Borsch T, Weising K, Freitag H (2003) Phylogeny of Amaranthaceae and 

Chenopodiaceae and the evolution of C4 photosynthesis. International Journal of Plant 

Sciences 164: 959-986 

Kadereit G, Freitag H (2011) Molecular phylogeny of Camphorosmeae (Camphorosmoideae, 

Chenopodiaceae): Implications for biogeography, evolution of C4-photosynthesis and 

taxonomy. Taxon 60: 51-78 

Kadereit G, Gotzek D, Jacobs S, Freitag H (2005) Origin and age of Australian Chenopodiaceae. 

Organisms Diversity & Evolution 5: 59-80 

Kadereit G, Lauterbach M, Pirie MD, Arafeh R, Freitag H (2014) When do different C4 leaf 

anatomies indicate independent C4 origins? Parallel evolution of C4 leaf types in 

Camphorosmeae (Chenopodiaceae). Journal of Experimental Botany 65: 3499-3511 

Kadereit G, Mucina L, Freitag H (2006) Phylogeny of Salicornioideae (Chenopodiaceae): 

diversification, biogeography, and evolutionary trends in leaf and flower morphology. Taxon 

55: 617-642 

Kaiser WM (1987) Effects of water deficit on photosynthetic capacity. Physiologia Plantarum 71: 

142-149 

Khoshravesh R, Akhani H, Sage TL, Nordenstam B, Sage RF (2012) Phylogeny and 

photosynthetic pathway distribution in Anticharis Endl. (Scrophulariaceae). Journal of 

Experimental Botany 63: 5645-5658 

Khoshravesh R, Stata M, Busch FA, Saladié M, Castelli JM, Dakin N, Hattersley PW, 

Macfarlane TD, Sage RF, Ludwig M, Sage TL (2020) The Evolutionary Origin of C4 

Photosynthesis in the Grass Subtribe Neurachninae. Plant Physiology 182: 566 

Khoshravesh R, Stinson CR, Stata M, Busch FA, Sage RF, Ludwig M, Sage TL (2016) C3–C4 

intermediacy in grasses: organelle enrichment and distribution, glycine decarboxylase 

expression, and the rise of C2 photosynthesis. Journal of Experimental Botany 67: 3065-3078 

Kocar G, Civas N (2013) An overview of biofuels from energy crops: Current status and future 

prospects. Renewable & Sustainable Energy Reviews 28: 900-916 

Konnerup D, Moir-Barnetson L, Pedersen O, Veneklaas EJ, Colmer TD (2015) Contrasting 

submergence tolerance in two species of stem-succulent halophytes is not determined by 

differences in stem internal oxygen dynamics. Annals of Botany 115: 409-418 

Koteyeva NK, Voznesenskaya EV, Roalson EH, Edwards GE (2011) Diversity in forms of C4 in 

the genus Cleome (Cleomaceae). Annals of Botany 107: 269-283 

Ku MSB, Wu J, Dai Z, Scott RA, Chu C, Edwards GE (1991) Photosynthetic and Photorespiratory 

Characteristics of Flaveria Species. Plant Physiology 96: 518 



 134 

Kumar S, Stecher G, Tamura K (2016) MEGA7: Molecular Evolutionary Genetics Analysis 

Version 7.0 for Bigger Datasets. Molecular Biology and Evolution 33: 1870-1874 

Laegdsgaard P (2006) Ecology, disturbance and restoration of coastal saltmarsh in Australia: a 

review. Wetlands Ecology and Management 14: 379-399 

Laemmli UK (1970) Cleavage of Structural Proteins during the Assembly of the Head of 

Bacteriophage T4. Nature 227: 680-685 

Lauterbach M, Billakurthi K, Kadereit G, Ludwig M, Westhoff P, Gowik U (2017) C3 

cotyledons are followed by C4 leaves: intra-individual transcriptome analysis of Salsola soda 

(Chenopodiaceae). Journal of Experimental Botany 68: 161-176 

Lauterbach M, Schmidt H, Billakurthi K, Hankeln T, Westhoff P, Gowik U, Kadereit G (2017) 

De novo Transcriptome Assembly and Comparison of C3, C3-C4, and C4 Species of Tribe 

Salsoleae (Chenopodiaceae). Frontiers in Plant Science 8: 14 

Lauterbach M, van der Merwe PdW, Keßler L, Pirie MD, Bellstedt DU, Kadereit G (2016) 

Evolution of leaf anatomy in arid environments – A case study in southern African Tetraena 

and Roepera (Zygophyllaceae). Molecular Phylogenetics and Evolution 97: 129-144 

Lauterbach M, Zimmer R, Alexa AC, Adachi S, Sage R, Sage T, Macfarlane T, Ludwig M, 

Kadereit G (2019) Variation in leaf anatomical traits relates to the evolution of C4 

photosynthesis in Tribuloideae (Zygophyllaceae). Perspectives in Plant Ecology, Evolution 

and Systematics 39: 125463 

Layton BE, Boyd MB, Tripepi MS, Bitonti BM, Dollahon MN, Balsamo RA (2010) Dehydration-

induced expression of a 31-kDa dehydrin in Polypodium polypodioides (Polypodiaceae) may 

enable large, reversible deformation of cell walls. Am J Bot 97: 535-544 

Lehmeier C, Pajor R, Lundgren MR, Mathers A, Sloan J, Bauch M, Mitchell A, Bellasio C, 

Green A, Bouyer D, Schnittger A, Sturrock C, Osborne CP, Rolfe S, Mooney S, Fleming 

AJ (2017) Cell density and airspace patterning in the leaf can be manipulated to increase leaf 

photosynthetic capacity. The Plant Journal 92: 981-994 

Levey M, Timm S, Mettler-Altmann T, Borghi GL, Koczor M, Arrivault S, Weber APM, 

Bauwe H, Gowik U, Westhoff P (2019) Efficient 2-phosphoglycolate degradation is 

required to maintain carbon assimilation and allocation in the C4 plant Flaveria bidentis. 

Journal of Experimental Botany 70: 575-587 

Li R, Moore M, King J (2003) Investigating the regulation of one-carbon metabolism in Arabidopsis 

thaliana. Plant Cell Physiol 44: 233-241 

Long SP (1999) 7 - Environmental Responses. In RF Sage, RK Monson, eds, C4 Plant Biology. 

Academic Press, San Diego, pp 215-249 

Long SP, Bernacchi CJ (2003) Gas exchange measurements, what can they tell us about the 

underlying limitations to photosynthesis? Procedures and sources of error. Journal of 

Experimental Botany 54: 2393-2401 



 135 

Loyn RH, Lane BA, Chandler C, Carr GW (1986) Ecology of Orange-Bellied Parrots Neophema 

chrysogaster at Their Main Remnant Wintering Site. Emu - Austral Ornithology 86: 195-206 

Ludwig M (2013) Evolution of the C4 photosynthetic pathway: events at the cellular and molecular 

levels. Photosynthesis Research 117: 147-161 

Lundgren MR, Christin P-A (2016) Despite phylogenetic effects, C3–C4 lineages bridge the 

ecological gap to C4 photosynthesis. Journal of Experimental Botany 68: 241-254 

Lundgren MR, Osborne CP, Christin PA (2014) Deconstructing Kranz anatomy to understand C4 

evolution. Journal of Experimental Botany 65: 3357-3369 

Lung S-C, Yanagisawa M, Chuong SDX (2012) Recent progress in the single-cell C4 

photosynthesis in terrestrial plants. Frontiers in Biology 7: 539-547 

Malcolm C, Pol J (1986) Grazing and management of saltland shrubs. Journal of the Department of 

Agriculture, Western Australia, Series 4 27: 59-63 

Males J (2017) Secrets of succulence. Journal of Experimental Botany 68: 2121-2134 

Mallmann J, Heckmann D, Bräutigam A, Lercher MJ, Weber APM, Westhoff P, Gowik U 

(2014) The role of photorespiration during the evolution of C4 photosynthesis in the genus 

Flaveria. eLife 3: e02478 

Marchesini VA, Guerschman JP, Schweiggert RM, Colmer TD, Veneklaas EJ (2016) Spectral 

detection of stress-related pigments in salt-lake succulent halophytic shrubs. International 

Journal of Applied Earth Observation and Geoinformation 52: 457-463 

Marchesini VA, Yin C, Colmer TD, Veneklaas EJ (2014) Drought tolerances of three stem-

succulent halophyte species of an inland semiarid salt lake system. Functional Plant Biology 

41: 1230-1238 

Marshall DM, Muhaidat R, Brown NJ, Liu Z, Stanley S, Griffiths H, Sage RF, Hibberd JM 

(2007) Cleome, a genus closely related to Arabidopsis, contains species spanning a 

developmental progression from C3 to C4 photosynthesis. Plant Journal 51: 886-896 

McKown AD, Dengler NG (2007) Key innovations in the evolution of Kranz anatomy and C4 vein 

pattern in Flaveria (Asteraceae). Am J Bot 94: 382-399 

McKown AD, Moncalvo J-M, Dengler NG (2005) Phylogeny of Flaveria (Asteraceae) and 

Inference of C4 Photosynthesis Evolution. American Journal of Botany 92: 1911-1928 

Miller MA, Pfeiffer W, Schwartz T (2010) Creating the CIPRES Science Gateway for inference of 

large phylogenetic trees. In 2010 Gateway Computing Environments Workshop, GCE 2010,  

Moir-Barnetson L (2014) Ecophysiological changes in salinity and water availability in stem-

succulent halophytes (Tecticornia spp.) from an ephemeral salt lake. PhD thesis, University 

of Western Australia, Perth, Western Australia 

Moir-Barnetson L, Veneklaas EJ, Colmer TD (2016) Salinity tolerances of three succulent 

halophytes (Tecticornia spp.) differentially distributed along a salinity gradient. Functional 

Plant Biology 43: 739-750 



 136 

Monson RK (2003) Gene duplication, neofunctionalization, and the evolution of C4 photosynthesis. 

International Journal of Plant Sciences 164: S43-S54 

Monson RK, Edwards GE, Ku MSB (1984) C3-C4 Intermediate Photosynthesis in Plants. 

BioScience 34: 563-574 

Monson RK, Rawsthorne S (2000) CO2 Assimilation in C3-C4 Intermediate Plants. In RC Leegood, 

TD Sharkey, S von Caemmerer, eds, Photosynthesis: Physiology and Metabolism. Springer 

Netherlands, Dordrecht, pp 533-550 

Moraes TF, Plaxton WC (2000) Purification and characterization of phosphoenolpyruvate 

carboxylase from Brassica napus (rapeseed) suspension cell cultures: implications for 

phosphoenolpyruvate carboxylase regulation during phosphate starvation, and the integration 

of glycolysis with nitrogen assimilation. Eur J Biochem 267: 4465-4476 

Muhaidat R, Sage TL, Frohlich M, Dengler NG, Sage RF (2011) Characterization of C3-C4 

intermediate species in the genus Heliotropium L. (Boraginaceae): anatomy, ultrastructure 

and enzyme activity. Plant Cell and Environment 34: 1723-1736 

Muir G, Fleming CC, Schlotterer C (2001) Three divergent rDNA clusters predate the species 

divergence in Quercus petraea (matt.) liebl. and Quercus robur L. Molecular Biology and 

Evolution 18: 112-119 

Munns R (2002) Comparative physiology of salt and water stress. Plant, Cell & Environment 25: 

239-250 

Noctor G, Mhamdi A, Chaouch S, Han Y, Neukermans J, Marquez-Garcia B, Queval G, Foyer 

CH (2012) Glutathione in plants: an integrated overview. Plant Cell Environ 35: 454-484 

O’Brien TP, McCully ME (1981) The study of plant structure principles and selected methods. 

Termarcarphy Pty. Ltd., Melbourne 

Ogburn RM, Edwards EJ (2010) The Ecological Water-Use Strategies of Succulent Plants. In JC 

Kader, M Delseny, eds, Advances in Botanical Research, Vol 55, Vol 55. Academic Press 

Ltd-Elsevier Science Ltd, London, pp 179-225 

Ogburn RM, Edwards EJ (2013) Repeated Origin of Three-Dimensional Leaf Venation Releases 

Constraints on the Evolution of Succulence in Plants. Current Biology 23: 722-726 

Ogren WL (1984) Photorespiration: Pathways, Regulation, and Modification. Annual Review of 

Plant Physiology 35: 415-442 

Oliver DJ (1994) The Glycine Decarboxylase Complex from Plant Mitochondria. Annual Review of 

Plant Physiology and Plant Molecular Biology 45: 323-337 

Osborne C, Freckleton R (2009) Ecological selection pressures for C4 photosynthesis in the grasses. 

Proceedings. Biological sciences / The Royal Society 276: 1753-1760 

Osborne C, Sack L (2012) Evolution of C4 plants: A new hypothesis for an interaction of CO2 and 

water relations mediated by plant hydraulics. Philosophical transactions of the Royal Society 

of London. Series B, Biological sciences 367: 583-600 



 137 

Osmond CB (1978) Crassulacean Acid Metabolism: A Curiosity in Context. Annual Review of Plant 

Physiology 29: 379-414 

Parys E, Jastrzebski H (2008) Mitochondria from leaf mesophyll cells of C4 plants are deficient in 

the H protein of glycine decarboxylase complex. Journal of Plant Physiology 165: 1061-1069 

Pedersen O, Vos H, Colmer TD (2006) Oxygen dynamics during submergence in the halophytic 

stem succulent Halosarcia pergranulata. Plant Cell and Environment 29: 1388-1399 

Pepper F (2016) Farmer supplies Perth restaurants with saltbush and samphire growing wild on his 

property. In ABC News. ABC News, Perth 

Piirainen M, Liebisch O, Kadereit G (2017) Phylogeny, biogeography, systematics and taxonomy 

of Salicornioideae (Amaranthaceae/Chenopodiaceae) - A cosmopolitan, highly specialized 

hygrohalophyte lineage dating back to the Oligocene. Taxon 66: 109-132 

Purvis J, Datson B, Meney K, McComb J, Coleman M (2009) The Effect of Salt on Germination 

of Samphire Species. Natural Resources and Environmental Issues 15: 241-246 

Rakhmankulova ZF, Shuyskaya EV, Suyundukov YT, Usmanov IY, Voronin PY (2016) 

Different responses of two ecotypes of C3-C4 xero-halophyte Bassia sedoides to osmotic and 

ionic factors of salt stress. Russian Journal of Plant Physiology 63: 349-357 

Rakhmankulova ZF, Shuyskaya EV, Voronin PY, Velivetskaya TA, Ignatiev AV, Usmanov IY 

(2018) Role of Photorespiration and Cyclic Electron Transport in C4 Photosynthesis 

Evolution in the C3-C4 Intermediate Species Sedobassia sedoides. Russian Journal of Plant 

Physiology 65: 455-463 

Rawsthorne S (1992) C3-C4 intermediate photosynthesis - linking physiology to gene-expression. 

Plant Journal 2: 267-274 

Rawsthorne S, Hylton CM, Smith AM, Woolhouse HW (1988) Distribution of photorespiratory 

enzymes between bundle-sheath and mesophyll cells in leaves of the C3-C4 intermediate 

species Moricandia arvensis (L) DC. Planta 176: 527-532 

Rawsthorne S, Hylton CM, Smith AM, Woolhouse HW (1988) Photorespiratory metabolism and 

immunogold localization of photorespiratory enzymes in leaves of C3 and C3-C4 intermediate 

species of Moricandia. Planta 173: 298-308 

Rhodes D, Hanson AD (1993) Quaternary Ammonium and Tertiary Sulfonium Compounds in 

Higher Plants. Annual Review of Plant Physiology and Plant Molecular Biology 44: 357-384 

Rich SM, Ludwig M, Colmer TD (2008) Photosynthesis in aquatic adventitious roots of the 

halophytic stem-succulent Tecticornia pergranulata (formerly Halosarcia pergranulata). 

Plant Cell and Environment 31: 1007-1016 

Riehl TE, Ungar IA (1982) Growth and ion accumulation in Salicornia europaea under saline field 

conditions. Oecologia 54: 193-199 



 138 

Ripley BS, Abraham T, Klak C, Cramer MD (2013) How succulent leaves of Aizoaceae avoid 

mesophyll conductance limitations of photosynthesis and survive drought. Journal of 

experimental botany 64: 5485-5496 

Ros R, Muñoz-Bertomeu J, Krueger S (2014) Serine in plants: biosynthesis, metabolism, and 

functions. Trends Plant Sci 19: 564-569 

Rylott EL, Metzlaff K, Rawsthorne S (1998) Developmental and environmental effects on the 

expression of the C3-C4 intermediate phenotype in Moricandia arvensis. Plant Physiology 

118: 1277-1284 

Sage RF (2001) Environmental and evolutionary preconditions for the origin and diversification of 

the C4 photosynthetic syndrome. Plant Biology 3: 202-213 

Sage RF (2004) The evolution of C4 photosynthesis. New Phytologist 161: 341-370 

Sage RF (2016) A portrait of the C4 photosynthetic family on the 50th anniversary of its discovery: 

species number, evolutionary lineages, and Hall of Fame. Journal of Experimental Botany 67: 

4039-4056 

Sage RF, Christin P-A, Edwards EJ (2011) The C4 plant lineages of planet Earth. Journal of 

Experimental Botany 62: 3155-3169 

Sage RF, Khoshravesh R (2016) Passive CO2 concentration in higher plants. Current Opinion in 

Plant Biology 31: 58-65 

Sage RF, Khoshravesh R, Sage TL (2014) From proto-Kranz to C4 Kranz: building the bridge to C4 

photosynthesis. Journal of Experimental Botany 65: 3341-3356 

Sage RF, Monson RK, Ehleringer JR, Adachi S, Pearcy RW (2018) Some like it hot: the 

physiological ecology of C4 plant evolution. Oecologia 187: 941-966 

Sage RF, Sage TL, Kocacinar F (2012) Photorespiration and the Evolution of C4 Photosynthesis. 

Annual Review of Plant Biology, Vol 63 63: 19-47 

Sage RF, Zhu X-G (2011) Exploiting the engine of C4 photosynthesis. Journal of Experimental 

Botany 62: 2989-3000 

Sage TL, Busch FA, Johnson DC, Friesen PC, Stinson CR, Stata M, Sultmanis S, Rahman BA, 

Rawsthorne S, Sage RF (2013) Initial Events during the Evolution of C4 Photosynthesis in 

C3 Species of Flaveria. Plant Physiology 163: 1266-1276 

Saintilan N (2009) Biogeography of Australian saltmarsh plants. Austral Ecology 34: 929-937 

Sakamoto A, Murata N (2002) The role of glycine betaine in the protection of plants from stress: 

Clues from transgenic plants. Plant, cell & environment 25: 163-171 

Sambrook J, F. FE, T. M (1989) Molecular cloning : a laboratory manual. Cold Spring Harbor 

Laboratory, Cold Spring Harbor, N.Y. 

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S, 

Rueden C, Saalfeld S, Schmid B, Tinevez J-Y, White DJ, Hartenstein V, Eliceiri K, 



 139 

Tomancak P, Cardona A (2012) Fiji: an open-source platform for biological-image analysis. 

Nature Methods 9: 676 

Schluter U, Brautigam A, Gowik U, Melzer M, Christin PA, Kurz S, Mettler-Altmann T, Weber 

APM (2017) Photosynthesis in C3-C4 intermediate Moricandia species. Journal of 

Experimental Botany 68: 191-206 

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImageJ: 25 years of image analysis. 

Nat Meth 9: 671-675 

Schulze S, Westhoff P, Gowik U (2016) Glycine decarboxylase in C3, C4 and C3-C4 intermediate 

species. Current Opinion in Plant Biology 31: 29-35 

Schüssler C, Freitag H, Koteyeva N, Schmidt D, Edwards G, Voznesenskaya E, Kadereit G 

(2016) Molecular phylogeny and forms of photosynthesis in tribe Salsoleae 

(Chenopodiaceae). Journal of Experimental Botany 68: 207-223 

Sheen J (1999) C4 Gene Expression. Annual Review of Plant Physiology and Plant Molecular 

Biology 50: 187-217 

Shepherd KA (2004) A Systematic Analysis of the Australian Salicornioideae (Chenopodiaceae). 

PhD thesis, University of Western Australia, Perth, Western Australia 

Shepherd KA (2007) Tecticornia indefessa (Chenopodiaceae: Salicornioideae), a new mat samphire 

(formerly Tegicornia) from north of Esperance, Western Australia. Nuytsia 17: 367-374 

Shepherd KA (2007) Three new species of Tecticornia (formerly Halosarcia) (Chenopodiaceae: 

Salicornioideae) from the Eremaean Botanical Province, Western Australia. Nuytsia 17: 353-

366 

Shepherd KA (2008) Tecticornia papillata (Chenopodiaceae: Salicornioideae), a new 

andromonoecious samphire from near the Carnarvon Range, Western Australia. Nuytsia 18: 

259-266 

Shepherd KA (2018) Tecticornia willisii (Chenopodiaceae), a new samphire from the Little Sandy 

Desert in Western Australia. Nuytsia 29: 141-144 

Shepherd KA (2020) Remarkably unremarkable: Tecticornia enodis (Chenopodiaceae),a new 

samphire with smooth seeds from the arid interior of Western Australia. Nuytsia 31: 135-139 

Shepherd KA, Lyons MN (2009) Three new species of Tecticornia (Chenopodiaceae, subfamily 

Salicornioideae) identified through Salinity Action Plan surveys of the wheatbelt region, 

Western Australia. Nuytsia 19: 167-180 

Shepherd KA, Macfarlane TD, Colmer TD (2005)a Morphology, anatomy and histochemistry of 

Salicornioideae (Chenopodiaceae) fruits and seeds. Annals of Botany 95: 917-933 

Shepherd KA, Macfarlane TD, Waycott M (2005)b Phylogenetic analysis of the Australian 

Salicornioideae (Chenopodiaceae) based on morphology and nuclear DNA. Australian 

Systematic Botany 18: 89-115 



 140 

Shepherd KA, van Leeuwen SJ (2007) Tecticornia bibenda (Chenopodiaceae: Salicornioideae), a 

new C4 samphire from the Little Sandy Desert, Western Australia. Nuytsia 16: 283-391 

Shepherd KA, van Leeuwen SJ (2011) Tecticornia globulifera and T. medusa (subfamily 

Salicornioideae: Chenopodiaceae), two new priority samphires from the Fortescue Marsh in 

the Pilbara region of Western Australia. Telopea 13: 349-358 

Shepherd KA, Waycott M, Calladine A (2004) Radiation of the Australian Salicornioideae 

(Chenopodiaceae) based on evidence from nuclear and chloroplast DNA sequences. 

American Journal of Botany 91: 1387-1397 

Shepherd KA, Wilson PG (2007) Incorporation of the Australian genera Halosarcia, Pachycornia, 

Sclerostegia and Tegicornia into Tecticornia (Salicornioideae, Chenopodiaceae). Australian 

Systematic Botany 20: 319-331 

Shepherd KA, Yan G (2003) Chromosome number and size variations in the Australian 

Salicornioideae (Chenopodiaceae) - evidence of polyploidisation. Australian Journal of 

Botany 51: 441-452 

Short DC, Colmer TD (1999) Salt tolerance in the halophyte Halosarcia pergranulata subsp. 

pergranulata. Annals of Botany 83: 207-213 

Smith BN, Epstein S (1971) Two Categories of 13C/12C Ratios for Higher Plants. Plant physiology 

47: 380-384 

Somerville CR (2001) An Early Arabidopsis Demonstration. Resolving a Few Issues Concerning 

Photorespiration. Plant Physiology 125: 20 

Stamatakis A (2014) RAxML version 8: a tool for phylogenetic analysis and post-analysis of large 

phylogenies. Bioinformatics 30: 1312-1313 

Stata M, Sage TL, Sage RF (2019) Mind the gap: the evolutionary engagement of the C4 metabolic 

cycle in support of net carbon assimilation. Current Opinion in Plant Biology 49: 27-34 

Still CJ, Berry JA, Collatz GJ, DeFries RS (2003) Global distribution of C3 and C4 vegetation: 

Carbon cycle implications. Global Biogeochemical Cycles 17 

Takahashi S, Bauwe H, Badger M (2007) Impairment of the Photorespiratory Pathway Accelerates 

Photoinhibition of Photosystem II by Suppression of Repair But Not Acceleration of Damage 

Processes in Arabidopsis. Plant Physiology 144: 487 

Takahashi-Terada A, Kotera M, Ohshima K, Furumoto T, Matsumura H, Kai Y, Izui K (2005) 

Maize phosphoenolpyruvate carboxylase. Mutations at the putative binding site for glucose 6-

phosphate caused desensitization and abolished responsiveness to regulatory phosphorylation. 

J Biol Chem 280: 11798-11806 

R Core Team (2019) R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. URL https://www.R-project.org/. 



 141 

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W: improving the sensitivity of 

progressive multiple sequence alignment through sequence weighting, position-specific gap 

penalties and weight matrix choice. Nucleic acids research 22: 4673-4680 

Urs E, Reto N (2009) Living under temporarily arid conditions - succulence as an adaptive strategy. 

Bradleya 2009: 13-36 

Vaidya G, Lohman DJ, Meier R (2011) SequenceMatrix: concatenation software for the fast 

assembly of multi-gene datasets with character set and codon information. Cladistics 27: 171-

180 

Valegård K, Hasse D, Andersson I, Gunn LH (2018) Structure of Rubisco from Arabidopsis 

thaliana in complex with 2-carboxyarabinitol-1,5-bisphosphate. Acta crystallographica. 

Section D, Structural biology 74: 1-9 

Van Steenis CGGJ (1983) Chenopodiaceae. In Flora Malesiana, Vol 9. Martinus Nijhoff, The 

Hague, The Netherlands, p 557 

Veenstra AA, Michalczyk A, Kolesik P (2011) Taxonomy of two new species of gall midge 

(Diptera: Cecidomyiidae) infesting Tecticornia arbuscula (Salicornioideae: Chenopodiaceae) 

in Australian saltmarshes. Australian Journal of Entomology 50: 393-404 

Vogan PJ, Frohlich MW, Sage RF (2007) The functional significance of C3–C4 intermediate traits in 

Heliotropium L. (Boraginaceae): gas exchange perspectives. Plant, Cell & Environment 30: 

1337-1345 

Vogan PJ, Sage RF (2011) Water-use efficiency and nitrogen-use efficiency of C3-C4 intermediate 

species of Flaveria Juss. (Asteraceae). Plant, Cell & Environment 34: 1415-1430 

Vogan PJ, Sage RF (2012) Effects of low atmospheric CO₂ and elevated temperature during growth 

on the gas exchange responses of C₃, C₃-C₄ intermediate, and C₄ species from three 

evolutionary lineages of C₄ photosynthesis. Oecologia 169: 341-352 

von Caemmerer S, Quick WP, Furbank RT (2012) The Development of C4 Rice: Current Progress 

and Future Challenges. Science 336: 1671 

Voznesenskaya EV, Akhani H, Koteyeva NK, Chuong SDX, Roalson EH, Kiirats O, Franceschi 

VR, Edwards GE (2008) Structural, biochemical, and physiological characterization of 

photosynthesis in two C4 subspecies of Tecticornia indica and the C3 species Tecticornia 

pergranulata (Chenopodiaceae). Journal of Experimental Botany 59: 1715-1734 

Voznesenskaya EV, Artyusheva EG, Franceschi VR, Pyankov VI, Kiirats O, Ku MSB, Edwards 

GE (2001) Salsola arbusculiformis, a C3-C4 intermediate in Salsoleae (Chenopodiaceae). 

Annals of Botany 88: 337-348 

Voznesenskaya EV, Chuong SDX, Koteyeva NK, Franceschi VR, Freitag H, Edward GE (2007) 

Structural, biochemical, and physiological characterization of C4 photosynthesis in species 

having two vastly different types of Kranz anatomy in Genus Suaeda (Chenopodiaceae). 

Plant Biology 9: 745-757 



 142 

Voznesenskaya EV, Franceschi VR, Kiirats O, Artyusheva EG, Freitag H, Edwards GE (2002) 

Proof of C4 photosynthesis without Kranz anatomy in Bienertia cycloptera (Chenopodiaceae). 

Plant Journal 31: 649-662 

Voznesenskaya EV, Franceschi VR, Kiirats O, Freitag H, Edwards GE (2001) Kranz anatomy is 

not essential for terrestrial C4 plant photosynthesis. Nature 414: 543-546 

Voznesenskaya EV, Koteyeva NK, Akhani H, Roalson EH, Edwards GE (2013) Structural and 

physiological analyses in Salsoleae (Chenopodiaceae) indicate multiple transitions among C3, 

intermediate, and C4 photosynthesis. Journal of Experimental Botany 64: 3583-3604 

Voznesenskaya EV, Koteyeva NK, Chuong SDX, Ivanova AN, Barroca J, Craven LA, Edwards 

GE (2007) Physiological, anatomical and biochemical characterisation of photosynthetic 

types in genus Cleome (Cleomaceae). Functional Plant Biology 34: 247-267 

Voznesenskaya EV, Koteyeva NK, Cousins A, Edwards GE (2018) Diversity in structure and 

forms of carbon assimilation in photosynthetic organs in Cleome (Cleomaceae). Functional 

Plant Biology 45: 983-999 

Walker B, Ort D (2015) Improved method for measuring the apparent CO2 photocompensation point 

resolves the impact of multiple internal conductances to CO2 to net gas exchange: 

compensation point. Plant, cell & environment 38 

Walker B, Skabelund D, Busch F, Ort D (2016) An improved approach for measuring the impact of 

multiple CO2 conductances on the apparent photorespiratory CO2 compensation point through 

slope-intercept regression. Plant, cell & environment 39 

Walker JL, Oliver DJ (1986)a Glycine decarboxylase multienzyme complex - purification and 

partial characterization from pea leaf mitochondria. Journal of Biological Chemistry 261: 

2214-2221 

Walker JL, Oliver DJ (1986)b Light-induced increases in the glycine decarboxylase multienzyme 

complex from pea leaf mitochondria. Archives of Biochemistry and Biophysics 248: 626-638 

Wang X, Gowik U, Tang H, Bowers JE, Westhoff P, Paterson AH (2009) Comparative genomic 

analysis of C4 photosynthetic pathway evolution in grasses. Genome Biology 10: R68 

Wei XX, Wang XQ (2004) Recolonization and radiation in Larix (Pinaceae): evidence from nuclear 

ribosomal DNA paralogues. Molecular Ecology 13: 3115-3123 

Wen ZB, Zhang ML (2015) Salsola laricifolia, another C3-C4 intermediate species in tribe Salsoleae 

s.l. (Chenopodiaceae). Photosynthesis Research 123: 33-43 

Whelan T, Sackett WM, Benedict CR (1973) Enzymatic Fractionation of Carbon Isotopes By 

Phosphoenolpyruvate Carboxylase from C4 Plants. Plant Physiology 51: 1051-1054 

Williams BP, Johnston IG, Covshoff S, Hibberd JM (2013) Phenotypic landscape inference 

reveals multiple evolutionary paths to C4 photosynthesis. Elife 2 

Wilson PG (1972) A taxonomic revision of the genus Tecticornia (Chenopodiaceae). Nuytsia 1: 277-

288 



 143 

Wilson PG (1980) A revision of the Australian species of Salicornieae (Chenopodiaceae). Nuytsia 3: 

1-154 

Wilson PG (1980) A taxonomic revision of the tribe Chenopodieae (Chenopodiaceae) in Australia. 

Nuytsia 4: 135-262 

Wingler A, Lea PJ, Quick WP, Leegood RC (2000) Photorespiration: metabolic pathways and their 

role in stress protection. Philosophical Transactions of the Royal Society B-Biological 

Sciences 355: 1517-1529 

Wingler A, Quick WP, Bungard RA, Bailey KJ, Lea PJ, Leegood RC (1999) The role of 

photorespiration during drought stress: an analysis utilizing barley mutants with reduced 

activities of photorespiratory enzymes. Plant, Cell & Environment 22: 361-373 

Winter K, Holtum JAM (2014) Facultative crassulacean acid metabolism (CAM) plants: powerful 

tools for unravelling the functional elements of CAM photosynthesis. Journal of Experimental 

Botany 65: 3425-3441 

Winter K, Holtum JAM (2017) Facultative crassulacean acid metabolism (CAM) in four small C3 

and C4 leaf-succulents. Australian Journal of Botany 65: 103-108 

Winter K, Sage RF, Edwards EJ, Virgo A, Holtum JAM (2019) Facultative crassulacean acid 

metabolism in a C3-C4 intermediate. Journal of Experimental Botany 70: 6571-6579 

Xiao LQ, Moller M (2015) Nuclear Ribosomal ITS Functional Paralogs Resolve the Phylogenetic 

Relationships of a Late-Miocene Radiation Cycad Cycas (Cycadaceae). Plos One 10 

Xiao LQ, Moller M, Zhu H (2010) High nrDNA ITS polymorphism in the ancient extant seed plant 

Cycas: Incomplete concerted evolution and the origin of pseudogenes. Molecular 

Phylogenetics and Evolution 55: 168-177 

Yorimitsu Y, Kadosono A, Hatakeyama Y, Yabiku T, Ueno O (2019) Transition from C3 to proto-

Kranz to C3–C4 intermediate type in the genus Chenopodium (Chenopodiaceae). Journal of 

Plant Research  

Yoshimura Y, Kubota F, Ueno O (2004) Structural and biochemical bases of photorespiration in C4 

plants: quantification of organelles and glycine decarboxylase. Planta 220: 307-317 

Zhu X-G, Long SP, Ort DR (2010) Improving Photosynthetic Efficiency for Greater Yield. Annual 

Review of Plant Biology 61: 235-261 

 



 144 

Chapter 3 Appendix 

 

 

 

 

Figure A3.1. Bayesian and maximum likelihood tree of the genus Tecticornia, using combined external 

transcribed spacer (ETS) and internal transcribed spacer (ITS) data. Posterior support values >0.75 are displayed 

above the branch, and maximum likelihood bootstrap values >50 are displayed below the branch. Nine supported 

clades are marked in grey, including the C4 clade (highlighted with black bar). At least one species from each 

clade (marked with a red asterisk) was included in a broad survey of anatomy. S., Salicornia; T., Tecticornia. 
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Species Voucher, location 

Tecticornia indica subsp. bidens (Nees) K.A.Sheph. & 

Paul G.Wilson  

KS1569, Cowcowing Lakes WA, collected in 

field 

Tecticornia loriae K.A.Sheph. & M.Lyons  KS1571, Cowcowing Lakes WA, collected in 

field 

Tecticornia lylei (Ewart & Jean White) K.A.Sheph. & 

Paul G.Wilson  

KS1570, Cowcowing Lakes WA, collected in 

field 

Tecticornia peltata (Paul G.Wilson) K.A.Sheph. & Paul 

G.Wilson  

KS1572, Cowcowing Lakes WA, collected in 

field 

Tecticornia lepidosperma (Paul G.Wilson) K.A.Sheph. & 

Paul G.Wilson  

KS704, Coolgardie WA 

Tecticornia pruinosa (Paulsen) K.A.Sheph. & Paul 

G.Wilson  

KS707, Coolgardie WA 

Tecticornia medusa K.A.Sheph. & S.J.van Leeuwen  G6, cultivated from seed (KS1086, East 

Pilbara, WA) 

Tecticornia fimbriata (Paul G.Wilson) K.A.Sheph. & Paul 

G.Wilson  

KS702, Dalwallinu WA 

Tecticornia halocnemoides subsp. halocnemoides (Paul 

G.Wilson) K.A.Sheph. & Paul G.Wilson 

KS698, west of Wubin WA 

Tecticornia pergranulata subsp. pergranulata (J.M.Black) 

K.A.Sheph. & Paul G.Wilson  

KS737, Pallarup Reserve WA 

Tecticornia tenuis (Benth.) K.A.Sheph. & Paul G.Wilson  KS524, Yilgarn WA 

Tecticornia auriculata (Paul G.Wilson) K.A.Sheph. & 

Paul G.Wilson  

C2, cultivated from seed (KS1073, East Pilbara 

WA) 

Tecticornia verrucosa Paul G.Wilson  V1, collected by P. White, East Lake Bryde 

WA  

Tecticornia australasica (Moq.) Paul G.Wilson A1, collected by J. Holtum, Townsville QLD 

Table A3.1. Details of Tecticornia specimens sampled in broad anatomy survey. Collection information 

includes locations in Australia: WA, Western Australia; QLD, Queensland. 
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Figure A3.2. Mitochondria planar area per total cell planar area of Tecticornia species, including T. loriae 

(C3), T. indica subsp. bidens (C4), T. auriculata (C3), T. peltata (C3), T. australasica (C3), and T. 

verrucosa (C3), showing biological replicates. 
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Figure A3.3. Chloroplast planar area per total cell planar area of Tecticornia species, including T. loriae 

(C3), T. indica subsp. bidens (C4), T. auriculata (C3), T. peltata (C3), T. australasica (C3), and T. 

verrucosa (C3), showing biological replicates. 
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Chapter 4 Appendix 
 

 

 

 Individuals plants 

used in RNA 

extraction 

Individual 

plants used in 

protein 

extraction 

Individual plants 

used in immunogold 

labelling 

Individual plants 

used in gas 

exchange 

T. indica subsp. 

bidens 

D6 (from seed) D6 (from seed) KS1569-1 (collected) 

KS1569-3 (collected) 

D6 (from seed) 

KS1569-1 (collected) 

KS1569-3 (collected) 

D5 (from seed) 

T. loriae KS1571-3 

(collected) 

KS1571-3 

(collected) 

KS1571-3 (collected) 

KS1571-4 (collected) 

KS1571-5 (collected) 

KS1571-3 (collected) 

KS1571-4 (collected) 

KS1571-5 (collected) 

T. peltata KS1572-4 

(collected) 

KS1572-4 

(collected) 

KS1572-1 (collected) 

KS1572-3 (collected) 

KS1572-5 (collected) 

KS1572-1 (collected) 

KS1572-3 (collected) 

KS1572-5 (collected) 

T. australasica - - Aus1 (collected) 

Aus2 (collected) 

Aus3 (collected) 

- 

T. auriculata - C2 (from seed) C2 (from seed) 

C3 (from seed) 

C1 (from seed) 

C2 (from seed) 

C3 (from seed) 

C1 (from seed) 

T. verrucosa - - Ver1 (collected 

Ver2 (collected) 

Ver3 (collected) 

- 

T. bibenda H9 (from seed) - - - 

 

 

 

 

 

 

 

Table A4.1. Identification numbers of individual Tecticornia plants used in experiments. 
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Figure A4.2. Glycine decarboxylase P-subunit (GDC-P) immunogold labelling (immunogold particles per unit 

area) of Tecticornia species. Numbers indicate individuals (biological replicates) of T. loriae (C3), T. indica 

subsp. bidens (C4), T. auriculata (C3), T. peltata (C3), T. australasica (C3), and T. verrucosa (C3).  

 

Figure A4.1. Stain-Free polyacrylamide gel before blotting, showing approximately equal amounts of 

Tecticornia protein loaded in each lane. Protein extracts from T. indica subsp. bidens (ind), T. loriae 

(lor), T. auriculata (aur) and T. peltata (pel) were included. Replicates of this gel were used for 

immunoblots labelled for ribulose-1,3-bisphosphate carboxylase/oxygenase (RuBisCO), glycine 

decarboxylase P-subunit (GDC-P) and phospoenolpyruvate carboxylase (PEPC). 
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Figure A4.4. Phosphoenolpyruvate carboxylase (PEPC) immunolabelling (immunogold 

particles per unit area) of Tecticornia species. Numbers indicate individuals (biological 

replicates of T. loriae (C3), T. indica subsp. bidens (C4), and T. auriculata (C3).  

 

Figure A4.3. Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) labelling 

(immunogold particles per unit area) of Tecticornia species. Numbers indicate individuals 

(biological replicates) of T. loriae (C3), T. indica subsp. bidens (C4), and T. auriculata (C3). 
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Figure A4.5. The response of net CO2 assimilation rate (A) to variation in intercellular CO2 

concentration (Ci) in four Tecticornia species. Tecticornia indica subsp. bidens (C4), T. loriae (C3), T. 

auriculata (C3), and T. peltata (C3) are included. Standard error bars are shown.  

 




