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Abstract 

The amount of (1,3;1,4)-β-D-glucans or mixed-linkage-β-glucans (MLG) in biofuel crops is 

of interest because this is a source of fermentable hexose sugar. Recent modification of 

(1,3;1,4)-β-glucan in barley has opened the possibility of increasing the (1,3;1,4)-β-glucan 

amount in other plants, including bioethanol crops such as sorghum, a C4 grass. As S. viridis 

is a model plant for studying C4 biofuel crops the characteristics of MLG accumulation in S. 

viridis is of interest. The initial study determines the levels, structure and distribution of 

MLG in various vegetative tissues and grain in S. viridis, and investigates the relationship 

with the transcript levels of Cellulose synthase-like (Csl) genes, i.e. genes involve in MLG 

synthesis. Modification of MLG amount was tested by generating transformants of S. viridis 

with over-expressing Csl F6 driven by either the oat globulin promoter (ProASGLO) or the 

constitutive 35S promoter (Pro35S) from barley (HvCslF6) and sorghum (SbCslF6). In 

addition, a previous study on the over-expression of the (1,3;1,4)-β-glucan synthase in 

transgenic barley showed an excessive deposition of the polysaccharide in many cell types 

causing vascular suffocation and sometimes plant death. To resolve this problem this study 

also aim to identify a sorghum promoter which may be used to regulate the over-expression 

of (1,3;1,4)-β-D-glucan synthase genes (such as CslF and CslH) and restrict it to certain 

specific cell types only. Five putative sorghum mesophyll cell-specific promoters from genes 

involved in C4 photosynthesis have been fused with a β-glucuronidase (uidA) cDNA. All 

modifications were tested in planta using stable Agrobacterium-mediated transformation. 

 

 

  



 

 

xix 

 

Statement of Authorship 

I, Riksfardini Annisa Ermawar certify that this work contains no material which has been 

accepted for the award of any other degree or diploma in any university or other tertiary 

institution and, to the best of my knowledge and belief, contains no material previously 

published or written by another person, except where due reference has been made in the 

text. In addition, I certify that no part of this work will, in the future, be used in a submission 

for any other degree or diploma in any university or other tertiary institution without the 

prior approval of the University of Adelaide and where applicable, any partner institution 

responsible for the join-award of this degree. 

 

I give consent to this copy of my thesis when deposited in the University Library, being 

made available for loan and photocopying, subject to the provisions of the Copyright Act 

1968. 

 

The author acknowledges that copyright of published works contained within this thesis 

resides with the copyright holder(s) of those works. 

 

I also give permission for the digital version of my thesis to be made available on the web, 

via the University’s digital research repository, the Library catalogue and also through web 

search engines, unless permission has been granted by the University to restrict access for a 

period of time. 

 

 

Riksfardini Annisa Ermawar 

November 2015 

  



 

 

xx 

 

 

 

 

 

 

 

 

Dedicated with love to  

My greatest inspiration, my parents 

Mami Nin Kania Kowiyah and Papa Akhlan Husen  

 

 

 

 

  



 

 

xxi 

 

Acknowledgment  

I would like to express my sincere gratitude to the following people who have been untiringly 

patient, supportive and inspiring. You have all been my rock ensuring the accomplishment 

of my PhD. 

 

To my supervisors: Prof Rachel Burton, Dr Helen Collins, Dr Caitlin Byrt and Emeritus Prof 

Geoffrey Fincher. Thank you for the excellent learning opportunity to master the required 

skills in lab-work and paper-writing, your guidance in developing my critical thinking, 

encouragement to be confident communicating my findings at an International level and life 

support when I needed it the most. 

 

To the Plant Cell Walls and AFW school officials: David Mathew, Natalie Kibble, Jessica 

Gilson, Emma Drew, Karen Chance, Ann Auricht, Stavroula Manafis and Nicola 

Featherstone. I cannot thank you enough for keeping me safe and out of trouble – many 

times! Thank you for your sincere friendship.  

 

To the International Student Centre officials: Jane Copeland, Patricia Anderson and 

Benjamin Hooper. Thank you for your understanding of the complications of being an 

international student, your support was vital in keeping me going.  

 

In relation to my Graduate Studies: Prof Richard Russel, Ms. Anne Witt, Ms. Janelle Palmer, 

Prof Robert Hill, Prof Vincent Bulone, Prof Michael Keller and Asc Prof Ken Chalmers. 

Thank you for making this PhD possible in the first place and all the support through to the 

end of my candidature. 

 



 

 

xxii 

 

To my colleagues and mentors: Rohan Singh, Marilyn Henderson, Gwenda Mayo, Lisa 

O'Donovan, Julian Schwerdt, Neil Shirley, Jelle Lahnstein, Matthew Tucker, Alan Little, 

Ashley Tan, George Dimitroff, Kylie Neumann, Bianca Warnock, Jamil Chowdury, Ali 

Hassan, Natalie Betts and Ronald Smernik. Thank you for making this learning process so 

valuable and pleasant. I admire your expertise and am grateful for your valuable assistance. 

I am also grateful for your kind advice and caring friendship.  

 

Through the Beijing conference I have met two wonderful friends who saved my life in 

China: Joyce Van Eck and Kerry Swartwood from Cornell University, USA. I don’t think I 

would have been able to deliver my speech without you two. Thank you ever so much! 

 

To my wonderful friends at Uni: Sophia Dimitroff and her other half, thank you for the 

lunches and beyond lunches, the genuine loving care that make me feel at home whenever I 

was with you. My heartfelt thanks also go to Nennah McKenzie, Wahida Maghraby, 

Hasbullah, Zatin Nazirah, Herdina, Faisal Safar, Lies Aisyah, Jaqueline Sudiman, Ruth 

Harris, Jannatul Ferdous, Jacqueline Fabrizio, Rhiannon Schilling, Kuok Yap, Sie Chuong 

Wong, Kendall Corbin, Sandy Khor, Chao Ma, Jana Phan, Jake Parker, Grace Ang, 

Christopher Hakachite, Wai Li Lim, Laura Wilkinson, Matthew Aubert, Suong Cu, Alison 

Roberts and Eric Roberts. Thank you all for making my life easier in the lab and office, 

checking in on me and sharing your warm friendships.  

 

To my superb friends At Highgate Lodge: Atir Hasan Khan, Diksha Heerasing, M. Muaaz 

Shafiq, Anuar Jamair, Arsalan Khan, Junaid Khan, Zeyad Rehman, M. Faryan Khalid, Nur 

Sabrina, Shirah Osman, Evelyn Salleh, Adam Salleh and Jason Nolan. Every single one of 

you have been taking care of me beyond what I have asked for. I am forever grateful for 

your sincere friendships.  



 

 

xxiii 

 

To my lovely friends at Yogita Yoga shala: Evelyn Krull, Andrew Templer, Malinda Perrey, 

Phyllis Wyett, Gary Wyett, Sara Nguyen, Jennie Brown, Lana Mustafa and Jo Hammond. 

Thank you for your beautiful energy and loving friendships. Please accept my sincere bow 

of ‘Namaste’. 

 

To my wonderful Australian homestay family at Panorama: Caitlin Fryar, Callum Fryar and 

their thoughtful and loving mother, Rachel Burton. Thank you for giving me the sanctuary 

and being very supportive. My heartfelt thanks also go to my immediate family at Woodside: 

Jo Clements and Darien Clements. Thank you for making this possible with your ongoing 

support and unconditional love.  

 

Finally, a special thanks to my beloved family at home for holding their miss, love, patience 

and never ending support. My parents: Papa Akhlan Husen and Mami Nin Kania Kowiyah. 

My siblings: Yusi Riksa Yustiana, Risna Rahmi Arifa, Rikswan Taufik Qurrahman, Raksa 

Jatnika Budi, Riksma Nurahmi Rinalti Akhlan, Riky Riksmansyah and Riksfian Hakim Al-

Qadar. My brothers and sisters in law: Dachlan Ismail, Muhammad Hambali, Mellyana 

Hazairin Labuk, Zulaika Nadira, Ahmad Nugraha Ramdan, Irfa Inayatul Lathifah, Anna 

Kristina Barimbing. All my beautiful nephews and nieces, for simply lifting my heavy heart 

with your smiles, sing and laughter. My adopted family: Bunda Sidha Judiastri, Om 

Suhariyanto Aspiyo, Atri Ratriadika, Dondi Daharyadika, Wienny Siska, Raya Fitraharyani, 

Afank and Nur Laily. I can never repay you for all that you have given me but with my 

grateful love. All the praises be to the True Source. 

  



 

 

xxiv 

 

Abbreviations 

% Percentage 

°C Degree Centigrade 

µ Micro 

µL Microlitre 

µm Micrometre 

cm Centimetre 

g Gram 

h Hours 

M Molar 

mg Milligram 

min Minutes 

mL Millilitre 

mM Millimolar 

mm Millimetre 

ms Millisecond 

rpm Revolutions Per Minute 

sec Second 

  

  

  

  

   

  



 

 

1 

 

Chapter 1. Introduction 

  



 

 

2 

 

1.0 Biofuel production from plants 

Biofuel is renewable energy derived from biomass, including that derived from plants. There 

are two forms of liquid biofuel; one is biodiesel, where fatty acid esters are produced from 

biomass lipids through a transesterification process using alcohol; the other is bioethanol, 

where ethanol is produced from biomass by harvesting and fermenting the constituent sugars 

[1]. World production of bioethanol in 2008 was 20 billion gallons and projections indicate 

that production in 2025 is likely to be 60 billion gallons to meet world energy demands [1, 

2]. 

 

There have been three generations of bioethanol production technology; these differ in the 

type of feedstocks and conversion technologies used for commercial scale production. First 

generation bioethanol production derives from food-based simple sugars such as those 

contained in starch and sucrose, while the second generation derives from lignocellulosic-

derived sugars, e.g. biomass wastes from forestry and agricultural practices. At present, third 

generation bioethanol production involves harvesting dedicated bioethanol crops as sources 

of lignocellulosic biomass and converting them using emerging technologies [3].  

 

Third generation bioethanol production is limited by several major issues. One important 

aspect is the sustainability of growing dedicated feedstock crops. A number of studies have 

compared various C3 and C4 bioethanol crops and shown that C4 grasses may have greater 

potential as sustainable bioethanol feedstocks than C3 crops [3-5]. Hence, selection of C4 

plant species has become preferable for developing optimal bioethanol biomass resources. 

Another aspect limiting third generation bioethanol production is related to problems during 

the processing of biomass. This is due to the intrinsic resistance or recalcitrance of the cell 

wall and how this impacts the deconstruction processes, including hydrolysis, and the 

fermentability of the different monosaccharide types released [6]. Primarily, the plant cell 
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wall consists of cellulose and lignin, which are very difficult to break down [7, 8], making 

the hydrolysis and fermentation of some cell wall polysaccharides very expensive and 

complex [6]. Hydrolysis of different polysaccharides often requires the addition of at least 

three different types of enzymes and the cost of this step may account for a quarter of the 

overall cost of the ethanol refining process [6, 9, 10].  The complexity of producing ethanol 

from cell wall residues relates to the challenges involved in fermenting different sugars. In 

particular, pentose fermentation, where by-products and inhibitors are generated which 

result in a low rate of overall fermentation and thus a low yield of ethanol [1]. Consequently, 

fermentation of hexose sugars is heavily favoured on a commercial scale. 

 

There are three main approaches to help solve these production problems. The first is the 

selection of plants with particular traits that are beneficial for bioethanol processing; here, 

lowering cell wall recalcitrance is a particular goal. The second approach is the development 

of better strains for fermentation, in particular for pentose fermentation, but this approach 

may not overcome the by-product and inhibition problems. The third approach is the 

modification of cell wall polysaccharides, as the feedstock is growing, so that the extraction 

of the fermentable sugars requires less energy and effort, making the final product cheaper 

to produce. For this approach the choice of plant species to be engineered to increase the 

yield of fermentable sugar must be considered carefully. 

 

1.0.1 Developments in bioethanol refining and metabolic engineering  

First generation bioethanol production refers to the use of sugar from food crops to 

make ethanol using standard fermentation methods. The steps involved may include; pre-

treatment of raw material, hydrolysis of polysaccharides, fermentation of sugar into ethanol, 

and separation or dehydration to obtain purified ethanol [11].  Refining ethanol from corn 

starch and sugarcane sucrose is well established in the United State of America (USA) [1] 
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and Brazil [12], respectively. However, this type of ethanol production has affected food 

supply economics and food security [13, 14]. Thus, second generation bioethanol production 

shifted into harvesting lignocellulosic-based sugars [11]. In this case, the feedstocks are 

forest and agricultural residues, such as wheat straw, sugarcane bagasse and wood chips [15, 

16]. Fermentable carbohydrates are isolated from the plant cell wall components such as 

cellulose and other matrix polysaccharides. However, industrial scale production of 

bioethanol from these residues may not be considered economically viable [17, 18]. As a 

consequence, there is interest in third generation bioethanol production, where dedicated 

crops are grown as a source of lignocellulosic biomass and used in an advanced refining 

process [3, 19-21].  

 

A number of studies have assessed various dedicated bioethanol crops for their yield and 

suitability for ethanol production [3-5, 22]. Lewandowski et al. [5] assessed 35 herbaceous 

plants in the USA and 20 Perennial Rhizomatous Grasses (PRG) in Europe. Their study also 

categorised these crops into different photosynthetic types and showed that many C4 grasses, 

such as switchgrass, perform better than C3 grasses and produced higher yields of biomass. 

Furthermore, the PRGs had a lower requirement for inputs such as fertilizer and water, which 

means they are better able to grow on marginal land [4].  

 

In addition to the careful selection of target plant species, there are also biotechnological 

improvements to boost the yields of bioethanol that may be derived from biomass. These 

include attempts to improve the efficiency of biomass deconstruction and using genetically 

engineered yeast and bacteria that produce superior enzymes for fermentation, particularly 

for pentose fermentation [9, 10, 21, 23]. One of the genetically modified bacteria is 

Zymomonas mobilis which has been studied for the last three decades and has been improved 

in its ability to ferment both hexose and pentose sugars [9, 24]. Other strains of xylose-
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fermenting yeast such as Saccharomyces cerevisiae and Picia stipitis have also been 

investigated [25, 26]. However, these attempts so far have not overcome the problem of 

undesirable by-products and inhibitors, such as phenols, furan, xylitol and acetate, that form 

during hemicellulose hydrolysis and pentose fermentation [1, 27].  

 

Another approach to improving the yield of ethanol derived from biomass is to engineer the 

plant cell wall composition, either by altering non-polysaccharide or polysaccharide 

components [10]. Lignin is a non-polysaccharide organic polymer enmeshed in the plant cell 

wall; lignin reduction has thus been investigated in order to lower the costs of pre-treating 

the raw material to break it apart [10, 28]. Such studies targeted the downregulation of the 

lignin genes, and were conducted in dicot species such as poplar (Populus trichocarpa), 

Arabidopsis thaliana, and alfafa (Medicago sativa) and monocot species including maize 

(Zea mays) [29, 30].  

 

Besides altering the lignin content in the cell walls, altering the polysaccharides themselves, 

such as cellulose and the matrix polysaccharides, is another approach to increase the 

susceptibility of the raw material to hydrolysis and to increasing the yield of fermentable 

substrate. These approaches include heterologous expression of microbial cellulose enzymes 

(such as 1,4-β-endoglucanase) in the plant tissues [31, 32]. Additionally, to increase the 

efficiency of conversion of sugar into ethanol, modification of the non-cellulosic matrix 

polysaccharides, such as heteromannans, arabinoxylans, and xyloglucans has also been 

described in 2008 by Pauly and Keegstra [33]. A USA patent protects the maize candy leaf-

1 (Cal-1) line which carries a mutation in the gene that encodes a (1,3;1,4)-β-glucan 

endohydrolase [34]. The Cal-1 mutant has 286% more (1,3;1,4)-β-glucan in the leaf tissue 

and a significantly increased saccharification yield compared to the wild type parent due to 

lack of polysaccharide turnover in the presence of the inactive glucanase [34]. Recently, 
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modification of (1,3;1,4)-β-glucan amounts by overexpressing the cellulose synthase-like F6 

gene involved in its synthesis has also provided the possibility of increasing the availability 

of hexose sugars as a source of fermentable sugar [35, 36]. Overall, modification of plant 

biomass components is aimed at increasing the amount of fermentable sugar present in the 

plant, or to make sugars more available for hydrolysis, or simply to make bigger plants, with 

careful consideration of maintaining plant fitness [37]. 

 

1.0.2 Plant cell wall composition in relation to bioethanol production 

There is marked heterogeneity in the composition of cell walls among plant species 

[38]. However, there are three main components which are important in relation to refining 

ethanol; these are cellulose, hemicelluloses and lignin [6, 11]. Cellulose microfibrils provide 

structure and consist of glucan which is joined by (1,4)-β-linkages [39]. The cellulose is in 

the form of a linear chain linked by intra and interchain hydrogen bonds, thus forming 

insoluble and crystalline fibrils [40]. Unlike the cellulose which is present in every type of 

cell wall, the constitution of the hemicellulose or matrix polysaccharides in the wall is 

diverse across plant species. Cell wall types lie across a continuum where they are 

categorised depending on the particular polysaccharides that cross-link to the cellulose [41]. 

A cell wall more typical of dicotyledonous plants has xyloglucan as its main cross-linking 

glycan (Fig. 1-1a), whereas monocot cell walls tend to have glucuroarabinoxylans (GAX) 

and (1,3;1,4)-β- glucan (Fig. 1-1b). This latter type of wall is commonly found in the major 

bioethanol crops, such as the C4 grasses.  
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Figure 1-1  Two types of polysaccharide structural networks in plant cell walls are 

differentiated by the main cross-linking glycans they contain 

The main cross-linking glycans which are commonly found in (a) all dicots and non-

commelinoid monocots are xyloglucans, while in (b) the Poales and related commelinoid 

monocots glucuronoarabinoxylan and (1,3;1,4)-β-glucans are dominant. Adapted from 

Carpita and McCann [41] 
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In primary walls matrix polysaccharides are mostly cross-linked to the cellulose, whereas in 

secondary walls lignin is covalently linked to the cellulose [7]. Lignin consists of 

phenylpropanoid compounds that encapsulate the cellulose, greatly increasing cell wall 

recalcitrance [6, 11]. Lignified cell walls may be compared to reinforced concrete, where the 

cellulose fibres are the internal steel rods and the lignin is the concrete [7]. As a result, both 

cellulose and lignin are very difficult to deconstruct. 

 

The amounts of cellulose, hemicellulose and lignin in various bioethanol feedstocks, 

including in some woody species and grasses, have been compared [33, 37]. As Fig. 1-2 

shows, cellulose is the main component of total cell wall polysaccharides, constituting 30-

50%, while the other matrix polysaccharides are relatively less prevalent than the cellulose, 

constituting 20-30%. This composition indicates that two major types of monosaccharides 

are available for conversion into ethanol during fermentation; hexose sugars derived from 

the cellulose, xyloglucan and (1,3;1,4)-β-glucan and pentose sugars from other 

hemicelluloses.  
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Figure 1-2 Composition of cell wall polysaccharides in nine biofuel feedstock crops 

The major component of the cell walls is cellulose. The amount of hemicellulose, which 

contains xylose, arabinose, galactose and mannose, is relatively less than the amount of 

cellulose whilst lignin comprises the smallest fraction. Adapted from Pauly and Keegstra 

[33]. 

 

Deconstruction of the cell wall during bioethanol production is expensive and complex [1, 

10, 11]. Firstly, hydrolysis of the cellulose into glucose requires at least three types of 

cellulase, namely cellobiohydrolases, endo-β-1,4-glucanases and β-glucosidases. 

Meanwhile, hydrolysis of the hemicelluloses into pentose sugars requires other enzymes 

such as xylanase. However, most ethanol biorefineries remove the hemicelluloses and lignin 

by optimizing the pretreatment conditions [1]. A significant quantity of pentose sugars is 

removed because of its low fermentation efficiency using physical and chemical 

pretreatments [1]. Subsequently, fermentation of hexose sugars is carried out using 

microorganisms, such as Saccharomyces cerevisiae, which in practice can be achieved either 

using separate hydrolysis fermentation (SHF) or simultaneous saccharification fermentation 
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(SSF) approaches as summarised in Gupta [1, 11, 42], and each of which, has its own 

advantages and disadvantages. The SSF process can save more of the capital cost, up to 20%, 

compared to the SHF process because of using a lesser number of vessels since the 

hydrolysis and fermentation occur together. The SSF also produces a greater glucose yield 

compared to the SHF as a result of the reduction of hydrolysis inhibition products and 

avoiding the loss of sugar during the separation step of glucose from the lignin fraction which 

is necessary in the SHF process. However, the SHF process does not need to compromise 

the optimal conditions for hydrolysis as the hydrolisate is subsequently processed in a 

different fermenter. In the SSF process, the hydrolysis conditions, such as temperature and 

pH, need to be adjusted so they are also suitable for fermentation. 

 

1.1  (1,3;1,4)-β-Glucans as a target for modification  

(1,3;1,4)-β-Glucans, also commonly referred to as mixed-linkage β-glucans  or beta-glucans, 

consist of β-D-glucopyranosyl monomers joined either by (1,3) or (1,4) linkages [Fig. 1-3, 

43] to form a long, linear and unbranched polysaccharide [44]. (1,3;1,4)-β-Glucan is a low 

recalcitrance fermentable polysaccharide [35]. The more recalcitrant polysaccharide, 

cellulose, is comprised of a long chain of symmetrically regular glucosyl residues joined by 

single (1,4)-β-linkages and is thus insoluble in water [45, 46]. In contrast to cellulose, 

(1,3;1,4)-β-glucan has an asymmetrical molecular configuration because of the presence of 

the randomly inserted (1,3)-linkages that form kinks in the chain [Fig. 1-4, 38, 44, 47, 48].  

The spacing of the two different linkages, (1,3)- and (1,4)-  dictate the arrangement of the 

cellotriosyl and cellotetraosyl units that are commonly referred to as DP3 and DP4 

respectively where DP is degree of polymerisation. The ratio of DP3 to DP4 units ultimately 

affects the properties of the polysaccharide [49], notably the solubility, because they are 

arranged in a random order preventing extensive molecular alignment and allowing 

(1,3;1,4)-β-glucan to form  highly viscous solutions in aqueous media and a gel-like matrix 
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in  plant cells walls, making their extraction with water more straightforward than cellulose 

[44, 48, 50]. The polysaccharide is thus much more accessible and can be hydrolysed into 

their constituent units by the action of just two enzymes, a specific endo and exo-glucanase 

[51], making it an ideal  source of  fermentable sugar for bioethanol production [38, 50].  

 

Figure 1-3 (1,3;1,4)-β-Glucan containing both β-1,3 and β-1,4 glucosidic bonds 

β-D-glucopyranosyl monomers joined either by (1,3) or (1,4) linkages forming a long, linear 

and unbranched (1,3;1,4)-β-glucan. Adapted from Fincher and Stone [43]. 

 

 

Figure 1-4 Arrangement of cellotriosyl and cellotetraosyl units in a (1,3;1,4)-β-glucan  

chain in a random or non-random configuration 

Degree of polymerisation of the polysaccharide is defined by the arrangement of the 

cellotriosyl (DP3) and cellotetraosyl (DP4) units. Arrangement of these units in a random 

order impact polysaccharide solubility. Red hexamer; (1,3)-linked residue, blue hexamer; 

(1,4)-linked residue. Adapted from Burton et al. [38]  



 

 

12 

 

Gene families involved in (1,3;1,4)-β-glucan synthesis have been identified, namely the 

cellulose synthase-like F (CslF) and H (CslH) genes [52-54] and they belong to the  cellulose 

synthase (CesA) gene superfamily [48, 55]. Orthologous relationships among members of 

the CslF and CslH genes in various monocotyledonous plants, such as rice, barley, 

Brachypodium and sorghum have been described in Ermawar et al. [Fig. 1-5, 56]. 

 

 

Figure 1-5 Phylogenetic comparison of barley, sorghum, Brachypodium and rice CslF 

and CslH genes 

Branch lengths are proportional to nucleotide substitutions per site. Node labels indicate 

posterior probability. Hv, Hordeum vulgare; Sb, Sorghum bicolor; Bd, Brachypodium 

distachyon and Os, Oriza sativa. Adapted from Ermawar et al.  [56] 
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One member of the CslF family, i.e. the CslF6 gene, is of particular interest since it is highly 

transcribed across all tissues, such as the OsCslF6 in rice [57], HvCslF6 in barley [52], 

BdCslF6 in Brachypodium [58] and SbCslF6 in sorghum [56]. Modifying this gene is likely 

to change the amount and the properties of (1,3;1,4)-β-glucan in plant tissues [35, 36, 57, 

59]. A study showed that a decreased amount of (1,3;1,4)-β-glucan in wheat grain was 

attained by down-regulating the CslF6 gene using RNAi silencing [60]. Another study 

verified an altered amount of (1,3;1,4)-β-glucan in knockout barley and rice mutants as a 

result of mutation in their HvCslF6 and OsCslF6 genes respectively [59, 61]. Gain-of-

function studies demonstrated the presence of (1,3;1,4)-β-glucan in a model plant that 

naturally does not have (1,3;1,4)-β-glucan, such as in Nicotiana benthamiana, which was 

achieved by over-expressing the HvCslF6 and OsCslF6 genes [59, 61]. The over-expression 

of the barley CslF6 gene in the native host also produced an increased amount of (1,3;1,4)-

β-glucan in the leaf and grain of the barley transformants [36]. However, over-expression 

using the 35S constitutive promoter was found to be detrimental since transgenic seedlings 

displayed clear developmental defects including early senescence, leaf necrosis, a slower 

growth rate and in severe cases, death (Fig. 1-6). Similar severe growth defects were also 

found in N. benthamiana and Arabidopsis transformed with OsClF6 driven by the 35S 

promoter [35]. Microscopic analysis of the leaf of the barley transformants indicated that the 

(1,3;1,4)-β-glucan was deposited in every cell type, including in the vascular bundle cells 

where large deposits of (1,3;1,4)-β-glucan incorporated into the cell wall and also free in the 

cytoplasm appeared to be hindering the free movement of solutes, described as vascular 

suffocation [Fig. 1-7, 36]. This phenomenon was not seen in transformants where the over-

expression of HvCslF6 was driven by a grain-specific promoter [36]. Consequently, in order 

to reduce the excessive amount of  (1,3;1,4)-β-glucan in the vascular tissue, expression of 

the (1,3;1,4)-β-glucan synthase genes needs to be limited to specific cell types by using cell-
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specific promoters but in a manner where a significant increase in (1,3;1,4)-β-glucan is 

achieved to make the process viable from the perspective of biomass improvement.   

 

Figure 1-6 Phenotype of transgenic barley plants over-expressing pro35S::CslF6 

Transgenic seedlings (a) display developmental defects compared to the control seedlings 

that (b) are sometimes fatal. Adapted from Burton et al. [36] 

 

 

Figure 1-7 Fluorescence light micrographs using the BG1 antibody that is specific to 

(1,3;1,4)-β-glucan in Golden Promise barley leaves 

Fluorescence light micrographs of a leaf vascular bundle using the BG1 antibody detected 

by a secondary antibody conjugated to Alexafluor 488 of (a) control and (b) transgenic 

pro35S::CslF6 leaves. Green fluorescence denotes (1,3;1,4)-β-glucan; x, xylem; p, phloem; 

sf, schlerenchyma fibre; m , mesophyll; scale, 50µm. Adapted from Burton et al. [36] 
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1.2 Sorghum as a target species for biomass engineering  

Sorghum (Sorghum bicolor (L.) Moench) is a member of the Poaceae family and one 

of the most economically important crops in the world, particularly in countries such as 

Nigeria, Mexico and India [62]. It is broadly used as a foodstuff, a malt source for brewing, 

animal feed and as a non-food biomass feedstock [63, 64]. The gross value of sorghum 

production for human consumption, forage and silage is approximately US$ 9 billion per 

year [62]. Sorghum is a C4 grass that grows in a wide range of environments and produces 

high biomass yields, either as vegetative or grain tissue [65]. It has deep and spreading roots 

with  single or multiple stems, 1-6 m in length, which are erect and solid (Fig. 1-8). It is 

suitable for ratoon cropping systems, is highly adapted to drought, is tolerant of water-logged 

conditions and can utilise nitrogen efficiently [66-70] making it extremely versatile. 

Recently, the accessibility of sorghum breeding programs and sorghum genome databases 

has expanded the utilisation of sorghum as a genetic model for C4 grasses and as an ideal 

bioenergy crop [64, 71-75]. The bioengineering of suitable sorghum genotypes can be 

achieved either by conventional breeding methods or by genetic transformation. There have 

been a number of studies describing transgenic sorghum plants generated using microparticle 

bombardments [76-79] and Agrobacterium-mediated transformation [80-83]. Sorghum 

transformation using Agrobacterium tumefaciens was first described by Zhao et al.  [83] and 

has subsequently been refined with frequencies improved by other researchers including 

Howe et al. [82] and Liu and Godwin [79]. While sorghum itself has been proposed as a 

model system for C4 grasses [84], its use in this context has inherent drawbacks [85]. It has 

a comparatively long life cycle at 3-4 months from planting to maturity [86], which is 

exacerbated when genetic transformation or conventional breeding are used for crop 

improvement, and it can take up large amounts of glasshouse space when field sites are either 

not available or not possible due to PC2 containment requirements. As such an alternative 
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model plant would be desirable where results can be accurately extrapolated back to 

sorghum. 

 

Figure 1-8 Phenotype of Sorghum bicolor at mature stage 

Plants were grown in the Plant Accelerator, Waite Campus, University of Adelaide, South 

Australia  

 

There are a number of highly developed model plants available, such as Arabidopsis [87], 

rice [88] and Brachypodium [89]. Although Arabidopsis is renown as a robust model system 

for plant genetics because of its small well-annotated nuclear genome (164 Mb), well-

developed floral dip transformation system which avoids plant tissue culture or regeneration 

steps [90] and a short 6 week lifecycle [87, 91], it is a dicotyledonous plant which is not an 

ideal comparison for a large monocot like sorghum. While the monocots rice and 

Brachypodium have been endorsed as model plants for studying cereal crops, they exploit a 

different carbon fixation pathway (i.e. C3 photosynthesis) compared to sorghum, which uses 

C4 photosynthesis [92]. This is also not ideal and therefore the emergence of a potentially 

much more suitable C4 model in the form of Setaria viridis [93, 94] was perfectly timed for 

use in this project.  
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1.2.1 Setaria viridis (green millet) as a model plant for C4 crops 

Setaria viridis spp viridis (L.) Beauv.SETVI, also known as green millet, is a grass 

species belonging to the weedy foxtail (Setaria) species-group. The successful global 

invasion and adaption of this species has been described by Dekker [95]. It is believed to be 

the ancestor of the domesticated foxtail millet (Setaria viridis spp italica), which is a widely 

grown staple crop in some regions of Asia, such as China and India [96]. As a model plant 

for studying C4 crops, Setaria has desirable characteristics, such as a short life cycle of 6-9 

weeks, a small genome (i.e. ~515 Mb) and it is closely-related to other economically 

significant grasses [97]. Importantly, a Setaria transformation system has been established, 

enabling production of both transient and stable transgenic lines [93]. Finally, Setaria only 

needs small growth-space requirements, as indicated in Fig. 1-9.  

 

Figure 1-9 Phenotype of Setaria viridis at different growth stages.  

a Vegetative-Leaf. b Reproductive-Floral. Plants were grown in the Plant Accelerator, Waite 

Campus, University of Adelaide, South Australia. Reproduced from Ermawar et al.  [98] 
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1.2.2 C3 versus C4 photosynthesis 

In C4 plants, the architecture of leaf tissues are different to those in C3 plants, 

particularly with reference to the bundle sheath cells [Fig. 1-10, 99]. The C4 leaves contain 

chloroplasts in two different compartments, that is the mesophyll cells and the bundle sheath 

cells, an arrangement known as Kranz anatomy [100]. 

  

Figure 1-10 Arrangement of cells in a C3 (left) and a C4 (right) leaf 

Photosynthesis in the C3 leaves occurs only in the bundle sheath cells (left), while in C4 

leaves it occurs in both the mesophyll cells and bundle sheath cells (right). Adapted from 

Purves Adapted from Purves [99] 

 

Photosynthetic processes occur in these two different cell types as summarised in Kanai and 

Edwards [101]. First, the atmospheric CO2, which enters via stomata, is hydrated to 

bicarbonate (HCO3
-) by the enzyme carbonic anhydrase (CA) occurs in the mesophyll cell. 

The bicarbonate is then fixed by phosphoenolpyruvate (PEP) to produce oxaloacetate (OAA) 

and dicarboxylic acids, such as malate and aspartate. These C4 acids are subsequently 

transported into the bundle sheath cells, to be decarboxylated. Decarboxylation products are 

assimilated to form sucrose and starch. Differences in decarboxylation pathways, including 

different enzymes and products in each pathway, have been used to categorise the C4 species 

into three subgroups. These subgroups are the NADP-dependent malic enzyme (NADP-

ME), NAD-malic enzyme (NAD-ME) and PEP-carboxykinase (PEP-CK) types. Both 
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sorghum and Setaria are the same photosynthetic sub-type, that is the NADP-ME type [95]. 

Regardless of type, there are at least twelve common C4 photosynthetic enzymes, which are 

distributed and compartmentalised in the two coordinated photosynthetic cells [101], for 

example in sorghum and maize [Fig. 1-11, 92]. 

 

Figure 1-11 Enzymes involved in the NADP-ME type of C4 pathway in sorghum and 

maize leaf cells  

CA, carboxylating anhydrase; MDH, malate dehydrogenase; ME, malic enzyme; OAA, 

oxaloacetate; PEPC, phosphoenolpyruvate carboxylase; PPCK, PEPC kinase; PPDK 

pyruvate orthophosphate dikinase; PPDK-RP, PPDK regulatory protein. Adapted from 

Wang et al. [92] 

 

Differential expression of the C4 photosynthetic genes in a cell-specific manner, either in 

mesophyll or bundle sheath cells, is likely to be regulated at multiple transcriptional, post-

transcriptional and translational levels [102, 103]. The regulation of cell type-specific 

expression of photosynthetic genes has been studied using experimental approaches such as 

reporter gene fusions which include β-glucuronidase (GUS) as reported in Stockhaus et al. 

[85], or green or yellow fluorescent proteins (GFP/YFP) as reported in Sattarzadeh et al. 

[86]. DNA and/or RNA gel blotting and reverse transcript-polymerase chain reaction (RT-
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PCR) techniques have also been used in a range of different plants including rice [104-107], 

barley [108], tomato [109], sugarcane [110] and Flaveria [111, 112]. 

 

1.3 Rationale and aims for the project 

The overall aim of the project was to change the amount of available hexose sugar, 

that is (1,3;1,4)-β-glucan, in the  vegetative tissue of a C4 grass for the purpose of improving 

the yield of fermentable carbohydrates for bioethanol production. Overexpression of the 

(1,3;1,4)-β-glucan synthase gene, by introduction of Pro35s::HvCslF6 in barley, caused 

a significant increase in the amount of (1,3;1,4)-β-glucan in transgenic barley plants 

[36]. This approach, therefore, has potential application in other plants including the C 4 

grasses such as sorghum and Setaria. In order to assess potential increases, defining the 

cell wall composition of resultant plants is imperative. Previously, the general cell wall 

composition of wild type sorghum was reported by Pauly and Keegstra [33], with a 

detailed description of (1,3;1,4)-β-glucan structure and distribution recently provided 

by Ermawar et al. [56]. However, only the major components of the cell walls such as 

cellulose, lignin and neutral sugars have been reported for S. viridis allowing comparison 

with the other C4 crops maize, sorghum and switchgrass by Petti et al. [113] but, since neutral 

sugars were used as a collective measurement of ‘hemicelluloses’, the specific levels of 

(1,3;1,4)-β-glucans were not quantitated [113]. At this stage also only selected members of 

the cellulose synthase superfamily had been described. Therefore, in Chapter 2, the 

phylogeny of gene families comprising the cellulose synthase superfamily in Setaria viridis 

was defined, with a focus on the genetics and transcription of cellulose synthase-like genes 

that encode the synthases responsible for the production of (1,3;1,4)-β-glucan. The amount, 

structure and distribution of (1,3;1,4)-β-glucan in the tissues of S. viridis was reported, 

enabling this species to be assessed in the context of the value of its grain to human health 

and its utility as a model for the manipulation of other C4 grasses in a biofuel context.  
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As the CslF6 gene is the most highly-transcribed in all species so far examined [52, 56-58], 

this is the obvious target for increasing the amount of (1,3;1,4)-β-glucan in Setaria. Thus, 

in Chapter 3,  S. viridis plants were transformed using an Agrobacterium-mediated stable 

transformation method based on Brutnell et al. [93] with the CslF6 genes from barley 

(HvCslF6) and sorghum (SbCslF6) driven by either the constitutive 35S promoter, 

designated as Pro35S [114], or the oat globulin promoter, designated as ProASGLO [115]. 

Characterisation of the (1,3;1,4)-β-glucan, including the content, fine structure, distribution 

and transcript analysis of the CslF6 gene were analysed and compared to wild type plants 

for both the primary transformants and the leaves and grain of the T1 generation.  

 

Since previous attempts to increase (1,3;1,4)-β-glucan levels with a constitutive 35S 

promoter resulted in detrimental effects in barley, manifested as vascular suffocation [36] 

the expression of the CslF6 gene in transgenic plants is likely to require a more carefully 

regulated approach in an appropriate tissue or cell type-specific manner. Hence, in Chapter 

4, the use of putative cell specific promoters from C4 grasses, such as sorghum, to over-

express the (1,3;1,4)-β-glucan synthase gene and subsequently to increase the 

polysaccharide level without invoking deleterious phenotypic effects, was examined. This 

work included the selection, amplification and cloning of a number of sorghum mesophyll-

specific promoters and their fusion with the uidA gene. These constructs were tested in 

planta, both in C4 and C3 grasses i.e. in Setaria and rice, using Agrobacterium-mediated 

stable transformation. A histochemical GUS assay was used to observe promoter expression 

and microscopic analysis was used to determine the cell-specificity of the promoters.  
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2.0 Abstract 

Background: Setaria viridis has emerged as a model species for the larger C4 grasses. Here 

the cellulose synthase (CesA) superfamily has been defined, with an emphasis on the 

amounts and distribution of (1,3;1,4)-β-glucan, a cell wall polysaccharide that is 

characteristic of the grasses and is of considerable value for human health.  

Methods: Orthologous relationship of the CesA and Poales-specific cellulose synthase-like 

(Csl) genes among Setaria italica (Si), Sorghum bicolor (Sb), Oryza sativa (Os), 

Brachypodium distachyon (Bradi) and Hordeum vulgare (Hv) were compared using 

bioinformatics analysis. Transcription profiling of Csl gene families, which are involved in 

(1,3;1,4)-β-glucan synthesis, was performed using real-time quantitative PCR (Q-PCR). The 

amount of (1,3;1,4)-β-glucan was measured using a modified Megazyme assay. The fine 

structures of the (1,3;1,4)-β-glucan, as denoted by the ratio of cellotriosyl to cellotetraosyl 

residues (DP3:DP4 ratio) was assessed by HPLC. The distribution and deposition of the 

MLG was examined using the specific antibody BG-1 and captured using fluorescence and 

transmission electron microscopy (TEM).  

Results: The cellulose synthase gene superfamily contains 13 CesA and 35 Csl genes in 

Setaria.  Transcript profiling of CslF, CslH and CslJ gene families across a vegetative tissue 

series indicated that SvCslF6 transcripts were the most abundant relative to all other Csl 

transcripts. The amounts of (1,3;1,4)-β-glucan in Setaria vegetative tissues ranged from 

0.2% to 2.9% w/w with much smaller amounts in developing grain (0.003% to 0.013% w/w). 

In general, the amount of (1,3;1,4)-β-glucan was greater in younger than in older tissues. 

The DP3:DP4 ratios varied between tissue types and across developmental stages, and 

ranged from 2.4 to 3.0:1. The DP3:DP4 ratios in developing grain ranged from 2.5 to 2.8:1. 

Micrographs revealing the distribution of (1,3;1,4)-β-glucan in walls of different cell types 

and the data were consistent with the quantitative (1,3;1,4)-β-glucan assays.  
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Conclusion: The characteristics of the cellulose synthase gene superfamily and the 

accumulation and distribution of (1,3;1,4)-β-glucans in Setaria are similar to those in other 

C4 grasses, including sorghum.  This suggests that Setaria is a suitable model plant for cell 

wall polysaccharide biology in C4 grasses. 

Keywords 

Cellulose synthase gene superfamily, (1,3;1,4)-β-glucan, Setaria, immuno-fluorescence 

microscopy , Q-PCR 

 

2.1 Background 

Setaria viridis spp viridis (L.) Beauv.SETVI, variously known as wild millet, green foxtail, 

green millet or green bristlegrass, is the wild ancestor of foxtail millet (Setaria viridis spp 

italica SETIT), a widely grown staple grain crop that is prevalent in regions of China, Korea, 

Japan and India [1]. Both types of millet are found in the Panicoideae subfamily of the order 

Poales, in the bristle clade of the tribe Paniceae [2]. This “bristle grass” clade includes other 

types of millet and other species specifically grown as biofuel feedstocks such as switchgrass 

(Panicum virgatum) and Miscanthus. Setaria viridis spp, collectively referred to as Setaria 

here, is a self-compatible diploid with a small genome of around 515 Mb but, consistent with 

its status as one of the most prevalent weeds on the planet [3], it is also small in stature, has 

a very rapid life cycle of 6-9 weeks and is capable of producing more than 10,000 seeds per 

plant [4]. Once an Agrobacterium-mediated transformation system became established [4, 

5] it became clear that Setaria would make an excellent model for the much larger, generally 

polyploid and therefore genetically more complex and intractable C4 grasses, and it has been 

rapidly adopted in this role [6]. In the last few years reference genome sequences of Setaria 

spp. have been released [7, 8] and are accessible from public databases exemplified by 

Phytozome [9]. Large collections of Setaria accessions have been gathered from 

geographically diverse and ecologically distinct regions of the world. Large collections of 
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Setaria accessions have been gathered from geographically diverse and ecologically distinct 

regions of the world. These have facilitated association mapping, allele mining and 

transcriptomic analysis of traits related to abiotic stress tolerance [10, 11], C4 evolution and 

photosynthesis [12-14], domestication events [15, 16] and biomass production [17]. This 

explosion of Setaria-related resources recently prompted the establishment of the foxtail 

millet Marker Database (FmMDb) [18]. Foxtail millet is globally the second-most consumed 

variety of millet behind pearl millet (Pennisetum glaucum), which has the major share of the 

market at 40% [19]. Millets in general are seen as key crops in many developing countries, 

where they are cultivated on marginal agricultural land in areas of low rainfall. In these 

regions, more common cereal crops are not able to grow and millets in their many forms, 

which include over 100 wild and cultivated species, provide the majority of the energy and 

protein needs for millions of people, particularly those in sub-Saharan Africa and parts of 

Asia [20, 21]. In developed countries there is also a resurgent interest in less common grains 

such as millets because, unlike wheat and related cereals, they contain no gluten. The 

nutritional composition of generic millets has been defined as being high in starch and 

protein, although there are relatively low levels of the essential amino acid lysine, and they 

also contain significant amounts of dietary fibre, calcium and polyphenols [19, 22]. Of 

particular interest here is the content of non-starchy polysaccharides in green foxtail, but 

there are only a few reports where these have been examined. In the grain of some cereals 

there are appreciable levels of polysaccharides, or dietary fibres, which are particularly 

valuable to human health. These are mainly located in the bran and the endosperm tissues 

where they are major components of cell walls, which, upon consumption in human diets, 

undergo hydrolysis and fermentation in the lower digestive tract. Fermentation products 

include short chain fatty acids, which protect against intestinal disorders and/or colo-rectal 

diseases [23, 24]. In cereals, the two key polysaccharides in walls of cereal grains are 

arabinoxylan and (1,3;1,4)-β-glucan [25, 26]. 



 

 

35 

 

 

The composition of plant cell walls and the polysaccharides embedded therein has a 

fundamental effect on human health, but also on the economics and efficient transition of 

plant biomass to biofuel. Current bioethanol production systems involve the harvesting and 

conversion to fermentable sugars of lignocellulosic biomasses, either in the form of residues 

arising from agricultural practices or from purpose-grown crops [27, 28]. The C4 grasses 

maize, sorghum, switchgrass and Mischanthus feature prominently in the suite of dedicated 

bioethanol crops due to attributes such as high yields, growth on marginal lands and drought 

tolerance [27, 29-31]. In general C4 grasses consistently produce higher yields of biomass 

compared with C3 species such as rice, wheat and barley, which are primarily grown as food 

crops [32]. The raw material that is harvested from the residues of biomass C4 crops used 

for lignocellulosic biofuel production is largely comprised of plant cell walls. There is 

considerable variation in the composition of the walls in different C4 plants and within the 

individual tissues of these plants [33]. Cellulose is generally the most abundant component 

of the cell wall in vegetative tissues; it consists of a linear polysaccharide comprised of (1,4)-

linked β-glucosyl residues that are readily fermentable once they have been liberated from 

the polysaccharide. Also present are heteroxylans, which contain (1,4)-linked β-xylosyl 

residues, together with a range of substituents that are distributed along the xylan backbone, 

and variable amounts of less abundant polysaccharides that include mannans, pectins and 

xyloglucans.  Relative to hexose sugars, pentose sugars released from these polysaccharides 

are fermented more slowly. (1,3;1,4)-β-Glucans are present in varying amounts in C4 plants, 

and whilst they are also a linear polysaccharide containing (1,4)-linked β-glucosyl residues, 

the inherent asymmetry provided by the insertion of (1,3)-linked β-glucosyl residues renders 

the molecule more soluble than cellulose [34, 35]. Given its more soluble nature and the 

relative ease with which hydrolytic enzymes can convert it to its component 

monosaccharides, (1,3;1,4)-β-glucans constitute an ideal source of extractable and 



 

 

36 

 

fermentable glucose [36]. Although the levels of (1,3;1,4)-β-glucans are generally low in 

most biomass sources, it has been shown that considerable natural variation exists and that 

increased levels of the polysaccharide can be engineered through standard genetic 

manipulation procedures [37, 38].  Deconstructing the cell wall to access the 

monosaccharides, glucose in particular, can be expensive and complex because of the 

recalcitrant nature of cellulosic biomass [39-41]. The presence of lignin contributes to this 

recalcitrance, because lignin forms an interlinked network around the polysaccharide 

components. The accessibility of cell wall polysaccharides to hydrolytic enzymes is an 

important economic consideration in the conversion of biomass to bioethanol. The 

hydrolysis of different polysaccharides often requires pre-treatment of the biomass and at 

least three different types of enzymes, and the cost of these steps may be a large proportion 

of the overall budget of the ethanol production process [42]. 

 

The general cell wall composition of S. viridis has been analysed and compared with the 

other C4 crops maize, sorghum and switchgrass [17]. The major components of the cell walls 

such as cellulose, lignin and neutral sugars have been reported. However, neutral sugars were 

used as a collective measurement of ‘hemicelluloses’ and specific levels of (1,3;1,4)-β-

glucans were not quantitated [17]. Here, the phylogeny of gene families comprising the 

cellulose synthase superfamily in Setaria is defined, with a focus on the genetics and 

transcription of cellulose synthase-like genes that encode the synthases responsible for the 

production of (1,3;1,4)-β-glucan. The amount, structure and distribution of (1,3;1,4)-β-

glucan in the tissues of S. viridis is reported, enabling this species to be assessed in the 

context of the value of its grain to human health and its utility as a model for other C4 grasses 

in a biofuel context.  
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2.2 Results  

2.2.1 The cellulose synthase superfamily in Setaria 

Cellulose synthase genes (CesA) 

The orthologous relationships of the CesA genes between Setaria italica, barley (Hordeum 

vulgare), sorghum (Sorghum bicolor), Brachypodium distachyon and rice (Oryza sativa) are 

represented on a Bayesian phylogenetic tree (Additional file 1: Figure S2-1). The analysis 

indicates that there are 13 cellulose synthase (CesA) genes in total in S. italica, which revises 

the previous estimate of eight reported by Petti et al. [17]. The genes are spread across five 

of the nine chromosomes (Additional file 2: Table S2-1) and they have been numbered 

according to their barley orthologues [43].  There are single representatives of CesAs 1, 3, 4, 

5, 8 and 10 genes with no corresponding orthologues of the barley CesA7 or CesA9 genes 

[44]. There are four and three genes that are very closely related to HvCesA2 and HvCesA6, 

respectively.  SiCesA2-1 is on chromosome 4, whereas SiCesA2-2 and SiCesA2-3 are located 

on chromosome 2 and SiCesA2-4 is on chromosome 9. Each of the three CesA6 paralogues 

are distributed on different chromosomes; SiCesA6-1 on chromosome 5, SiCesA6-2 on 

chromosome 4 and SiCesA6-3 on chromosome 3. 

Cellulose synthase-like genes (Csl) 

In S. italica a total of 35 cellulose synthase-like (Csl) genes have been identified, a sub-set 

of which are displayed on the Bayesian phylogenetic tree in Additional file 1: Figure S2-1. 

There are eleven CslAs and six CslCs (data not shown), which represent the more basal 

clades of this superfamily, together with five CslD, two CslE, seven CslF, two CslH and two 

CslJ genes (Additional file 1: Figure S2-1). Of the cellulose synthase-like gene families 

restricted to the Poaceae, Setaria is unlike barley, rice or sorghum with respect to CslHs. It 

has two members of this family whilst barley and Brachypodium have one, and rice and 

sorghum both have three (Fig. 2-1). Setaria also carries two distinct CslJ genes whereas all 
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other grasses analysed to date have either none or just a single CslJ gene (Fig. 2-1). As 

expected, there are no representatives in the dicot-specific CslB and CslG families.   

 

The CslF family, with only seven members, is smaller than the barley family, which has 

eleven members [45, 46]. Like barley there are no equivalent Setaria orthologues to the 

CslF1 and CslF2 genes of rice [45] and there are single genes corresponding to CslF4, 6, 7, 

8 and 9 (Fig.  2-1). Genes matching barley CslF10, 11, 12 and 13 [46] are also absent, but 

there appears to have been a recent duplication of the CslF3 gene in Setaria with two copies 

arranged as a tandem repeat on chromosome 2 (Additional file 1: Table S2-1). This is on the 

end of a gene cluster that also includes SiCslF4, 8 and 9.  

 

All of the SiCslD genes are found on different chromosomes, and the two SiCslH genes are 

also separated onto chromosomes 7 (SiCslH1) and 1 (SiCslH2). However, the small sets of 

SiCslE and SiCslJ genes possibly arise from recent duplication events because they are 

present as adjacent pairs on chromosomes 2 and 3, respectively (Additional file 2: Table S 

2-1). 
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Figure 2-1 Orthologous relationship of the Cellulose synthase-like (Csl) genes 

Setaria italica (Si), Sorghum bicolor (Sb), Oryza sativa (Os), Brachypodium distachyon 

(Bradi) and Hordeum vulgare (Hv) are compared. Branch lengths are proportional to 

nucleotide substitutions per site. Black dot node labels indicate posterior probability of 0.6-

0.85, whilst grey dots indicate a posterior probability of 0.85-0.95, and unlabelled nodes 

present a posterior probability of >0.95  
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2.2.2 Transcript profiling of cellulose synthase-like genes 

The genome sequence of the model plant Setaria is publicly available and is largely 

accounted for by reads from S. italica [8]. This was used as a reference in order to identify 

putative cellulose synthase-like sequences in the closely related S. viridis [8]. Primers were 

designed to the predicted 3’ untranslated region of the S. viridis genes of the CslF, H and J 

clades (Additional file 2: Table S2-2) and used to examine the transcript levels by real-time 

quantitative PCR (Q-PCR) across a S. viridis tissues series (Fig. 2-2). Within the CslF family 

SvCslF6 transcripts were present at relatively high levels in all tissues examined. Transcript 

levels were highest in RNA from stem internode 4, at around one million copies (Additional 

file 1: Figure S2-2). The transcripts of SvCslF8 and SvCslF9 were the next most abundant 

in tissues that have not reached full maturity, such as leaves and younger stem internodes 

(Additional file 1: Figure S2-2). However, in the more mature root and stem tissues, SvCslF4 

transcripts were present at levels above those of SvCslF8 and 9 (Additional file 1: Figure 

S2-2). SvCslF6 and SvCslF4 transcripts were relatively high in the grain development series, 

where they started at high levels at 2 DAP but dropped rapidly to very low levels by 6 DAP 

(Fig. 2-3, Additional file 1: Figure S2-2).  

 

Close examination of the transcript levels of the two SvCslH genes showed that SvCslH1 

transcripts were significantly higher in leaf and spike tissues, which were still growing at the 

time of harvest. In contrast, SvCslH2 transcripts were high in older stem internodes and in 

mature roots (Additional file 1: Figure S2-3).  This suggests there may be a negative 

correlation between the abundance of the two transcripts (Additional file 1: Figure S2-4). A 

positive correlation was observed between the transcript levels of SvCslF4 and SvCslH2 

across vegetative tissues (Additional file 1: Figure S2-4). Transcript levels of both SvCslH1 

and 2, and CslJ2 were negligible during grain development (Additional file 1: Figure S2-3, 

S2-5). The QPCR data indicated that SvCslJ2 transcripts were present at significantly high 
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levels in the mature root and the older inflorescence, second in magnitude only to SvCslF6 

(Additional file 1: Figure S2-5).  

 

 

Figure 2-2 Heat map of Cellulose synthase-like gene transcripts from S. viridis 

vegetative tissues 

The gene expression level is indicated by red, yellow and blue for high, medium and low 

expression, respectively 
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Figure 2-3 Heat map of Cellulose synthase-like gene transcripts from S. viridis 

developing grain 

The gene expression level is indicated by red, yellow and blue for high, medium and low 

expression, respectively. Star: grain was sectioned in different stages for (1,3;1,4)-β-glucan 

distribution analysis, i.e. young (4 DAP); intermediate (10 DAP); mature (24 DAP).  

Magnification: 125 x. Bars: horizontal bar 1.5 mm; vertical bar 2 mm  

 

2.2.3 Abundance and fine structure of (1,3;1,4)-β-glucan in vegetative tissues  

The amount of (1,3;1,4)-β-glucan and the ratio of cellotriosyl to cellotetraosyl units  

(DP3:DP4 ratio) in the vegetative tissues of S. viridis were quantitated at different stages of 

plant development from vegetative-leaf to reproductive-floral stages. The amount of 

(1,3;1,4)-β-glucan changed during plant development and generally decreased as tissues 

matured (Fig. 2-4a). For example, the amount in the flag leaf decreased from 1.9% (w/w) at 

the vegetative-leaf stage to 0.2% (w/w) at anthesis (Fig. 2-4a). Similarly, the amount in the 

primary (seminal) root decreased from 0.9% (w/w) at the early reproductive-floral stage to 

0.5% (w/w) at anthesis (Fig. 2-4a), whilst in the inflorescence, the amount decreased from 

1.3% (w/w) to 0.7% (w/w) over the same time frame (Fig. 2-4a).  
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However, there was a different trend in the amount of (1,3;1,4)-β-glucan found in the stem, 

where the youngest stem internode did not contain the most (1,3;1,4)-β-glucan.  At anthesis 

the highest amount of (1,3;1,4)-β-glucan was observed in internode 4  (2.9% w/w, Fig. 2-

4a). The youngest (internode 6) and oldest (internode 1) stem internodes contained 1.2% 

(w/w) and 0.2% (w/w) (1,3;1,4)-β-glucan, respectively. The amount of (1,3;1,4)-β-glucan 

also varied significantly (P < 0.05) in different root tissues (Fig. 2-4a). For example, at 

anthesis the lateral (adventitious) root contained 0.3% (w/w) (1,3;1,4)-β-glucan, less than 

the 0.5% (w/w) in the primary (seminal) root. However, the amounts in different leaves, 

when harvested at the mature plant stage (Fig. 2-4a), were similar at 0.2-0.3% (w/w). The 

DP3:DP4 ratios across the S. viridis vegetative tissue samples ranged from 2.4:1 to 3.0:1 

(Fig. 2-4b). The lowest ratio, 2.4:1, was in the flag leaf at the late reproductive-floral stage, 

and this ratio was significantly lower (P < 0.05) than the ratio of 2.7:1 that was measured in 

the oldest leaf (Fig. 2-4b). The highest ratio of 3:1 was observed in internode 4, and this ratio 

was significantly higher (P < 0.05) than the ratio in all other internodes (Fig.  2-4b).  
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Figure 2-4 (1,3;1,4)-β-Glucan content and DP3:DP4 ratios in S. viridis vegetative tissues  

a Mean amounts of (1,3;1,4)-β-glucan in vegetative tissues. The values vary significantly 

according to the developmental stage of the tissue. b DP3:DP4 ratios in vegetative tissues. 

Error bars indicate standard deviation (n = 4). T-test compared differences within the same 

group. Tissues with the same letter indicate non-significant differences (P > 0.05); different 

letters indicate significant differences (P < 0.05) 
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2.2.4 Abundance and fine structure of (1,3;1,4)-β-glucan in  developing grain   

The amounts of (1,3;1,4)-β-glucan and the DP3:DP4 ratios in S. viridis grain (Table 2-1) 

were measured across a grain developmental series. Phenotypic appearance of the grain is 

displayed in Fig. 2-3. Very young grains were pooled from 2 days after pollination (DAP) 

to 6 DAP, while intermediate and older stage grains were harvested at 8-14 DAP and 16-24 

DAP, respectively. The amount of (1,3;1,4)-β-glucan decreased from 0.013% (w/w) in the 

youngest caryopsis to 0.003% (w/w) as the grain matured (P < 0.05, Table 2-1). The 

DP3:DP4 ratios in the young (2.7:1), intermediate and mature grain stages did not differ 

significantly (2.5:1 compared with 2.8:1, Table 2-1).  

Table 2-1 Mean amounts of (1,3;1,4)-β-glucan and DP3:DP4 ratios in S. viridis 

developing grain.   

Age (DAP) Percentage 

(w/w)* 

DP3:DP4Ratio (x:1)d 

2 – 6 (young) 0.013 ± 0.0006a 2.7 ± 0.18ab 

8 – 14  (intermediate) 0.004 ± 0.0005b 2.8 ± 0.05a 

16 – 24  (mature) 0.003 ± 0.0003c 2.5 ± 0.05b 

Values are means ± standard deviation measured using the Megazyme assay (n = 3) and 

HPAEC-PAD. dGrain with different superscript letters is significantly different (P < 0.05) 

GenStat 15th Ed. SP2. 
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2.2.5 Distribution of (1,3;1,4)-β-glucan in the leaves 

The typical C4 Kranz anatomy of the S. viridis leaf was evident in toluidine section (Figs. 2-

5a). The distribution of (1,3;1,4)-β-glucan in S. viridis leaves at different developmental 

stages was captured using fluorescence microscopy and immunolabelling with specific 

antibodies for (1,3;1,4)-β-glucans. The micrographs indicated differences in (1,3;1,4)-β-

glucan distribution between the younger leaf at inflorescence emergence (IE) stage and the 

older leaf at anthesis stage. Immunolabelling of the younger leaf was heavier than that of the 

older leaf (Fig. 2-5c vs. 2-5d, Fig. 2-5e vs. 2-5f). In the flag leaf at IE, (1,3;1,4)-β-glucans 

were distributed in the walls of every cell type (Fig. 2-5c), whilst in the older leaf they were 

concentrated mostly in the walls of cells in the midrib area, including schlerenchyma fibres, 

bundle sheath cells, bulliform and guard cells (Figs. 2-5d, 2-5f). Higher resolution 

immunocytochemical examination of (1,3;1,4)-β-glucans in the epidermal cell walls using 

transmission electron microscopy (TEM) also showed a higher density of labelling in the 

young leaf compared with the old leaf (Fig. 2-6a). In the young leaf, labeled (1,3;1,4)-β-

glucans were detected throughout the walls, whilst in the old leaf, they were sparsely 

distributed (Fig. 2-6b, Additional file 1: Figure S2-6). The (1,3;1,4)-β-glucans in cell walls 

that showed limited fluorescence, such as in the mesophyll cells (Figs. 2-5c, 2-5d), were 

examined using the more sensitive TEM (Figs. 2-6c, 2-6d,  Additional file 1: Figure S2-6). 

In general, detection of the (1,3;1,4)-β-glucan in the young leaf by gold labelling was 

consistent with the fluorescence labelling results, including the distribution of (1,3;1,4)-β-

glucan in the bundle sheath cells (Fig. 2-6e). TEM micrographs also indicated that (1,3;1,4)-

β-glucans were detected in the walls of the bundle sheath cells in the midrib area of the older 

leaf (Fig. 2-6f,  Additional file 1: Figure S2-6).  
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Figure 2-5 Micrographs of leaf transverse sections  

Immmunolabelling of the younger leaf (c, e) is heavier than that of the older leaf (d, f). a 

Bright-field light micrograph of a toluidine blue-stained survey section. b-f Fluorescence 

light micrographs using b an absent of primary and secondary antibodies as negative control, 

c-f an antibody conjugated to Alexafluor 488. (1,3;1,4)-β-Glucan is indicated by green 

fluorescence. c Young leaf blade. d Old leaf blade. e Young leaf across midrib. f Old leaf 

across midrib. E, epidermis; BS, bundle sheath; M, mesophyll; Xy, xylem; Ph, phloem; SF, 

sclerenchyma fibre; GC, guard cells; VB, vascular bundle; BfC, bulliform cells. 

Magnifications: a, e 200 x; b–d, f 400 x. Bars: a, e 100 µm, b–d, f 50 µm. Exposure time: 

b–f 1.6 s 
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Figure 2-6 TEM micrographs of leaves labelled with BG-1  

A higher density of labelling is found in the young leaf (a, c, e) compared to the old leaf (b, 

d, f). Walls of epidermal cells in a young and b mature leaves. Walls of mesophyll cells in 

c young and d mature leaves. Walls of contiguous bundle sheath cells in e young and f mature 

leaf. CuE, cuticle of epidermal cell; CyE, cytoplasm of epidermal cell; CyM, cytoplasm of 

mesophyll cell; CyBS, cytoplasm of bundle sheath cell. Gold labelling: 25 nm gold particles. 

Scale bars: a, b 0.5 µm; c-f 1 µm 
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2.2.6 Distribution of (1,3;1,4)-β-glucan in the stem 

The S. viridis stem has a typical monocot anatomy, with a sclerenchyma cylinder of vascular 

bundles embedded in chloroplast-containing mesophyll tissue [47], and this was evident in 

toluidine blue-stained sections (Figs. 2-7a, 2-7c). In fluorescence micrographs there was 

stronger (1,3;1,4)-β-glucan labelling in the sclerenchyma fibre cells than in the surrounding 

mesophyll cells of the stem rind area (Figs. 2-7b, 2-7d). In the inner pith area, the labelling 

indicated an even distribution of the polysaccharide in all cell walls, including in the two 

rings of vascular bundles and in the ground tissue cells (Fig. 2-7b). TEM micrographs 

showed that there was more (1,3;1,4)-β-glucan in the walls of ground tissue cells compared 

with those of  the vascular bundles (Fig. 2-7, Additional file 1: Figure S2-7).  
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Figure 2-7 Micrographs of stem transverse sections  

a, c Bright-field light micrographs of a toluidine blue-stained survey section. b, d 

Fluorescence light micrographs using an antibody conjugated to Alexafluor 488 where 

(1,3;1,4)-β-Glucan is indicated by green fluorescence. e Fluorescence light micrograph with 

a secondary antibody only as negative control. f TEM micrograph of walls of ground tissue 

cell. E epidermis; BS bundle sheath; CcM Chloroplast-containing mesophyll; SF, 

sclerenchyma fibre; SC, sclerenchyma cylinder, GT, ground tissue; CyGT, cytoplasm of 

ground tissue cell; VBW, vascular bundle wall. Arrows indicate gold labelling. 

Magnification: a, b, e 100 x; c, d 400 x. Scale bars: a, b, e 100 µm; c-d 50 µm; f 1 µm. 

Exposure time: b, d, e 2.6 s  
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2.2.7 Distribution of (1,3;1,4)-β-glucan in the root 

The anatomy of the main root of S. viridis was represented in a toluidine blue-stained section 

(Fig. 2-8a). Fluorescence micrographs of immunolabelled roots indicated that (1,3;1,4)-β-

glucans were distributed evenly across all cell types except in the walls of endodermal cells 

(Fig. 2-8b). However, the more sensitive TEM and immunogold labelling procedures 

revealed the presence of some (1,3;1,4)-β-glucans in the  walls of the endodermal cells (Fig. 

2-8g, Additional file 1: Figure S2-8). 
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Figure 2-8 Micrographs of main root transverse sections  

a Bright-field light micrograph of a toluidine blue-stained survey section. b-d Fluorescence 

light micrographs using B) an antibody conjugated to Alexafluor 488, c Calcofluor White 

MR2, d a secondary antibody only as negative control. (1,3;1,4)-β-Glucan is indicated by 

green fluorescence. e-h TEM micrographs of sections immunogold labelled with the 

(1,3;1,4)-β-glucan antibody BG-1. Walls of cells in the e epidermis, f cortex, g endodermis 

and h vascular bundle. E, epidermis; C, cortex; En, endodermis; VB, vascular bundle; Mxy, 

metaxylem. Magnification: a-d 100 x. Scale bars: a-d 100 µm; e-h 0.5 µm. Exposure time 

for b= 650 ms 
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2.2.8 Distribution of (1,3;1,4)-β-glucan in Setaria grain  

The phenotype of the S viridis grain during development was observed from 2 DAP to 24 

DAP (Fig. 2-3). Three different stages, namely young (4 DAP), intermediate (10 DAP) and 

mature (24 DAP), were sectioned to map the distribution of (1,3;1,4)-β-glucan (Fig. 2-9). 

Fluorescence micrographs of Alexa Fluor® 488 and Calcoflour-White MR2 labelling 

represented the anatomical structure of cell walls in the grain in transverse sections (Figs. 2-

9a to 2-9f), which was consistent with previous reports of S. viridis anatomy by Winton and 

Winton [48] and of Setaria lutescens by Rost [49]. A higher magnification micrograph of 

the outer layer of the young grain displayed a developing pericarp consisting of different 

layers, namely the cuticle, cross cells, tube cells, testa and nucellus (Additional file 1: Figure 

S2-9A). The pericarp was fully developed in the intermediate grain (Additional file 1: Figure 

S2-9B). The pericarp surrounds the endosperm, which was comprised of aleurone cells and 

the starchy endosperm, and the scutellum of the embryo (Additional file 1: Figure S2-9). 

Higher magnification micrographs (Figs. 2-9d to 2-9f) showed the typical embryonic 

structure of Setaria grain. The scutellum forms a cuplike structure that surrounds the axis of 

the coleoptile and coleorhiza [49, 50]. Fluorescence micrographs indicated that (1,3;1,4)-β-

glucans were most abundant in the pericarp and embryo of the younger grain (Figs. 2-9g, 2-

9j) particularly in the coleoptile and coleorhiza. Lower levels of (1,3;1,4)-β-glucans were 

present in the intermediate embryo (Figs. 2-9h, 2-9k) and (1,3;1,4)-β-glucans were almost 

completely absent in the pericarp and the mature embryo of the oldest grain (Figs. 2-9i, 2-

9l). However, the use of TEM confirmed the presence of some (1,3;1,4)-β-glucans in cell 

walls where they were not clearly detected by fluorescence immunolabelling, such as in the 

embryo of the mature grain (Fig. 2-10a) or in the scutellum of the young and intermediate 

grain (Additional file 1: Figure S2-10).  Labelling of (1,3;1,4)-β-glucan in the aleurone walls 

of the young (Fig. 2-10b), intermediate (Additional file 1: Figure S2-10) and mature grain 

(Fig. 2-10c) was also observed. In line with the fluorescence results, (1,3;1,4)-β-glucan in 
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the walls of the pericarp was detected throughout development using TEM (Figs. 2-10d to 

2-10f, Additional file 1: Figure S2-10). 

 

Figure 2-9 Micrographs of developing grain transverse sections  

a-f Combination fluorescence light micrographs showing overlaid signals from both an 

antibody conjugated to Alexafluor 488 and Calcofluor White MR2. Fluorescence light 

micrographs using a a primary antibody only as negative control, g-l an antibody conjugated 

to Alexafluor 488 where (1,3;1,4)-β-glucans are indicated by green fluorescence. DPc, 

developing pericarp; Em, embryo; Sct, scutellum; Ct, coleoptile; Cr, coleorhiza; Es, 

endosperm. Magnification: a-c, g-i 5 x; d-f, j, k 10 x; l 40 x. Scale Bars: a-c, g-i 200 µm; d-

f, j, k 100 µm; l 20 µm. Exposure time: a-c, g-i Alexafluor 488 = 860.4 ms, Calcofluor White 

MR2 = 700 ms; d-f, j, k Alexafluor 488 = 550, Calcofluor White MR2 = 260 ms; l Alexafluor 

488 = 100 ms, Calcofluor White MR2 = 600 ms 
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Figure 2-10 TEM micrographs of grain labelled with BG-1 

a Cell walls of the embryo in the mature grain. Walls of the aleurone in the b young and c 

mature grain. Walls of the pericarp in the d young, e intermediate and f mature grain. Gold 

particles: a-i 25 nm. Scale bars: a, c 0.5 µm; b, d, e, f 1 µm 
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2.3 Discussion 

2.3.1 Genes in the Setaria cellulose synthase superfamily 

There are at least 48 genes in the cellulose synthase superfamily in Setaria (Fig. 2-1 and 

Additional file 1: Figure S2-1), which is consistent with most other land plants. Of these, 13 

are CesAs, five more than the eight previously reported by Petti et al. [17]  and similar to 

numbers in other cereals in the Poales, where barley and rice have nine [43, 44, 51], sorghum 

has 10  [52], and more broadly to other flowering plants where Arabidopsis also has 10  [53].  

 

The CesA genes are distributed over five of the nine chromosomes and do not appear to 

cluster (Additional file 1: Figure S2-1, Additional file 2: Table S2-1). In Setaria, CesA4 and 

CesA8 resolve as the ancestral lineages, while the phylogeny suggests that CesA5 was the 

next group to split, followed by a large diverse clade that contains genes corresponding to 

CesA1 and CesA3, CesA2 (4 genes) and CesA6 (3 genes). The CesA10 gene is grass specific 

and belongs to a highly divergent group that has lost the QXXRW catalytic motif [52]. It is 

not clear why there are so many closely related CesA genes in Setaria and why the CesA2 

and CesA6 genes, associated with synthesis of cellulose in primary cell walls [43], have 

duplicated more than once in recent evolutionary history. The larger CesA gene family will 

make the identification of encoded proteins that participate in the formation of the classical 

heteromeric terminal rosette complexes, and the definition of their levels of redundancy, 

particularly difficult to unravel. The proposed participation of two sets of three different 

CesA genes in barley is based on co-transcription in tissues where primary or secondary wall 

synthesis predominates [43]. No such correlation could be detected in our transcript profiles 

from many tissues of Setaria (Additional file 1: Figure S2-2).  

 

Setaria lacks a few members of the CslF family including orthologues of the most recently 

identified members in barley, namely CslF10, 11, 12 and 13, and the CslF1 and CslF2 genes 
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of rice [45, 46]. Not withstanding the ‘missing’ genes, the seven CslFs are organised across 

the genome akin to the family in other grasses with a syntenic main cluster on chromosome 

2 [52, Additional file 2: Table S2-1] and the remaining members are scattered on individual 

chromosomes. The exception  are the two closely related genes  SiCslF3-1 and SiCslF3-2, 

found next to each other on chromosome 2, at one end of the CslF cluster and which appear 

to be the result of recent gene duplication.  

 

Setaria has two genes in each of the CslH and the CslJ families, while sorghum and rice 

have three CslH genes, sorghum has a single CslJ (Fig. 2-2-1) and barley has a single 

member of both families [52, 54]. The two SiCslH genes are separated on chromosomes 1 

and 7 (Additional file 2: Table S2-1).  This is the first report of a cereal that carries two CslJs 

where the second one derives from a gene duplication event because the two copies share 

87.3% identity at the amino acid level.   

 

2.3.2 The SvCslF6 gene is highly transcribed  

The CslF6 transcript is dominant in the majority of tissues of most C3 and C4 cereals and the 

corresponding CSLF6 protein is likely to be the major synthase driving the deposition of 

(1,3;1,4)-β-glucan [37, 38, 45, 55-57]. Setaria is not an exception to this, since the CslF6 

transcript is found at the highest levels of all the CslF, H and J genes in vegetative tissues at 

all stages of development examined  here.  For example, in the elongating fourth stem 

internode  SvCslF6 transcripts peaked at around one million copies per microliter and in 

tissues where expansion has ceased, such as the mature root (Additional file 1: Figure S2-2) 

approximately 100,000 copies of SvCslF6 per microliter were detected.  The temporal and 

spatial occurrence of (1,3;1,4)-β-glucan observed is similar to those described for other C4 

grasses, including maize and sorghum [58-61]. In general the amount of (1,3;1,4)-β-glucan 
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in Setaria decreases during maturity in roots, leaves and the inflorescence and levels vary 

significantly according to the age of the tissues (Fig. 2-4a).   

 

The physiological role of (1,3;1,4)-β-glucan in plants is debated in the literature [59, 62-65]. 

The decrease in the amount of (1,3;1,4)-β-glucan in leaves, roots and stem sections as they 

age indicates that it may be more important in developing tissues than mature ones; in the 

roots it decreased from 0.9% w/w at inflorescence emergence  to 0.5% (w/w) at anthesis 

(Fig. 2-4a) possibly linked to tiller production, as grasses stop developing their primary 

(seminal) roots when mature tillers become established [66]. Similar trends have been 

reported for other C4 grasses.  In maize, sorghum and barley (1,3;1,4)-β-glucan is synthesised 

in seedlings and coleoptiles, leaves and stems when  elongation starts and ceases when 

elongation stops [60, 61].  

 

A role for (1,3;1,4)-β-glucan in carbon storage in barley and sorghum vegetative tissues has 

been proposed [62-65]. The change from 1.9% (w/w) (1,3;1,4)-β-glucan in the flag leaf 

during vegetative growth to 0.3% (w/w) at anthesis could indicate that (1,3;1,4)-β-glucan 

may be hydrolysed at this stage to remobilise carbon reserves [62] and this may explain the 

presence of (1,3;1,4)-β-glucan reserves in the Setaria stem. The largest amount of (1,3;1,4)-

β-glucan  was observed in stem internode 4 (2.95% w/w, Fig. 2-4a) and TEM labelling 

indicated that these reserves were more highly concentrated in  ground tissue walls relative 

to those of the vascular tissue (Additional file 1: Figure S2-7). Mobilisation of this secondary 

carbon reserve may be particularly important to S. viridis, because it has such a rapid life 

cycle and produces a great many seeds. 

 

The properties of (1,3;1,4)-β-glucans may be linked to their fine structure, as determined by 

the DP3:DP4 ratio [67, 68]. A lower ratio is generally associated with higher solubility of 
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the polysaccharide and this property is of interest in a human health context [69] and may 

affect ease of extraction for bioethanol production from lignocellulosic feedstocks [37, 70]. 

There is evidence that individual CSLF enzymes synthesize (1,3;1,4)-β-glucans with 

different fine structures [36, 71]. Subtle but significant differences in the (1,3;1,4)-β-glucan 

DP3:DP4 ratios in a range of different Setaria tissues were measured. Where (1,3;1,4)-β-

glucan may be  structurally important, such as in the actively growing parts of the plant 

(primary roots and stem internode 4, the ratio is relatively high. However, in tissues where 

cell growth slows or ceases and the remobilisation of carbon reserves is likely to occur, the 

ratio and solubility of (1,3;1,4)-glucans might be expected to be lower. This was observed 

in some tissues where remobilisation might be occurring, for example in mature stem 

internodes, but the correlation was not consistent.  

 

The activity of CslH genes could significantly influence the amount and nature of (1,3;1,4)-

β-glucan and thus the overall cell wall properties. Transcript levels of the barley HvCslH1 

and the sorghum SbCslH3 genes were reported to be higher in mature tissues, such as the 

leaf tip, relative to young tissues [54, 61]. This trend was also observed for the Setaria CslH2 

transcript. The peak transcripts of the CslH gene have already been linked to the presence of 

(1,3;1,4)-β-glucan with a higher DP3:DP4 ratio, and thus lower solubility,  suggesting that 

these synthases might be producing polysaccharides to strengthen or reinforce walls of cells 

that are undergoing secondary thickening. However, in this species transcript levels of 

SvCslH1 are higher in a completely different set of tissues to SvCslH2, such that the two 

transcripts show a pronounced negative correlation, whilst SvCslH2 transcripts are one of 

only a few that show a strong positive correlation with another member of the CslF, CslH or 

CslJ family (Additional file 1: Figure S2-4). Thus, the influence of different CslH genes on 

(1,3;1,4)-β-glucan properties is not clear. It has been observed previously that CslF transcript 

levels do not appear to be regulated in a coordinated pattern [45], in contrast to the CesAs 
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where transcript co-expression is observed [43].  This may indicate the absence of a complex 

containing more than one CSLF, CSLH or CSLJ protein from the same family. In Setaria 

only the transcript patterns of SvCslF4 and SvCslH2 are highly correlated. SvCslF4 could be 

a relatively important member of the CslF family in Setaria, given that transcript levels of 

this gene were second only to SvCslF6 in a number of the more mature tissues, such as early 

stem internodes and mature roots (Additional file 1: Figure S2-2). 

 

A specific role for CslJ genes in (1,3;1,4)-β-glucan synthesis has not yet been demonstrated 

unequivocally. The presence of CslJ genes across the Poales is patchy and these genes are 

absent from a number of important cereals, including rice [72]. Setaria is the only cereal so 

far examined that has more than a single CslJ gene. Transcripts of SvCslJ2 were higher than 

SvCslJ1 in all tissues tested and peaked in the mature root and the almost fully emerged 

inflorescence (Additional file 2: Fig. S 2-5). Our unpublished data (RA Ermawar, RA Burton 

and NJ Shirley) indicate that the sorghum CslJ is also found at high levels in root tissue 

suggesting that some cereal roots might require a particular cell wall structure conferred by 

the action of CslJ. 

 

2.3.3 The nature of Setaria grain 

A previous report on the chemical composition of S. viridis grain suggested that it contains 

11% fibre [48] but no information regarding the constituent polysaccharides was provided. 

Here the amount of (1,3;1,4)-β-glucan in S. viridis has been determined with very little  in 

the young grain (0.013% w/w)  decreasing even further  to  0.003% (w/w) at maturity (Table 

2-1). Thus, the maximum amount of (1,3;1,4)-β-glucan  is less than that found in  other C4  

grain, such as maize [0.1% w/w, 73] and sorghum [0.1-0.2% w/w, 61] and is considerably 

less than in the C3 cereals  barley (4–10% w/w) and oats (6–8% w/w) [74]. In fact, Setaria 
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has the lowest amount of (1,3;1,4)-β-glucan so far reported being even  lower than  rice grain 

at 0.006% (w/w) [75].  

 

Fluorescent immunolabelling in the very early stages of Setaria grain development, just a 

few days after pollination, indicated that the (1,3;1,4)-β-glucan is predominantly located in 

the outer layers of the caryopsis in the maternally-derived pericarp tissues (Fig. 2-9g) and is 

present in specific areas of the embryo, the coleoptile and the coleorhiza (Fig. 2-9j). It 

persists in the pericarp in the intermediate stages of grain development but the amount 

decreases in the embryo and is negligible in walls of the starchy endosperm, or aleurone cells 

of mature grain (Fig. 2-9k). By the time the grain is mature almost no (1,3;1,4)-β-glucan can 

be observed with sensitive antibody-based immunocytochemical methods, consistent with 

the results of the biochemical analyses.  

 

In developing sorghum grain (1,3;1,4)-β-glucan is deposited more in the outer maternal 

layers, such as the pericarp and testa, than in the endosperm tissues [61]. Sorghum grain very 

often displays dual morphology in the starchy endosperm where a floury centre is surrounded 

by a more glassy outer layer [76]. Although this morphological feature is not evident in 

Setaria grain the accumulation of (1,3;1,4)-β-glucan in both C4 grains is very similar. In 

contrast, the appearance of (1,3;1,4)-β-glucan in developing barley grain, a C3 species, is 

detected as early at 3 or 4 DAP in the maternal tissues, in the walls of starchy endosperm 

cells from 6 DAP onward [77] and  continues to increase as the grain matures. Here, an 

examination of the transcript levels of the CslF, H and J genes across a Setaria developing 

grain series  reveals that minimal amounts of these transcripts can be detected, except for 

SvCslF4 and SvCslF6 in the very early stages at 2 to 4 DAP (Fig.  3, Additional file 1: Figure 

S2-2). This is similar to the CslF6 transcript in wheat, which peaked before 10 DAP and 

continuously decreased throughout maturity [56]. In all other cereals significant amounts of 
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CslF6 or CslH transcripts are observed, where for barley [78],  rice [79]  Brachypodium 

distachyon [80] and other C4 grain such as sorghum [61], the transcript peaked in the mid 

stages and much larger amounts of (1,3;1,4)-β-glucan are present.  Also absent from the 

Setaria grain transcriptome is CslF9. In barley, the HvCslF9 transcripts peak during 

endosperm cellularisation in early grain development, whilst maximal amounts of HvCslF6 

are found later at 18-20 DAP. Hence Setaria is somewhat unusual amongst the Poales in 

terms of its transcript profile in developing grain and until data from other millet species 

such as Pennisetum (pearl), Panicum (proso) and Eleusine (finger) are available it will not 

be clear whether Setaria is an outlier in this Order. 

 

The DP3:DP4 ratio of the small amount of (1,3;1,4)-β-glucan present in Setaria grain is 

lower (2.5:1 to 2.8:1, Table 2-1) than that found in sorghum  [2.6 to 3.0:1, 61] or barley grain 

[2.8 to 3.3:1, 69]. Since ratio is linked to solubility this suggests that Setaria grain (1,3;1,4)-

β-glucan is likely to be more soluble than the (1,3;1,4)-β-glucan found in sorghum or barley 

grain. 

 

2.4 Conclusion 

The genes in the cellulose synthase superfamily have been defined in Setaria and the 

analyses reveal subtle differences in numbers and chromosomal distributions when 

compared with other cereal genomes. Transcript analyses of Poales-specific genes in the 

CslF, CslH and CslJ families indicate that the CslF6 transcript dominates and that the 

abundance and distribution of (1,3;1,4)-β-glucans in Setaria vegetative tissues are very 

similar to those described for the other C4 grasses such as maize and sorghum [59-61]. These 

features indicate that Setaria it is a suitable model for these and other grasses in the context 

of manipulating this valuable polysaccharide [37, 70]. However, Setaria grain contains only 
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a very small amount of (1,3;1,4)-β-glucan, and the CslF6 transcript, and so may be less 

useful in a human health context than other cereal grains [26, 69].  

 

2.5 Methods 

2.5.1 Bioinformatic analysis of Csl genes in Setaria 

The CesA and Csl sequences of Setaria italica, sorghum (Sorghum bicolor), barley 

(Hordeum vulgare), rice (Oryza sativa) and  Brachypodium (Brachypodium distachyon) 

were obtained from the public databases Phytozome 9.0 [9], NCBI GenBank [81], RGAP 

[82] and GRAMENE [83]. The hmmalign program in the HMMER package [84] was used 

to assign the retrieved full length protein sequences to the cellulose synthase pfam HMM 

(PF03552). The full length protein alignment was back-translated to codons using pal2nal 

[85] and residue assignments with a posterior probability of <0.6 were manually removed. 

The Bayesian Markov Chain Monte Carlo (MCMC) package BEAST v1.8.0 [86] was used 

to reconstruct the phylogenetic tree of Setaria, sorghum, barley and rice Csl and CesA genes. 

The final codon alignment was partitioned into the three separate codon positions, and each 

partition was unlinked, that is, substitution model parameters, rate heterogeneity model and 

base frequency were free to vary across partitions. Two analyses, replicated once, were 

reconstructed; one with a relaxed-clock (log-normal distribution of nucleotide rate 

variation), and one with a strict clock prior. The GTR+IG substitution model, as selected by 

jModelTest, and a Yule tree prior were used. Convergence was monitored in TRACER v1.5 

[87] by assessing the Effective Sample Size (ESS) and likelihood of the estimated 

parameters. Each analysis was run for at least 75,000,000 states, or until stationarity, logging 

every 1000 states. CesA, CslD, and CslE clades on the tree were collapsed using nw_utils 

[88]. 
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2.5.2 Plant material 

The S. viridis A10 accession was grown in a greenhouse under a day/night temperature 

regime of 28°C/15°C (The Plant Accelerator, Waite Campus, University of Adelaide, South 

Australia). Plants were grown in a soil mix composed of coco peat (75%) and sand (25%) 

supplemented with 2.5 g L-1 agricultural lime and Osmocote® Exact® Mini (Scotts Australia 

Pty Ltd, NSW, Australia), 1.875 g L-1 iron sulphate and calcium nitrate, 1 g L-1 hydrated 

lime, 0.75 g L-1 dolomite lime, gypsum, superphosphate and MicroPlus (Langley Australia 

Pty Ltd, WA, Australia) and 0.125 g L-1 iron chelate. Soil pH ranged from 6-6.5. S. viridis 

plant development was defined based on growth stages of perennial forage grasses [89]. 

Tissues such as root, leaves, stem internodes and inflorescence were collected at various 

stages from vegetative-leaf (Additional file 1: Figure S2-11A) through to the reproductive-

floral development stage (Additional file 1: Figure S2-11B). The flag leaf was harvested at 

three different stages: vegetative-leaf, inflorescence emergence (IE) and at anthesis. The 2nd 

to 4th leaves were harvested from tillers at IE, while the 5th and 6th leaves were harvested 

from the plant at anthesis. Roots were harvested at IE and at anthesis. Stem internodes were 

harvested at anthesis. Whole grains were collected throughout development and at the 

ripening stages, from 2 to 24 DAP (Fig. 2-3). Glumes were removed manually using 

tweezers (Dumont, no.3, Kirwan, Queensland). Grain images (Fig. 2-3) were taken using the 

Stemi 2000 Stereomicroscope (Zeiss, Germany).   

2.5.3 Total RNA isolation and cDNA synthesis  

S. viridis vegetative tissues and developing grain were snap frozen in liquid nitrogen 

immediately after harvest. Total RNA extraction and cDNA synthesis methods followed 

Burton et al. [38].  
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2.5.4 Q-PCR of the S. viridis CslF, CslH and CslJ genes 

Real-time quantitative PCR (Q-PCR) of the S. viridis genes was performed as described by 

Burton et al. [45].  Primer design for the Cellulose synthase-like genes in S. viridis (SvCsl) 

and the control genes was based on S. italica sequences [Phytozome 9.0, 9] and tested on a 

cDNA sample generated from RNA from various tissues. The normalised expression values 

for the SvCsl genes were subjected to a correlation analysis and groups of genes sharing 

Pearson correlation coefficients (R2) greater than or equal to 0.90 were ascribed as 

‘coexpressed’. The PCR primers and PCR product sizes in base pairs together with optimal 

acquisition temperatures are listed in Additional file 2: Table S 2-2.  

2.5.5 (1,3;1,4)-β-Glucan quantitative assay  

Samples of each S. viridis vegetative tissue were harvested from five individual plants. 

Vegetative tissues were freeze-dried, while mature grain samples were oven-dried at 37°C 

for two days. All samples were ground using a Retsch mill (Type MM 300) for 1 min at a 

frequency of 30 beats/second. The ground samples were weighed (15-20 mg) and assayed 

in four technical replicates. The samples were pre-treated with a series of 70-100% ethanol 

washes before measurement using a small scale version of the Megazyme assay [90] 

according to Ermawar et al. [61]. The amount of glucose released from the (1,3;1,4)-β-

glucan in the vegetative samples was quantified based on the colorimetric assay using 

GOPOD, Megazyme International Ireland Ltd., according to Ermawar et al. [61]. Due to the 

low level of (1,3;1,4)-β-glucan in the grain, the amount of glucose released from the 

lichenase digestion was quantified using high pH anion exchange chromatography with 

pulsed amperometric detection (HPAEC-PAD) on a Dionex ICS-5000 column against a 

glucose standard. 
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2.5.6 Structural analysis of S. viridis (1,3;1,4)-β-glucan 

Lichenase-treated extracts of S. viridis vegetative tissues and grain samples were purified 

using solid phase extraction (SPE) cartridges packed with graphitized carbon (Varian Bond 

Elut Carbon 50 mg mL-1 columns) according to Ermawar et al. [61]. The ratio of DP3:DP4 

oligosaccharides in the vegetative tissue extracts were analysed using either high-

performance liquid chromatography (HPLC) [91] or HPAEC-PAD on a Dionex ICS-5000 

chromatograph. The grain extracts were analysed using HPAEC-PAD following Ermawar 

et al. [61].  

2.5.7 Statistical analysis of (1,3;1,4)-β-glucan quantitative and structural data 

GenStat 15th Ed. SP2 was used for statistical analysis. All data were initially analysed by 

one-way ANOVA using a 5% least significance difference. Data was analysed with a t-test 

to identify values with a significant difference (P < 0.05).  

2.5.8 Tissue fixation, embedding and sectioning of vegetative tissues and grain 

S. viridis vegetative tissue and grain samples were fixed in paraformaldehyde/glutaraldehyde 

and embedded in LR-white as described in Burton et al. [38]. Sections for toluidine blue 

staining, fluorescence and TEM microscopy were prepared following Wilson et al. [77]. 

Individual vegetative tissue and grain samples in resin blocks were transversely sectioned at 

1 µm on a Reichert-Jung Ultracut microtome for toluidine blue staining and fluorescence 

microscopy. Sections for TEM were cut transversely at a thickness of 80-100 nm. 

2.5.9 Fluorescence and TEM immunocytochemistry 

Detection of (1,3;1,4)-β-glucan in S. viridis vegetative tissues and grain was carried out using 

fluorescence and TEM immunocytochemistry following Burton et al. [38] and Wilson et al. 

[77]. These methods rely on the use of the BG1 monoclonal antibody that is specific for 

(1,3;1,4)-β-glucans [92]. In the present study, dilutions of 1:50 and 1:500 of the anti-mouse 

primary antibody BG-1 (Biosupplies Australia, Parkville, Victoria Australia) were used for 
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the fluorescence and TEM, immunocytochemistry. A 1:100 dilution of Alexa Fluor® 488 

goat anti-mouse IgG (H+L) secondary antibody was used for the fluorescence detection, and 

a 1:30 dilution of an Aurion goat IgG/IgM anti-mouse secondary antibody conjugated to 

either 10 or 25 nm gold was used for the TEM. Fluorescent sections were counterstained 

with 0.001 % Calcofluor White MR2® (Sigma-Aldrich, St.Louis, MO). Three types of 

negative control of fluorescence micrographs from various tissues of Setaria were applied. 

The cell walls show no labelling when they are treated with no antibody, the primary 

antibody only or secondary antibody only. Fluorescence images were taken with an Axio 

Imager M2 Microscope (Zeiss, Germany). TEM images were taken as described in Wilson 

et al. [77]. Control transmission electron micrographs of H. vulgare leaf sections labelled 

with the antibody BG-1 was used as positive control, while the sections labelled with the 

secondary antibody only was used as negative control (Additional file 1: Figure S2-12). 
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2.6 Availability of supporting data 

All the supporting data are included as additional files. 

2.6.1 Additional file 1 

Figure S2-1 Bayesian phylogenetic tree of the CesA, CslD, CslE, CslF, CslH and CslJ genes 

in Setaria italica, Sorghum bicolor, Oriza sativa, Brachypodium distachyon and Hordeum 

vulgare. Figure S2-2 Transcript levels of (1,3;1,4)-β-glucan synthase genes from S. viridis. 

Figure S2-3 Comparison of the transcripts levels of SvCslH genes from S. viridis. Figure 

S2-4 Correlation of the Cellulose synthase-like transcript levels. Figure S2-5 Normalised 

transcript levels of SvCslJ from S. viridis. Figure S2-6 TEM micrographs of leaf 

immunogold labelled with BG-1. Figure S2-7 TEM micrographs of stem sections 

immunogold labelled with BG-1 Figure S2-8 TEM micrographs of root sections 

immunogold labelled with BG-1. Figure S2-9 Micrographs of developing grain transverse 

sections.  Figure S2-10 TEM micrographs of grain immunogold labelled with BG-1. Figure 

S2-11 Phenotype of Setaria viridis in different growth stages. Figure S2-12 Control 

micrographs of TEM of H. vulgare leaf sections. (PPTX 17100 kb) 
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Figure S 2-1 Bayesian phylogenetic tree of the CesA, CslD, CslE, CslF, CslH and CslJ 

genes in Setaria italica, Sorghum bicolor, Oryza sativa, Brachypodium distachyon and 

Hordeum vulgare  

Branch lengths are proportional to nucleotide substitutions per site. Black dot node labels 

indicate posterior probability of 0.6-0.85, whilst grey dots indicate a posterior probability of 

0.85-0.95, and unlabelled nodes present a posterior probability of >0.95. 
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Figure S 2-2 Transcript levels of mixed-linkage glucan synthase genes from S. viridis  

(A) Transcript levels of CslFs, CslHs and CslJ in a range of vegetative tissues. Transcript 

levels of CslFs in (B) vegetative tissue and (C) developing grain. Error bars = SD for each 

gene (n = 3).  
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Figure S 2-3 Comparison of the transcripts levels of SvCslH genes from S. viridis  

Normalised transcripts levels in (A) a range of vegetative tissues and (B) developing grain.  
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Figure S 2-4 Correlation of the Cellulose synthase-like transcript levels  

Correlation between (A) the SvCslF4 and SvCslH2 genes (R
2
 = 0.9) and (B) the SvCslH1 

and SvCslH2 genes (R
2
 = -0.63).  Error bars are SD for each gene (n = 3).  
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Figure S 2-5 Normalised transcript levels of SvCslJ from S. viridis 

The levels in (A) a range of vegetative tissues and (B) developing grain. Error bars are SD 

for each gene (n = 3).  
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Figure S 2-6 TEM micrographs of leaf immunogold labelled with BG-1  

(A, B) Walls of the epidermal cell in the (A) young and (B) mature leaves. (C, D) Walls of 

the mesophyll cell in the (C) young and (D) mature leaves. (E, F) Wall of the bundle sheath 

cells in (E) young and (F) mature leaf. CuE, cuticle of epidermal cell; CyE, cytoplasm of 

epidermal cell; CyM, cytoplasm of mesophyll cell; CyBS, cytoplasm of bundle sheath cell. 

Gold particles: 10 nm. Scale bars: 1 µm.  
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Figure S 2-7 TEM micrographs of stem sections immunogold labelled with BG-1  

Walls of (A, C, E) two adjacent ground tissue cells and (B, D, F) an embedded vascular 

bundle cell. Gold particles: A, B = 10 nm; C-F= 25 nm. Scale bars: A-D = 1 µm; E, F = 0.5 

µm. 
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Figure S 2-8 TEM micrographs of root sections immunogold labelled with BG-1 

Walls of cells in the (A) epidermis, (B) endodermis and (C) vascular bundle. EpW, epidermis 

cell wall; EnW, endodermis cell wall; VBW, vascular bundle cell wall. Gold Particles: 10 

nm. Scale bars: 1 µm. 
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Figure S 2-9 Micrographs of developing grain transverse sections  

(A) Bright-field light micrograph of a toluidine blue-stained survey section of young grain. 

(B) Combination fluorescence light micrographs of intermediate grain showing overlaid 

signals from both an antibody conjugated to Alexafluor 488 and Calcofluor White MR2. 

DPc, developing pericarp; Cut, cuticle; Cc, cross cell; Tc, tube cell; T, testa; Nuc, nucellus; 

Sct, scutellum; Al, aleurone; Es, endosperm. Magnifications: 40 x. Bars: 20 µm. 
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Figure S 2-10 TEM micrographs of grain immunogold labelled with BG-1  

Cell walls of the (A) scutellum in (B) the young and (C) intermediate grain. Cell walls of the 

(D) aleurone in the E) intermediate grain. Cell walls of (F) the pericarp. Gold particles: A-E 

= 25 nm. Scale bars: A, B, E = 1 µm; C = 0.5 µm; D, F = 2 µm.  
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Figure S 2-11 Phenotype of Setaria viridis at different growth stages  

(A) Vegetative-Leaf. (B) Reproductive-Floral.  
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Figure S 2-12 Control micrographs of TEM of H. vulgare leaf sections  

(A, B) Immunogold labelled with primary antibody BG-1 as a positive control. (C, D) 

Immunogold labelled without primary antibody and with secondary antibody as negative 

control. Scale bars: A, C = 1 µm; B= 0.5 µm; D = 2 µm. 
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2.6.2 Additional file 2  

Table S2-1 Cellulose synthase (CesA) and Cellulose synthase-like (Csl) gene families in S. 

italica. Table S2-2 Primer sequences for the amplification of transcripts of control genes 

and Cellulose synthase-like genes (Csl) F, H and J in S. viridis. (DOCX 19 kb) 

  



 

 

83 

 

Table S 2-1 Cellulose synthase (CesA) and Cellulose synthase-like (Csl) gene families in 

S. italica 

Family Genes Gene ID Chromosome 

CesA 

CesA1 Si028770m 2 

CesA2-1 Si005779m 4 

CesA2-2 Si028762m 2 

CesA2-3 Si028764m 2 

CesA2-4 Si034009m 9 

CesA3 Si034016m 9 

CesA4 Si034020m 9 

CesA5 Si000179m 5 

CesA6-1 Si000133m 5 

CesA6-2 Si005742m 4 

CesA6-3 Si021050m 3 

CesA8 Si028761m 2 

CesA10 Si007846m 4 

CslD 

CslD1 Si015820m 6 

CslD2 Si005721m 4 

CslD3 Si033974m 9 

CslD4 Si021011m 3 

CslD6 Si008500m 4 

CslE 
CslE-1 Si029057m 2 

SclE-2 Si029066m 2 

CslF 

CslF3-1 Si031960m 2 

CslF3-2 Si032230m 2 

CslF4 Si028885m 2 

CslF6 Si013204m 6 

CslF7 Si034259m 9 

CslF8 Si028860m 2 

CslF9 Si028873m 2 

CslH 
CslH-1 Si009413m 7 

CslH-2 Si016419m  1 

 CslJ-1 Si021430m 3 

CslJ CslJ-2 Si024965m 3 
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Table S 2-2 Primer sequences for the amplification of transcripts of control genes and 

Cellulose synthase-like genes (Csl) F, H and J in S. viridis 

Gene Forward Primer Reverse Primer PCR 

size 

bp 

Tm

°C 

GAPSv GAGTTGCCTTTTGCTTTTCCT GCGGGACAAAACATGAAACTA 189 80 

ELFSv AAGAACGGTGATGCTGGTATG GTCCTTCTTCTCCACGCTCTT 153 83 

ActinSv TGTGCTCAGCGGTGGCTCAAC AGGGAGGCAAGGATGGACCC 156 83 

Tub1Sv GTTCCGGAGGGTGAGCGAGC GCGGTCGCGTCCTGGTACTG 160 84 

CslF4Sv AAGAAACCTGCCATCCTGTTT TGTGCAATGGCATTATCAAAA 184 80 

CslF6Sv AAGTTCGGTTACTCGGAGGTC TCACCAGCAGCAGGTAGAAAT 154 83 

CSLF7Sv TGACGTTGAGCCCACTACTCT GTCACCAATCTTGTGCTGGTAA 224 79 

CslF8Sv TGATCTACCCCTTTGCACTTG TGTGCCACTACTCAACCACAA 216 83 

CslF9Sv CAGAGAGCTGGAGGCGGATTT TGTGTGGTTTTTATCCCCATCTGA 186 78 

CslH1Sv CAAGATCAAGGCTGTTCTGCT TCCGAACTCAGATTCTTCTGC 224 82 

CslH2Sv GTGTTGGAGAATTCGTGTGCT ACGCTGCGAAAGTTAAGTTCA 170 82 

CslJ2Sv GCAGCTGTTTCTCCTGAGCTA TAGCTTTTTGCACTCCATCGT 206 85 
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2.7 Abbreviations 

BLAST: Basic Local Alignment Search Tool; bp: Base pairs; cDNA: Complementary DNA; 

Ces: Cellulose Synthase; Csl: Cellulose Synthase-like; DAP: Days After Pollination; DP: 

Degree of Polymerisation; GOPOD: Glucose Oxidase/Peroxidase; HPAEC-PAD: High pH 

Anion Exchange Chromatography with Pulsed Amperometric Detection; HPLC: High-

performance Liquid Chromatography; NCBI: National Center for Biotechnology 

Information; PCR: Polymerase Chain Reaction; Q-PCR: Quantitative PCR; RGAP: Rice 

Genome Annotation Project; TEM: Transmission Electron Microscopy; Tm: Temperature; 

w/w: Weight/weight. 
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Chapter 3. Over-expression of (1,3;1,4)-β-glucan synthase genes in 

transgenic Setaria viridis affects cell and plant morphology 
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3.0 Abstract 

Background: (1,3;1,4)-β-Glucan  is an important cell wall polysaccharide for human health 

and  a source of relatively easily fermented hexose sugar for bioethanol production. 

Modifying the genes involved in (1,3;1,4)-β-glucan synthesis is likely to change the amount 

and  properties of the polysaccharide. As demonstrated previously by over-expression of 

CslF6 in Arabidopsis and barley, the same strategy can be applied to other plants, including 

C4 crops such as sorghum where the use of the recently introduced C4 model plant Setaria 

viridis can accelerate outcomes. Here the first stable transgenic S. viridis lines containing a 

gene to modify the cell wall, the CslF6 gene from barley (HvCslF6) or sorghum (SbCslF6), 

driven by either the constitutive (Pro35S) or the oat globulin (AsGlo) promoter, were 

produced and examined.  

Methods: The transgenic S. viridis lines were generated using stable Agrobacterium-

mediated transformation. The amount of (1,3;1,4)-β-glucan was measured using a modified 

Megazyme assay. The fine structure of the (1,3;1,4)-β-glucan was assessed by high-

performance chromatography (HPLC and HPAEC-PAD). The distribution and deposition of 

the polysaccharide was examined using the specific antibody BG-1 and fluorescence and 

transmission electron microscopy (TEM).  

Results: The amount of (1,3;1,4)-β-glucan was increased, both in the young and mature 

leaves of transgenic Setaria compared to  control plants. The increases were up to two fold 

in the mature leaf of Pro35S::SbCslF6 plants and up to nine and six fold in the young leaf of 

Pro35S::HvCslF6 and Pro35S::SbCslF6 lines, respectively. The fine structure of (1,3;1,4)-

β-glucan  in both the  leaf and grain of the primary transformants was altered significantly 

as was the distribution of (1,3;1,4)-β-glucan in the leaves of the T0 and T1 S. viridis lines. 

Severe morphological effects, where cells were distorted and seedlings were dwarfed and 

grew more slowly were also observed in the T1 generation. 
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Conclusion: Over-expression of CslF6 in Setaria increased the amount of (1,3;1,4)-β-glucan 

in leaves and grain and influenced its structure and distribution. The downstream effects of 

increased levels were perturbations in leaf anatomy and overall morphology of the transgenic 

lines, supporting the important role of (1,3;1,4)-β-glucan in  cell wall dynamics and tissue 

integrity. 

Keywords: Setaria, barley, sorghum, (1,3;1,4)-β-glucan, HvCslF6, SbCslF6, 

Agrobacterium-mediated transformation 

 

3.1 Background 

Modifying the activity of the proteins involved in (1,3;1,4)-β-glucan synthesis through 

manipulation of the transcript level is likely to change the amount and  properties of  the 

(1,3;1,4)-β-glucan present in plant cell walls [1, 2]. Due to its unique structure this 

polysaccharide is much more accessible to the enzymes that hydrolyse it and more easily 

extracted by aqueous media than cellulose, making it an ideal source of fermentable sugar 

for bioethanol production [7, 8]. Gene families in the cellulose synthase superfamily [3, 4]  

involved in (1,3;1,4)-β-glucan synthesis have been identified, namely the cellulose synthase-

like F (CslF) and H (CslH) genes [5-7] and orthologous relationships among their members 

in various monocotyledonous plants, including rice, barley, Brachypodium and sorghum 

have been described in Ermawar et al. [8]. One particular gene, CslF6, appears to be the 

dominant synthase and it has been examined using different functional analyses methods, 

including loss and/or gain-of-function in a number of plants, at the level of both the transcript 

and the protein [5, 8-10]. In a potential biofuel feedstock context, where the native CslF6 

gene was over-expressed in barley, an increased amount of (1,3;1,4)-β-glucan was found in 

the leaves and grain of the transformants [1]. However, excessive ectopic accumulation of 

the polysaccharide was detrimental and the T1 transformants displayed developmental 

defects including early senescence, leaf necrosis, and a  slower growth rate ascribed to 
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vascular suffocation where stem vessels became clogged [1]. Subsequently, the rice CslF6 

gene was over-expressed using specific senescence-associated promoters in the model plant 

Arabidopsis, which resulted in an accumulation of (1,3;1,4)-β-glucan in certain cell types 

and increased the level of saccharification by 42% [2]. Similarly, an increased 

saccharification yield linked to higher amounts of (1,3;1,4)-β-glucan (286 %) was shown in 

maize candy leaf-1 (Cal-1) tissues. This line carries a mutation in the gene that encodes a 

(1,3;1,4)-β-glucan endohydrolase, leading to less turnover and more accumulation of the 

polysaccharide [11].   

 

To date modification of expression levels of this gene by transgenesis in C4 crops or in a 

model C4 grass has not been reported. As C4 crops, exemplified by maize and sorghum, have 

the potential to be ideal dedicated bioethanol crops because of their high yields of biomass 

and sustainable attributes [12-16], modifying the CslF6 gene in a C4 model plant is of 

interest. We chose to manipulate (1,3;1,4)-β-glucan levels in Setaria viridis spp viridis (L.) 

Beauv. SETVI. This grass species, known variously as wild millet, green millet, green foxtail 

or green bristlegrass, belongs to the bristle clade of the tribe Paniciae [17].  It is believed to 

be the ancestor of domesticated foxtail millet (Setaria viridis spp italica), which is a staple 

crop in some regions of Asia and Europe [18]. It is invasive and a highly adaptable weedy 

plant globally [19], capable of thriving in diverse ecological niches [20].  

 

S. viridis fulfils the requirements for a model C4 plant since it is closely related to other C4 

bioethanol crops like sorghum and maize and even shares the same photosynthetic sub-type 

(i.e. the NADP-ME type) with sorghum. S. viridis is a diploid with a genome of around 515 

Mb, it has a short annual lifecycle and only needs limited growth-space [21, 22]. The first 

successful transient and stable transformations of S. viridis were reported in 2010 [23] and 

an improved protocol for stable transformation was recently published [24]. Although the S. 
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viridis genome has not been completely sequenced, a reference genome of the closely related 

species Setaria italica is available and accessible in public databases, such as Phytozome 

[25, 26].  

 

The cell wall carbohydrate composition of S. viridis has been analysed and compared with 

other C4 crops, such as maize, sorghum and switchgrass [27]. Besides measuring the major 

components of the cell walls, cellulose and lignin, Petti et al. [27] also analysed neutral 

sugars as a collective indication of hemicellulose content. Recently the amount, structure 

and distribution of (1,3;1,4)-β-glucan in S. viridis has been reported [28], providing a 

baseline from which to assess changes that may be made using genetic transformation 

approaches. Here, in one of the first examples of Setaria transformation using a biologically 

relevant gene rather than a cellular marker, over-expression of the CslF6 genes from barley 

(HvCslF6) or sorghum (SbCslF6) was driven by either the constitutive 35S promoter, 

designated as Pro35S [29] or the oat globulin promoter (AsGlo) [30]. Transgenic plants and 

grain were analysed for (1,3;1,4)-β-glucan content, structure and distribution and compared 

to wild type plants.   

 

3.2 Results 

3.2.1 Stable transformation of S. viridis 

Initial attempts to transform Setaria using the procedure described by Brutnell et al. [23] 

were unsuccessful (unpublished data). Therefore, modifications to the plant regeneration 

phase of the published protocol were required to recover putative transformants. Callus was 

transferred to regeneration medium without the selection agent to promote shoot elongation 

(Fig. 3-1a) because well-developed shoots were rarely observed in the presence of the 

selection agent. Since prolonged culture of putative transformants (greater than two weeks) 

on the hormone-free medium containing the selection agent resulted in plant death, a shorter 
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culture step was employed to identify the small population of regenerated shoots that 

remained green, grew vigorously and developed strong roots from the majority of shoots that 

turned brown and failed to produce roots (Fig. 3-1b). At this stage, it was possible to separate 

hygromycin-resistant plantlets from the necrotic tissue and hasten plant development on 

hormone-free medium without the selection agent (Fig. 3-1c). 

 

Figure 3-1 Modified transformation steps for Setaria viridis 

a Putative transformed callus demonstrating shoot elongation on regeneration medium in the 

absence of the selection agent. b Putative transformants on hormone-free medium containing 

the selection agent. Viable plants are indicated by an arrow. c Growth of a putative 

transformant on hormone-free medium in the absence of the selection agent 

 

The outcomes of the transformation experiments are presented in Table 3-1.  Transformation 

frequencies ranged from 9 – 27%, and the average transformation frequency was 18%.  It 

was not possible to directly compare the effect of different vectors on transformation 

frequency using callus induced from the same starting material because multiple rounds of 

callus induction were required to produce the callus needed for this series of transformation 

experiments.   
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Table 3-1 Summary of the S. viridis stable transformants 

Constructs 
Name 

Genes 

Promoters 
Number of 
Infected 

Calli 

Number of 
Transformants 

Transformation 
Frequency* 

(%) 

pRB474 empty vector 94 8 9 

pMDC32 empty vector 75 20 21 

pRB479 ProAsGlo::HvCslF6 43 9 27 

HvGD05 Pro35S::HvCslF6 65 13 20 

SbGD07 Pro35S::SbCslF6 49 7 14 

Total 326 57 - 

*Transformation frequency is calculated as the number of transgenic lines derived 

from independent pieces of callus, with the presence of the transgene confirmed by 

PCR analysis, divided by the number of infected calli and multiplied by 100 

 

3.2.2 (1,3;1,4)-β-Glucan abundance and DP3:DP4 ratios in  T0 leaves 

In general, the primary (T0) Setaria lines had relatively equivalent growth rates compared to 

the control plants, both from the seed-derived (wild type) and the tissue culture-derived 

(SvTC) plants, as shown in Additional File 1, Figure S3-1. However, about 10% of the T0 

Setaria transformants did not survive when they were transferred into soil. Death was not 

confined to a specific population of transgenic plants, therefore, this was likely to be due to 

general plant vigour at the time of transfer to soil and the growth environment rather than 

the effect of the individual transgenes. Young and mature leaves from the Pro35S::SbCslF6 

transformant lines were selected for analysis. In the T0 young leaves (1,3;1,4)-β-glucan 

amounts were increased significantly up to two fold, ranging from 0.6% to 1.8% w/w, 

compared to the control plant SvTC with 0.7% w/w (Fig. 3-2a). In the T0 mature leaves, 

(1,3;1,4)-β-glucan amounts varied from 0.2 to 0.9% (w/w), significantly higher than the 

control at 0.1% (w/w) (Fig. 3-2b). The DP3:DP4 ratios in the young leaves of 

Pro35S::SbCslF6 plants were also altered in all lines, ranging from 2.6 to 2.8:1, while the 

ratio in the control plant was 2.5:1 (Additional File 1, Figure S3-2). A positive correlation 

(R2 = 0.5, Fig. 3-2c) was found between the (1,3;1,4)-β-glucan amount and the 

corresponding ratio. However, although the DP3:DP4 ratio was also significantly higher in 

mature leaves of both Pro35S::HvCslF6 and Pro35S::SbCslF6 lines (Additional File 1, 
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Figure S3-2), a significant correlation was not found between the (1,3;1,4)-β-glucan amount 

and the matching ratio (Fig. 3-3d). 

 

Figure 3-2  Levels and ratios of (1,3;1,4)-β-glucan in leaf tissue of  primary S. viridis 

transformants 

The amount of (1,3;1,4)-β-glucan is shown in  the a young and b mature leaves of T0 lines. 

Correlations were tested between the (1,3;1,4)-β-glucan amount and DP3:DP4 ratio of the 

T0 c Pro35S:SbCslF6 young leaves (R = 0.5) and d Pro35S:SbCslF6 (R = 0.3) and 

Pro35S::HvCslF6 (R = 0.2) mature leaves. A T-test was used to compare differences 

between the non-transformed tissue culture-derived control plants (SvTC) to the 

transformants (n = 4). Tissues with the same letters indicate a non-significant difference 

whilst different letters indicate significant differences (P < 0.05) 
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3.2.3 Alteration of (1,3;1,4)-β-glucan distribution and leaf morphology in primary 

transformants  

 

Detection of (1,3;1,4)-β-glucan using fluorescence labelling and BG-1 monoclonal 

antibodies [31] showed an increase in labelling in leaves of both Pro::HvCslF6 and 

Pro::SbCslF6 transgenic lines as shown in Fig. 3-3. The cell walls of all leaf cell types 

showed additional fluorescence but this was particularly apparent in the epidermal and 

vascular bundle cells (Fig. 3-3). A close examination of the (1,3;1,4)-β-glucan distribution 

pattern revealed notable differences between some transformants and the control leaves (Fig. 

3-4). The deposition in transgenic cells, particularly in both the upper and lower epidermal 

layers, was uneven, with a greater concentration on one side of the wall than the other. 

Deposition was also patchy along the walls, making them appear more diffuse and uneven, 

as demonstrated by line Pro35S::HvCslF6-23 (Fig. 3-4a vs. 3-4c). There were also additional 

intercellular (1,3;1,4)-β-glucan deposits visible which did not appear to be associated with 

any cell walls, as shown by line Pro35S::SbCslF6-7 (Fig. 3-4b vs. 3-4c). Immunolabelling 

at the electron microscope level of the mesophyll cell walls showed an altered distribution 

pattern of (1,3;1,4)-β-glucan. On the walls of cells from line Pro35S::HvCslF6-23, the 

(1,3;1,4)-β-glucan labelled in a relatively random distribution pattern right across the wall 

compared to mesophyll cell walls of the control plant where label was restricted to just one 

edge (Fig. 3-4e vs. Fig. 3-4f).  
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Figure 3-3 Fluorescence micrographs of T0 transformant leaf transverse sections 

a Bright-field light micrograph of a toluidine blue-stained survey section. b-e Fluorescence 

light micrographs using the BG1 antibody conjugated to Alexafluor 488. (1,3;1,4)-β-Glucan 

is indicated by green fluorescence in the leaf of b T0 Pro35S::HvCslF6, c T0 

Pro35S::SbCslF6 and d SvTC control plant.  e An absence of (1,3;1,4)-β-glucan labelling is 

shown in the negative control. E epidermis; BS bundle sheath; M mesophyll; SF 

sclerenchyma fibre; GC guard cells; VB vascular bundle; BfC bulliform cells. 

Magnification: a–e 400 x. Scale bars: a–e 20 µm. Exposure time: b–e 618.4 ms  
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Figure 3-4 Alteration of (1,3;1,4)-β-glucan distribution in T0 transformant leaves  

a-d Fluorescence light micrographs using the (1,3;1,4)-β-glucan antibody conjugated to 

Alexafluor 488. (1,3;1,4)-β-Glucan is indicated by green fluorescence in the leaf of a T0 

Pro35S::HvCslF6-23, b Pro35S::SbCslF6-7 and c control plant (SvTC). Red arrows indicate 

aberrant polysaccharide deposits. d An absence of (1,3;1,4)-β-glucan labelling is shown in 

the negative control, SvTC. e, f TEM micrographs of sections immunogold labelled with the 

(1,3;1,4)-β-glucan antibody BG1 taken from the leaf of e T0 Pro35S::HvCslF6-23 and f 

control plant SvTC. Red arrows indicate gold labelling. E epidermis; VB vascular bundle; 

BS bundle sheath; M mesophyll; SF sclerenchyma fibre; GC guard cells; Ph phloem; BfC 

bulliform cells; CyM, cytoplasm of mesophyll cell. Magnification: a-d 400 x. Scale bars: a-

d 20 µm; e, f 1 µm. Exposure time: a-d 618.4 ms. The overall dimensions of the (a) T0 

Pro35S::HvCslF6-23 plants are reduced as compared to other plants (b, c) as reflected in the 

sections in Fig. 3-5. 
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Examination at the whole tissue level using light microscopy and toluidine blue-staining of 

transgenic lines with altered (1,3;1,4)-β-glucan distribution also showed marked 

morphological changes relative to control plant tissue. Leaves from Pro35S::HvCslF6-23 

were irregular with a reduced distance between each file of trichomes (Figs. 3-5a and 3-5c). 

This appeared to have been caused by a change of size and shape of the bulliform cells which 

lie on the adaxial side of the leaf. In some transgenic lines the bulliform cells were reduced 

in size to match the smaller more regular epidermal cells usually found on the abaxial leaf 

surface (Figs. 3-5c to 3-5e). This made it difficult to orient the leaf pieces accurately with 

respect to top and bottom. On leaves from other transgenic lines, for example 

Pro35S::SbCslF6-7 the bulliform cells on the adaxial surface appear to have retained more 

of their natural shape (Figs. 3-6a and 3-6b) whilst the epidermal cells on the underside of the 

leaf are less regular or have disappeared completely in some areas, leaving the vascular 

bundles very close to the leaf margin (Figs. 3-6a and 3-6b). Overall the cells in 

Pro35S::SbCslF6-7 leaves appear to be elongated in shape compared to the more rounded 

and regular mesophyll cells in the control (Figs. 3-6e and 3-6f).  
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Figure 3-5 Bright-field light micrograph of T0 Pro35S::HvCslF6-23 leaf 

Altered morphology of the Pro35S::HvCslF6-23 leaf and its composite cells is evident by 

the reduction of the total leaf thickness and changes in both size and shape of the cells.  

Bright-field light micrograph of a toluidine blue-stained transverse section of a, c-e 

Pro35S::HvCslF6-23 and b control plant (SvTC) leaves. E epidermis; BS bundle sheath; M 

mesophyll; SF sclerenchyma fibre; GC guard cells; VB vascular bundle; BfC bulliform cells; 

Tr, trichome cells. Magnification: a, b 200 x; c-e 400 x. Scale bars: a 50 µm; b-e 20 µm 
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Figure 3-6 Bright-field light micrographs of T0 Pro35S::SbCslF6-7 leaf 

Bright-field light micrographs of a toluidine blue-stained transverse section of leaf a-d 

Pro35S::SbCslF6-7 and e-f control plant (SvTC). Red arrows indicate cell irregularities and 

deformation. E epidermis; VB vascular bundle; BS bundle sheath; M mesophyll; SF 

sclerenchyma fibre; GC guard cells; Xy xylem; BfC bulliform cells. Magnification: a, c, e 

200 x; b, d, f 400 x. Scale bars: a, c, e 50 µm; b, d, f 20 µm 
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3.2.4 Comparison of  T1 grain weights  

The mean bulked T1 grain weights from some Pro35S::SbCslF6 lines, i.e. line 2 at 15.5 mg, 

line 3 at 16.5 mg and line 7 at 16.75 mg, were significantly higher (P < 0.05) compared to 

control grain, i.e. SvTC  at 12.5 mg (Fig. 3-7a). The min/max weight for Pro35S::SbCslF6 

lines was 11/18 mg, while those for SvTC grain was 9/14 mg (Fig. 3-7a). There was no 

significant difference between T1 Pro35S::HvCslF6 and the control (SvTC) grain weights 

(Fig. 3-7a), or between ProAsGlo::HvCslF6 grain and that from control empty vector plants 

(Fig. 3-7b). 

 

Figure 3-7 Mean, minimum and maximum T1   grain weights 

Grain weight of a Pro35S::HvCslF6 and Pro35S::SbCslF6 and b ProAsGlo::HvCslF6. Error 

bars indicate standard deviation (n = 4). Stars indicate lines with significant differences (LSD 

value, P < 0.05 = 2.5 mg) 
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3.2.5 (1,3;1,4)-β-Glucan abundance and DP3:DP4 ratios in  T1 Setaria grain  

 

The amount of (1,3;1,4)-β-glucan and its DP3:DP4 ratio was measured in bulked T1  grain 

for 25 individual transformants comprising 9 lines of Pro35S::HvCslF6, 7 lines of 

Pro35S::SbCslF6 and 9 lines of ProAsGlo::HvCslF6 (Fig. 3-8). In T1 grain from 

Pro35S::HvCslF6 lines, the amount of (1,3;1,4)-β-glucan ranged from 0.006% to 0.011% 

(w/w), with 0.0013% (w/w) in the grain from control lines (Fig. 3-8a). Amounts of (1,3;1,4)-

β-glucan in the T1 grain from the Pro35S::SbCslF6 lines varied from 0.011% to 0.019% 

(w/w), where some of the lines were increased by 50% above control grain amounts (Fig. 3-

8a). The use of a specific grain promoter (AsGlo) did not produce significantly increased 

amounts of (1,3;1,4)-β-glucan  compared to the control grain (Fig. 3-8b). However, a few 

Pro35S::HvCslF6 and Pro35S::SbCslF6 lines produced T1 grain with significantly lower 

DP3:DP4 ratios at 2.2 to 2.4:1 compared to the control grain at 2.5:1. (Fig. 3-8c), which was 

even more pronounced in the T1 grain from ProAsGlo::HvCslF6 lines which varied from 1.7 

to 2.5:1 (Fig. 3-8d). No significant correlation was detected between the reduced amount of 

(1,3;1,4)-β-glucan and the lower ratio in any of the lines (Figs. 3-8e and 3-8f). 
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Figure 3-8 Levels and ratios of (1,3;1,4)-β-glucan  in T1  grain  

a, b Amounts and c, d DP3:DP4 ratio of (1,3;1,4)-β-glucan in the T1 mature grain from 

Pro35S::HvCslF6, Pro35S::SbCslF6 and ProAsGlo::HvCslF6 lines. Correlation between the 

(1,3;1,4)-β-glucan amount and the ratios in the T1 grain from the e Pro35S::HvCslF6 (R = 

0.01) and Pro35S::SbCslF6 (R = 0.2), f ProAsGlo::HvCslF6 (R = 0.2). Error bars indicate 

standard deviation (n = 4). T-test compared differences between control plants (EV or SvTC) 

to the transformant lines within the same group. Samples with the same letter indicate non-

significance different; different letters indicate significant differences (P < 0.05). 
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3.2.6 Distribution of (1,3;1,4)-β-Glucan in  T1 Setaria grain  

Distribution of (1,3;1,4)-β-glucan in T1 Setaria grain was further examined in lines which 

had a relatively higher weight and amount of (1,3;1,4)-β-glucan compared to the wild type 

grain (Fig. 3-7 and Fig. 3-8), i.e. grain from  T1 Pro35S::SbCslF6-2. Fluorescence 

micrographs with a staining combination of the BG-1 antibody conjugated to Alexa Fluor® 

488 and Calcoflour-White MR2 showed a similar distribution of (1,3;1,4)-β-glucan to that 

which had been previously reported [28]. The overlaid signals only picked up the Calcoflour-

White MR2 fluorescence, both in the wild type and T1 grains, as shown in Fig. 3-9b because 

the very  low quantity of (1,3;1,4)-β-glucan bound only small amounts of the antibody-Alexa 

Fluor® 488 complex in the pericarp. 
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Figure 3-9 Fluorescence micrographs of T1 grain transverse sections 

a Bright-field light micrograph of a toluidine blue-stained survey section. b-d Combination 

fluorescence light micrographs showing overlaid signal from a BG-1 antibody conjugated to 

Alexafluor 488 and Calcofluor White MR2. The Calcofluor White MR2 signals dominated 

in both the grain of c wild type and d T1 Pro35S::SbCslF6-2. e, f Fluorescence signal from 

BG-1 antibody conjugated to Alexafluor 488. Green florescence indicates (1,3;1,4)-β-glucan 

in the pericarp of e wild type and f T1 Pro35S::SbCslF6-2. Pc, pericarp; Em, Embryo; Es 

endosperm; Sct, Scutellum. Magnification: a, b 50 x; c, d 200 x; e, f 400 x. Scale bars: a, b 

100 µm; c, d 50 µm; e, f 20 µm. Exposure time: Calcoflour MR-2 c, d 900 ms; Alexafluor 

488 e, f 300 ms. 
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3.2.7 Morphological changes in T1 seedlings 

Fifteen T1 seeds were sown for each T0 Pro35S::HvCslF6 and Pro35S::SbCslF6 line plus the 

controls. The germination rate of both the transgenic and control grain varied from 40% to 

70% (data not shown). Morphological changes in the T1 seedlings started to show at 

approximately three weeks after germination in nine and six families of Pro35S::HvCslF6 

and Pro35S::SbCslF6, respectively (Fig. 3-10). The average height of the non-transgenic 

control seedlings was used to calculate a height (18.4 cm) below which the transgenic 

seedlings were considered statistically shorter as indicated by the red line on Fig. 3-11. The 

height difference for some of the seedlings was severe and these seedlings were categorised 

as dwarf (Fig. 3-10).  

 

Figure 3-10 Phenotypic variation in the T1 S. viridis lines 

Comparison of the T1 transformant lines of Pro35S::SbCslF6 with the control plants; empty 

vector (EV) line, seed-derived wild type (WT), and tissue culture-derived wild type (SvTC). 

Vertical red bar = 2 cm 
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Figure 3-11 Height comparison between T1 transformants and control S. viridis plants 

Error bars indicate standard deviation of control plants (n = 4). WT, wild type; SvTC, tissue 

culture-derived; EV, empty vector plants  
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3.2.8 (1,3;1,4)-β-Glucan abundance in  T1 leaves 

 The amount of (1,3;1,4)-β-glucan in the T1 leaves of Pro35S::HvCslF6 and 

Pro35S::SbCslF6 plants varied from 0.6% to 3.4% (w/w) compared to the amount in control 

plants which ranged from 1.4% to 1.6% (Fig. 3-12). Where it was not possible to measure 

the amount of (1,3;1,4)-β-glucan in the leaves of dwarf plants (Fig. 3-12) such as 

Pro35S::HvCslF6-23-7 and Pro35S::SbCslF6-4-5, the (1,3;1,4)-β-glucan distribution in the 

leaf was examined by microscopic analysis.  

 

Figure 3-12 Abundance of (1,3;1,4)-β-glucan in  T1 leaves 

Error bars indicate standard deviation, technical replicates (n) of T1 leaves are n = 1-4 and 

control plants are n = 4. Negative controls: WT, wild type; EV, empty vector   
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3.2.9 Alteration of (1,3;1,4)-β-glucan distribution pattern and cell morphology in T1 

leaves 

T1 progeny containing a range of (1,3;1,4)-β-glucan levels were  more closely examined 

using fluorescence and light microscopy. The immunolabelling results were consistent with 

the (1,3;1,4)-β-glucan assays. For example, Pro35::HvCslF6-8-3 with 3.1% (w/w) (1,3;1,4)-

β-glucan showed higher (1,3;1,4)-β-glucan labelling (Figs. 3-13c and 3-13d)   compared to 

its T1 sibling Pro35::HvCslF6-8-2 with 1.2% (w/w) (1,3;1,4)-β-glucan  (Figs. 3-13a and 3-

13b). Similarly, more intense labelling of (1,3;1,4)-β-glucan was found in the leaf of 

Pro35S::SbCslF6-2-1 at 3.4% (w/w) (1,3;1,4)-β-glucan  (Figs. 3-13e and 3-13f) compared 

to  Pro35S::SbCslF6-2-4 with 1.2% (w/w) (Figs. 3-15g and 3-15h). TEM analysis was also 

consistent with a greater distribution of (1,3;1,4)-β-glucan in the walls of vascular bundle 

cells in the leaf of Pro35::HvCslF6-8-3 (Additional file 1, Figure 3-3) relative to equivalent 

cell walls in the leaf of Pro35::HvCslF6-8-2 (Fig. 3-13c and 3-13d). As in the T0 Setaria 

lines, changes in leaf cells of some of the T1 lines were also observed, particularly in the 

dwarf lines, such as Pro35S::SbCslF6-4-5 (Fig. 3-14). Light microscopy analysis with 

toluidine blue staining showed obvious cell deformation (Fig. 3-14a) compared to cells in 

the non-transgenic control (Fig. 3-14b). Many of the cells in the T1 leaf were irregular or 

uneven relative to comparable cells in the control leaf (Figs. 3-14c vs. 3-14d). The 

irregularity of mesophyll cell shape and their abnormal chloroplast distribution was also 

strikingly obvious (Figs. 3-14e and 3-14f). 
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Figure 3-13 Micrographs of T1 leaf transverse sections 

Fluorescence light micrographs using an antibody conjugated to Alexafluor 488. (1,3;1,4)-

β-Glucan is indicated by green fluorescence in the leaf of a, b T1 Pro35S::HvCslF6-8-2; c, 

d T1 Pro35S::HvCslF6-8-3; e, f T1 Pro35S::SbCslF6-2-1; g, h T1 Pro35S::HvCslF6-2-4 and 

j empty vector control plant. i Absence of (1,3;1,4)-β-glucan without antibody labelling in 

T1 Pro35S::HvCslF6-2-1 as the negative control. E epidermis; BfC bulliform cells; BS 

bundle sheath; M mesophyll; Ph phloem; SF sclerenchyma fibre; VB vascular bundle. 

Magnification: a, e, g 200 x; b-d, f, h, i, j 400 x. Scale bars: a, e, g 50 µm; b-d, f, h, i, j 20 

µm. Exposure time: a-f 500 ms 
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Figure 3-14 Bright-field light micrographs of T1 leaf transverse sections 

Bright-field light micrographs of toluidine blue-stained leaf sections a, b Pro35S::HvCslF6-

1-8, c, d Pro35S::HvCslF6-23-7, e, f Pro35S::SbCslF6-4-5 and g, h empty vector control 

plant. E epidermis; VB vascular bundle; BS bundle sheath; M mesophyll; SF sclerenchyma 

fibre; GC guard cells;; Ph phloem; BfC bulliform cells. Magnification: a, c, g 200 x; b, d, f, 

h 400 x; e 100 x. Scale bars: a 25 µm; b, d 10 µm; c, e 100; f, h 20 µm; g 50 µm  
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Figure 3-15 Micrographs of T1 leaf transverse sections from dwarf plants 

Fluorescence light micrographs using a, d, g antibody conjugated to Alexa Fluor® 488, (1,3-

1,4)-β-glucan is indicated by green fluorescence, and c, f, i controls without  antibody.  b, e, 

h Combination fluorescence light micrographs showing overlaid signal from a BG-1 

antibody conjugated to Alexafluor 488 and Calcofluor White MR2. Leaf transverse sections 

of a, b, c T1 Pro35S::HvCSlF6-23-7, d, e, f T1 Pro35S::SbCSlF6-4-5 and g, h, i wild type 

(SvTC). SF sclerenchyma fibre; VB vascular bundle. Magnification: 400 x. Scale bars: 20 

µm. Exposure time: Alexa Fluor = 500 ms; Calcofluor-White MR2 340 ms  
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3.3 Discussion 

3.3.1 Modification of Agrobacterium-mediated transformation 

The recovery of transgenic plants is the key criterion in evaluating the efficiency of a 

transformation procedure. Experiments conducted using the standard transformation 

procedure [23] did not yield transgenic plants in the current study. The strict subculture 

process employed here addressed the inhibition of shoot development and the death of 

putative transformants from the regeneration competent, putative transformed callus on 

culture medium containing the selection agent. This modified handling procedure led to the 

establishment of a more reliable and robust transformation system, with an average 

transformation frequency of 18%, as compared to average transformation frequencies 

reported recently ranging from 5 – 15% [24, 32]. In addition to the differences in the method 

used to regenerate transgenic lines, factors such as callus quality, binary vector and callus 

maintenance prior to selection may have influenced the recovery of transformants.  

3.3.2 Increased amounts of (1,3;1,4)-β-glucan in the transgenic lines  

Previous studies on the modification of CslF6 in various transformants or mutants, such as 

rice, tobacco, barley and Arabidopsis reported poor growth and alterations in their 

morphological or anatomical phenotypes as a result of an altered amount of (1,3;1,4)-β-

glucan [1, 2, 33-35]. Similar to CslF6 over-expression in barley and Arabidopsis 

transformants [1, 2], a higher level of (1,3;1,4)-β-glucan in the leaf was observed in Setaria 

transformants relative to the level in control plants. However, the T1 grain from 

Pro35S::HvCslF6 lines contained either an equivalent or lower amount of (1,3;1,4)-β-glucan 

compared to  grain of control plants (Fig. 3-8), indicating the 35S promoter did not function 

as a constitutive promoter [29] whilst a few Pro35S::SbCslF6 lines had a higher amount (Fig. 

3-8a). This may indicate that CslF6 genes from different species may behave differently in 

a foreign host. Although both genes, HvCslF6 and SbCslF6, are highly transcribed in their 
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native barley and sorghum grain [5, 8], sorghum is a more closely-related to Setaria as a C4 

crop than to barley as a C3 crop [21], which may account  for the increased level of (1,3;1,4)-

β-glucan with the sorghum gene in the Setaria grain.  

 

In addition, we also conducted an experiment using the grain-specific promoter from oats, 

Avena sativa [AsGlO, 30], but found that the amount of (1,3;1,4)-β-glucan in the T1  grain  

decreased, with only one transformant line containing a higher amount than the control grain 

(Fig. 3-5). This is in contrast to barley transformant lines carrying the same construct, i.e. 

ProAsGlo::HvCslF6, which showed an increase of up to 50% (1,3;1,4)-β-glucan compared 

to the control [1]. This result reinforces the observation that not all promoters work equally 

well in all species.  

3.3.3 Altered (1,3;1,4)-β-glucan fine structure  

Over-expression of CslF6 also altered the fine structure of the (1,3;1,4)-β-glucan both in the 

T0 leaves and T1 grain of Setaria. The fine structure, denoted by the DP3:DP4 ratio increased 

significantly (P < 0.05) in the leaf tissue, from 2.5 to 2.8:1, and decreased significantly in 

the grain, i.e. from 2.4 to 1.7:1 (Additional file 1, Fig. S 3-2). An altered DP3:DP4 ratio was 

also reported in the knockout mutants of rice which have a higher DP3:DP4 ratio in 

coleoptile tissue compared to the wild type [35]. An altered DP3:DP4 ratio was shown in the 

T2 grain of ProAsGlo::HvCslF6 barley transformants, which showed a decrease from 2.6 to 

about 2.1:1 [1]. This is the same direction of change in the Setaria grain and implies that the 

activity of the transgene has rendered the (1,3;1,4)-β-glucan more soluble [47]. However, 

since there are such minimal amounts in the grain to start with this is not likely to be useful 

in either a human health or biofuel context. In contrast the ratio rose in the leaves, putatively 

making the (1,3;1,4)-β-glucan less soluble. This may have ramifications for the hydrolysis 

or saccharification efficiency of this material, where, even though there is more (1,3;1,4)-β-

glucan present in the leaf tissue, it may be no more accessible than in non-transgenic lines. 
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3.3.4  Morphological effects in the transgenic lines 

Altered amounts of (1,3;1,4)-β-glucan have previously been reported to cause morphological 

changes and affect the growth rate in barley transformants, Arabidopsis transformants and 

rice knockout mutants [1, 2, 35]. Here,  an increased level of (1,3;1,4)-β-glucan in both 

Pro35S::HvCslF6 and SbCslF6 lines caused changes in cell shape and organisation in the 

leaf manifested in the most severe cases as confused dorsoventral polarity of the leaf (Figs. 

3-5). Setaria leaf polarity is defined based on the positioning of the vasculature, as shown in 

the maize leaf where the xylem vasculature tissue forms towards the adaxial side and the 

phloem vasculature tissue on the abaxial side [36]. Given that the epidermis is a 

multifunctional layer composed of various differentiated cell types including stomata, 

trichomes, bulliform and ordinary epidermal cells, which become fully mature when the 

meristem is no longer active [37-39] this implies that the way the cell walls form can affect 

cell fate. Therefore as an intrinsic part of the wall, the (1,3;1,4)-β-glucan may have a role to 

play in this process of molecular patterning. Excessive (1,3;1,4)-β-glucan, as seen in some 

transgenics may also interfere with signalling pathways that feedback into plant development 

processes. Thus the morphological changes could result either directly from changes in the 

cell wall structure or indirectly as a response to confused signalling. It appears that the  

(1,3;1,4)-β-glucan is not there merely to ensure wall integrity, since collapsed and distorted 

cells are also an indication that this polysaccharide may be important in cell wall strength, 

not solely in the primary wall but also in the secondary walls which are laid down 

preferentially in the vascular and fibre cells. 

 

The most obvious growth defect in the T1 plants is the appearance of stunted, dwarf plants 

in several of the transgenic lines (Fig. 3-10). The majority of these were so small that it was 

impossible to assay the amount of (1,3;1,4)-β-glucan as there was simply not enough leaf 

tissue available. However, examination of leaf sections using light microscopy showed that 
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the morphology of the cells were severely altered leading to gross changes in leaf shape and 

tissue organisation (Fig 3-14). In addition, labelling of the (1,3;1,4)-β-glucan with a 

fluorescently tagged antibody showed that levels of the polysaccharide appeared to have 

dropped to at or below the amounts present in the wild type controls (Fig. 3-15). QPCR on 

genomic DNA to confirm the genotype of the T1 progeny showed that all these lines were 

transgenic, as opposed to being null segregants. This implies therefore that both the 

endogenous and transgene forms of the CslF6 gene are being silenced, leading to almost no 

(1,3;1,4)-β-glucan deposition. This effect has been documented before for the CesA genes 

both in aspen [40] and in barley [41] also leading to the manifestation of severe phenotypes 

in the transgenic plants. At this stage, confirmatory transcript data is not available but QPCR 

experiments on a new set of T1 plants, where fresh leaf tissues could be used, are possible. 

It is unlikely that the severely dwarfed plants would be able to set seed. However, there are 

some lines showing a mixture of phenotypes as related to plant stature where progeny of a 

null, heterozygote and homozygote genotype could possibly be identified, allowing a 

comparison of the effects of transgene overexpression versus gene silencing on cell 

morphology and plant fitness. 

 

3.4 Conclusion 

In conclusion, over-expression of CslF6 in Setaria has increased the amount of (1,3;1,4)-β-

glucan in the leaf tissue but not in the grain. However, it has also altered the fine structure 

and distribution of (1,3;1,4)-β-glucan, and perturbed both the leaf anatomy and overall plant 

morphology of many of the transformant lines. Additional, more severe, phenotypic effects 

have arisen in the next generation, in all likelihood due to silencing of both the endogenous 

and transgenic copies of CslF6. The results of this work indicate that Setaria is an ideal C4 

model plant in which to test the effects of transgenic manipulations but also reaffirm that 
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careful delineation of the cells and tissues targeted for cell wall manipulations is a key factor 

in the successful production of transgenic lines that are ultimately fit for purpose. 

 

3.5 Methods 

3.5.1 Vector construction 

All vectors used in these experiments are listed in Table 3.1. Over-expression vectors, i.e.  

ProAsGlo::HvCslF6, Pro35S::HvCslF6, and the empty vector pRB474 were constructed 

according to Burton et al.  [1]. The Pro35S::SbCslF6 vector was a kind gift from George 

Dimitroff (University of Adelaide), and was constructed in accordance with Burton et al. 

[1]. Vector maps for Pro35S::HvCslF6 and Pro35S::SbCslF6 are provided in Additional file 

1: Figure S 3-5. 

3.5.2 Preparation of Agrobacterium 

To prepare the Agrobacterium culture for Setaria transformation, an aliquot of the glycerol 

stock was added to 5 mL MG/L liquid nutrient medium (Garfinkel and Nester 1980) without 

antibiotics and grown at 28oC with vigorous shaking until the optical density of the culture 

at absorbance 600 nm was between 0.8-1.  Cells were centrifuged at 800 x g (3000 rpm) for 

7 min and the supernatant was discarded. The optical density of the Agrobacterium 

suspension was adjusted to 0.6 with liquid callus induction medium [23].  

3.5.3 Agrobacterium-mediated transformation of Setaria viridis 

Dehusked mature Setaria viridis A10 grain was surface sterilised for 3 min with bleach 

containing approximately 0.4% (w/v) sodium hypochlorite and a few drops of Tween 20.  

The grain was rinsed thoroughly with sterile water, and 25 grain were cultured embryo side 

up on callus induction medium [23].  The plates of grain were incubated at 22°C in the dark.  

The transformation protocol was based on the method described by Brutnell et al. [23] with 



 

 

125 

 

the following modifications.  Timentin® (175 mg L-1; GlaxoSmithKline Pty Ltd, 

Abbotsford, Vic., Australia) was included in all media following co-cultivation to inhibit the 

growth of Agrobacterium. After one week on CIM with Timentin®, callus was transferred 

to CIM with 30 mg L-1 hygromycin and incubated at 22°C in the dark.  After 3 weeks, callus 

was transferred to regeneration medium with 30 mg L-1 hygromycin and incubated for 4 

weeks. At the end of this step, callus was transferred to regeneration medium without the 

selection agent and incubated for a further 10-12 days.  The callus was transferred to 

hormone-free medium with 40 mg L-1 hygromycin to induce root formation of putative 

transformants. Approximately 8-10 days after transfer, viable plantlets were removed and 

grown further on hormone-free medium without the selection agent. Plants regenerated from 

different callus are considered to be derived from independent transformation events. The 

steps for regeneration, rooting and growth of putative transformants were performed in a 

growth chamber (Panasonic Healthcare Co., Ltd., Gunma, Japan) at 24°C with a 16h light/8h 

dark photoperiod. Detail of steps and time frame for the production of transgenic Setaria is 

provided in Additional file 3, Supporting Information (SI 3-1). 

3.5.4 Plant growth conditions 

Putative transformants carrying empty vector constructs (i.e. pRB474 and pMDC32) and 

over-expressing genes (i.e. ProAsGlo::HvCslF6, Pro35S::HvCslF6 and Pro35S::SbCslF6), 

as well as seed-derived (WT) and tissue culture-derived (SvTC) non-transformants 

(Additional file 1, Fig. S 3-1) were grown in pots containing a soil mix composed of coco 

peat (75%) and sand (25%) supplemented with 2.5 g l-1 agricultural lime and Osmocote® 

Exact® Mini (Scotts Australia Pty Ltd, NSW, Australia), 1.875 g l-1 iron sulphate and 

calcium nitrate, 1 g l-1 hydrated lime, 0.75 g l-1 dolomite lime, gypsum, superphosphate and 

MicroPlus (Langley Australia Pty Ltd, WA, Australia) and 0.125 g l-1 iron chelate. Soil pH 

ranged from 6-6.5. The transformants carrying ProAsGlo::HvCslF6, pRB474 and pMDC32 

were grown to maturity in a glasshouse with a day / night temperature regime of 22°C/15°C 



 

 

126 

 

in August 2012 and March 2013. While other transformants namely Pro35S::HvCslF6and 

Pro35S::SbCslF6, and non-transformant plants, WT and SvTC, were grown in a controlled 

environment room (18 h light/6h dark photoperiod with a day / night temperature regime of 

22°C/18°C), in October 2013 to June 2014 at The Plant Accelerator (University of Adelaide, 

South Australia). 

3.5.5 Plant material 

The T0 leaf tissue was harvested from Pro35S::HvCslF6and Pro35S::SbCslF6 transformants 

and control plants (SvTC) at the reproductive-floral development stage where an established 

inflorescence was present (Additional file 1, Fig. S 3-1). The young leaf was collected from 

the 4th to 6th leaf of the plants. The mature leaf was the flag leaf which was harvested when 

the grain was ripe and ready to be collected. The T1 leaf was harvested at the seedling stage 

(Fig. 3-2). The T1 grain from ProAsGlo::HvCslF6 and empty vector pRB474 (EV) plants 

was also collected at the ripe seed stage. 

3.5.6 Genotyping  

Sections of 10 cm young leaf from each plant were sampled into an ice-cold 96 deep-well 

plate. Each plant was sampled in duplicate and material was stored at -80⁰C before being 

freeze-dried overnight. A single 5 mm ball bearing was added to each well before plates 

were sealed and tissue ground for 2 minutes at 30 beats/second using a Retsch Mill (Type 

MM 300) using Qiagen 96 well plate adapters. Genomic DNA was extracted using either 

the oKtopure Robot barley DNA extraction protocol from LGC Limited or by an adapted 

rapid DNA extraction method taken from Fox et al. (2003). The detailed DNA extraction 

method is provided in Additional file 3, Supporting information (SI 3-2). Each DNA plate 

contained test samples plus a positive control (PCR product of known concentration) and 

water as a negative control. DNA was diluted 1 in 20 with MiliQ water and kept at 4°C 

overnight before use. Quantitative PCR (q-PCR using KAPA SYBRFast qPCR kit from 
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KAPA BIOSYSTEMS) based on a melting curve analysis (Bio-Rad CFX348) was used to 

confirm the presence of the hygromycin resistance gene in ProAsGlo::HvCslF6 

transformants and in empty vector plants (pRB474). Melting curve data was generated by 

the Bio-Rad CFX Manager software (Additional file 1, Figure S3-6) which was tabulated in 

an Excel spreadsheet. The presence of the CslF6 transgenes in Pro35S::HvCslF6 and 

Pro35S::SbCslF6 transformants was confirmed using nested PCR with Phusion© High-

Fidelity PCR Master Mix (HF-Buffer), New England BioLabs Inc., Ipswich, MA, USA. 

PCR products were purified using the Nucleospin© column Extract II (Macherey-Nagel 

Gmbh and Co, Germany) kit according to the manufacturer’s instructions and sequenced 

using BigDye reagents at the Australian Genome Research Facility (Adelaide, Australia). 

The PCR primers and PCR product sizes in base pairs together with optimal acquisition 

temperatures are described  in Additional file 2 (Table S 3-1). 

3.5.7 (1,3;1,4)-β-Glucan quantitative assay  

(1,3;1,4)-β-Glucan in S. viridis vegetative tissues and grain was measured using a small scale 

version of the Megazyme assay [42]. Young leaf tissue was pooled from two to three of the 

tillers, while four to five flag leaves were pooled. The tissue was freeze-dried and ground. 

Mature grain samples were oven-dried at 37°C for two days and ground. The ground samples 

were weighed (15-20 mg) and assayed in four technical replicates. The samples were pre-

treated with a series of 70-100% ethanol washes to remove free sugars. All samples were 

digested with Lichenase enzyme (40 µL, 10 U/mL Megazyme International Ireland Ltd.) 

and β-glucosidase (40 µL, 0.4 U/mL Megazyme International Ireland Ltd.) according to 

Ermawar, et al. [8], Appendix A. The amount of (1,3;1,4)-β-glucan in the vegetative samples 

was quantified based on the colorimetric assay using GOPOD [8, Appendix A], while 

relative amounts in the grain samples were quantified by summing  the total amounts of 

cellotriosyl (DP3) and cellotetraosyl (DP4) units measured using  high pH anion exchange 
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chromatography with pulsed amperometric detection (HPAEC-PAD) on a Dionex ICS-5000 

chromatograph. 

3.5.8 Structural analysis of  (1,3;1,4)-β-glucan 

Extracts treated with β-glucanase (lichenase)  were purified using solid phase extraction 

(SPE) cartridges packed with graphitized carbon (Varian Bond Elut Carbon 50 mg mL-1 

columns) according to Ermawar et al. [8].  The ratio of (1,3;1,4)-β-glucan DP3:DP4 

oligosaccharides in the vegetative tissue sample extracts were analysed using both high-

performance liquid chromatography (HPLC) [43] and HPAEC-PAD on a Dionex ICS-5000 

chromatograph. The grain sample extracts were analysed using HPAEC-PAD according to 

Ermawar et al. [8].  

3.5.9 Statistical analyses  

Statistical analyses were performed using GenStat 15th Ed. SP2. All data were initially 

subjected to a one-way ANOVA using a 5% least significance difference to ensure whether 

there were differences between variance. Data were subsequently analysed with a t-test to 

identify tissues with a significant difference (P < 0.05) from the control values.  

3.5.10 Tissue fixation, embedding and sectioning of vegetative tissues and grain 

The harvested tissue and grain samples were fixed and embedded according to Burton et al. 

[1]. Sections for toluidine blue staining, fluorescence and TEM microscopy were prepared 

as described in Wilson et al. [44]. Here, individual leaf tissue and grain samples in resin 

blocks were sectioned transversely on a Reichert-Jung Ultracut microtome at 1µm thick for 

toluidine blue staining and fluorescence microscopy. Sections for TEM were sectioned 

transversely at 80-100 nm thick. 
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3.5.11 Fluorescence and TEM immunocytochemistry 

Detection of (1,3;1,4)-β-glucan in both S. viridis vegetative tissues and grain was carried out 

using fluorescence and TEM immunocytochemistry as described in RA Burton, et al. [1] and 

Wilson et al. [44]. Both methods rely on the use of  a monoclonal antibody specific for 

(1,3;1,4)-β-glucan [31]. Here dilutions of 1:50 and 1:500 of the anti-mouse primary antibody 

BG-1 (Biosupplies Parkville, Victoria, Australia) were used for fluorescence and TEM 

respectively. A dilution of 1:100 of Alexa Fluor® 488 goat anti-mouse IgG (H+L) secondary 

antibody was used for  fluorescence microscopy, while a dilution of 1:30 of Aurion goat 

IgG/IgM anti-mouse secondary antibody conjugated to 10 nm gold was used for the TEM. 

Each sample was counterstained with 0.001% Calcofluor White MR2® (Sigma-Aldrich, 

St.Louis, MO). Oryza sativa stem transverse sections were used as a positive control. Three 

types of negative control were employed for fluorescence microscopy using various tissues 

of Setaria and rice (Additional file 1, Figure S3-7). The cell walls showed no labelling when 

they were treated with no antibody, the primary antibody only or secondary antibody only. 

Fluorescence images were taken with an Axio Imager M2 Microscope, Zeiss, Germany. 

TEM images were taken as described in Wilson et al. [44]. For TEM O. sativa stem sections 

labelled with BG-1 were used as a positive control, while the sections labelled with the 

secondary antibody only were used as a negative control (Additional file 1, Figure S3-7). 

3.5.12 Total RNA isolation and cDNA synthesis  

S. viridis tissues were snap frozen  in liquid nitrogen after harvest. Total RNA extraction and 

cDNA synthases were performed as per Burton et al. [1].  

3.5.13 Q-PCR of the S. viridis CslF6 genes 

Real-time quantitative PCR (Q-PCR) of the cellulose synthase-like F6 in T0 S. viridis leaves 

(Additional file 1, Figure S3-8) was performed as described in Burton, et al. [5]. Primer 

design for SvCslF6 and the control genes was  based on S. italica sequences [Phytozome 9.0, 
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25]. The PCR primers and PCR product sizes in base pairs together with optimal acquisition 

temperatures are provided in Additional file 2 (Table S 3-1). 

 

3.6 Availability of supporting data 

All supporting data are included as additional files. 

3.6.1 Additional file 1 

Additional file 1 as PPTX file: Figure S3-1 Phenotypic comparison between primary 

transformants and control S. viridis plants. Figure S3-2 DP3:DP4 ratio in vegetative and 

reproductive tissues of S. viridis transformants. Figure S3-3 TEM of T1 Pro35S::HvCslF6-

8 leaves sections labelled with BG-1. Figure S3-4 Fluorescence micrographs of T1 

Pro35S::HvCslF6-1-8 transverse sections. Figure S3-5 Vector map of Pro35S::HvCslF6 and 

Pro35S::SbCslF6 constructs. Figure S3-6 Chromatogram of the q-PCR melt curve analysis.  

Figure S3-7 Micrographs control of rice leaf transverse sections. Figure S3-8 Total 

normalised levels of Cellulose synthase-like F6 (CslF6) transcripts in T0 leaf S. viridis.  
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Figure S 3-1 Phenotypic comparison between primary transformants and control S. 

viridis plants 

a seed-derived wild type (WT) compared to a transformant carrying the Pro35S::HvCslF6 

construct. b a non-transgenic tissue culture-derived control plant (SvTC). c WT compared 

to a transformant carrying the Pro35S::SbCslF6 construct  
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Figure S 3-2 DP3:DP4 ratios in vegetative and reproductive tissues of S. viridis 

transformants 

The ratios in the a young and b mature leaves from T0 lines T-test compared differences 

between control plants (SvTC or EV) to transgenic lines within the same group (n = 4). 

Tissues with same letters indicate a non-significant difference; different letters indicate 

significant differences (P < 0.05)  
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Figure S 3-3 TEM of Pro35S::HvCslF6-8 leaves sections labelled with BG-1 

Walls of bundle sheath cells in the leaf transverse sections of a, b T1 Pro35S::HvCslF6-8-3 

and c, d T1 Pro35S::HvCslF6-8-2. a, c Lower magnification micrographs. CyBS, cytoplasm 

of bundle sheath cell. Scale bars: a, c, e 2 µm; b, d, f 1 µm 
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Figure S 3-4 Fluorescence micrographs of T1 Pro35S::HvCslF6-1-8 transverse sections 

a, d Combination fluorescence light micrographs showing overlaid signal from a BG-1 

antibody conjugated to Alexafluor 488 and Calcofluor White MR2 on transverse sections 

leaf of a, b T1 Pro35S::HvCSlF6-1-8 and c, d wild type (SvTC). Maginification: 200 x. Scale 

bars: 50 µm. Exposure time: Alexa Fluor® 488 200 ms; Calcofluor-Wite MR2 300 ms  



 

 

135 

 

 

Figure S 3-5 Vector map of Pro35S::HvCslF6 and Pro35S::SbCslF6 constructs 

Construct map of a Pro35S::HvCslF6 and b Pro35S::SbCslF6. RB, right border of T-DNA; 

LR, left border of T-DNA; att, flanking recombinant sequence; green, the gene of interest 

sequence; purple, promoter sequence; yellow, coding sequence; red, terminator sequence; 

light blue, origin of replication sequence. Map is generated using Geneious© software 

version 5.6.7  
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Figure S 3-6 Chromatogram of the q-PCR melt curve analysis     

a Melt curve of a control (WT) plant showing the presence of positive control gene, i.e. 

HvCesA, at 80⁰C and the absence of the Hygromycin resistance gene at 88⁰C. b Melt curve 

of a transformant positive for the Hygromycin resistance gene, showing both the positive 

control product at 80⁰C and the curve from the selectable marker at 88⁰C   
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Figure S 3-7 Total normalised levels of Cellulose synthase-like F6 (CslF6) transcripts in 

T0 leaf S. viridis 

SvTC is non-transgenic control plant. Error bars are standard deviation (n=3) 
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Figure S 3-8 Micrographs control of rice leaf transverse sections 

Fluorescence labelling using a BG-1 antibody conjugated to Alexa Fluor 488® as positive 

control. Green fluorescence is indicated (1,3;1,4)-β-glucan. b no antibody as negative 

control. TEM immunolabelling using c secondary antibody conjugated to particle gold as 

positive control and d no secondary antibody as negative control  
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3.6.2 Additional file 2 

Additional file 2 as DOCX: Table S 3-1 Height T1 Setaria lines. Table S 3-2 Mean amount 

of (1,3;1,4)-β-glucan in T1 S. viridis leaves. Table S 3-3 Primer sequences for genotyping 

and Q-PCR.  
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Table S 3-1 Height T1 Setaria lines 

Plant Line Height (cm) 

Pro35S::HvCSlF6 

1-2 16.4 

1-8 9.3 

1-9 21 

5-5 21 

5-6 20.6 

6-4 20 

6-9 17.4 

7-8 20.4 

7-9 23.4 

8-1 22.4 

8-2 11.2 

8-3 22.6 

8-7 14 

9-7 19.2 

9-10 9.6 

9-11 19.7 

13-5 21.5 

13-6 10.4 

13-9 9.5 

22-1 21.3 

22-6 15.3 

22-12 23.2 

23-7 3.3 

23-8 20.7 

23-15 22 

Pro35S::SbCSlF6 

1-1 21.8 

1-8 18.8 

2-1 23 

2-2 23.9 

2-1 23 

3-6 14 

3-14 22.7 

3-15 20.9 

4-4 18.4 

4-5 2 

4-13 16.5 

5-3 8.5 

5-7 16.3 

5-8 13.9 

5-9 8 

5-15 20.9 

6-7 9 

7-13 23.2 

7.14 25 

Non-transgenic 

WT 22.5 ± 1.1 

SvTC 20.5 ±  1.7  

EV 18.4 ± 1.0 
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Table S 3-2 Mean amount of (1,3;1,4)-β-glucan in T1 S. viridis leaves 

Plant Line Percentage (w/w) SD 

Pro35S::HvCslF6 

1-2 1.1 0.13 

1-8 1.1 N/A 

1-9 1.5 0.02 

5-5 2.3 0.35 

5-6 1.8 0.09 

6-4 1.6 0.02 

6-9 1.0 0.10 

7-8 0.9 0.01 

7-9 0.8 N/A 

8-1 2.9 0.07 

8-2 1.2 N/A 

8-3 3.1 0.03 

8-7 1.1 N/A 

9-7 2.6 0.14 

9-10 0.8 N/A 

9-11 1.4 0.01 

13-5 1.6 0.11 

13-6 0.9 N/A 

13-9 1.1 N/A 

22-1 1.9 0.03 

22-6 1.3 N/A 

22-12 2.0 0.32 

23-8 2.2 0.27 

23-15 1.3 0.01 

Pro35S::SbCslF6 

1-1 1.2 0.01 

1-8 1.2 N/A 

2-1 3.4 0.19 

2-2 1.2 0.02 

2-4 1.1 N/A 

3-6 1.0 N/A 

3-14 0.6 0.02 

3-15 2.9 0.03 

4-4 1.9 0.12 

4-13 1.9 0.01 

5-3 1.0 N/A 

5-7 1.5 0.16 

5-8 1.4 0.82 

5-9 0.9 N/A 

5-15 1.1 0.03 

6-7 0.6 N/A 

7-13 1.9 0.05 

7-14 2.2 0.04 

7-15 1.5 N/A 

Non-transgenic 
WT 1.4 0.18 

EV 1.6 0.66 
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Table S 3-3 Primer sequences for genotyping and Q-PCR 
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3.6.3 Additional file 3 

Additional file 3 as DOCX: SI 3-1 Steps and time frame for the production of transgenic 

Setaria. SI 3-2 Genomic DNA extraction method. 
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SI 3-1 Steps and time frame for the production of transgenic Setaria 

1. Callus induction (8 weeks) 

2. Subculture and preparation of callus for infection (3 weeks) 

3. Co-cultivation (3 days) 

4. Callus recovery in the absence of the selection agent (1 week) 

5. Callus selection (3 weeks) 

6. Shoot regeneration in the presence of the selection agent (4 weeks) 

7. Shoot elongation in the absence of the selection agent (10-12 days) 

8. Root formation for putative transformants in the presence of the selection agent (8-10 

days) 

9. Growth of putative transformants in the absence of the selection agent (3-4 weeks) 

10. Establishment of plants in soil and growth to maturity (8-12 weeks) 

11. Plant regeneration from non-transformed callus was completely inhibited on the 

hormone-free medium containing the selection agent (step 8 in the flow diagram). 

  



 

 

145 

 

SI 3-2 Genomic DNA extraction method  

Two pieces of leaf were collected from a 2-3 week old seedling (approx. 50-100 mm long) 

and placed into a square 2 mL deep 96 well collection plate on ice. The plate containing leaf 

tissue was frozen at -80°C overnight and then freeze-dried overnight. One stainless steel ball 

bearing was added to each well to grind the tissue in the Qiagen grinder (Retsch mill, Type 

MM 300) for 2 min at a frequency of 30 beats/second. Quality of grinding was checked, if 

necessary ball-bearings were adjusted and samples were ground for a further 2 min. A 600 

µl aliquot of extraction buffer was added to each well. Plates were sealed with septa mats 

(Axygen, Tewksbury, MA) and vortexed on an Eppendorf thermomixer for 1 min before 

being incubated at 65°C in an oven for 30 min then cooled at 4°C for 15 min A 300 µl 

volume of 6M ammonium acetate was added before plates were sealed using a new, clean 

septa mat and vortexed vigorously using the thermomixer before being incubated for 15 min 

at 4°C. Following incubation plates were centrifuged for 15 min at 4000 rpm to collect 

precipitated proteins and plant tissue and 500 µl of supernatant was recovered and transferred 

to 1.5 mL microtube strips in 96 well plate holders containing 300 µl isopropanol in each 

well. Plates were sealed and mixed thoroughly before being left either overnight at 4°C or 

for 5 min at room temperature for DNA to precipitate. Following precipitation samples were 

centrifuged for 15 min at 4000 rpm to pellet the DNA. Supernatant was decanted (remaining 

fluid was drained by inverting plates onto paper towel) and the remaining pellet was washed 

in 400 µl 70% ethanol. The plates were centrifuged again for 15 min at 4000 rpm and 

supernatant discarded before plates were left to dry. The pellet was resuspended in 400 µl 

10% R40 solution, i.e. 40 µg/µL of ribonuclease (Sigma-Aldrich, St.Louis, MO) in MilliQ 

water and left overnight at 4°C to dissolve. The plates were centrifuged for 15 min at 4000 

rpm to spin down particulate matter. The DNA extract was diluted as required 1 in 20 with 

MilliQ water and used for either Melt Curve Analysis or standard PCR. 
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3.7 Abbreviations 

AsGLO: Avena sativa globulin; ANOVA: Analysis of Variance; Csl: Cellulose synthase-

like; DAP: Days After Pollination; DNA: Deoxyribonucleic Acid; DP: Degree of 

Polymerisation; EV: empty vector;GOPOD: Glucose Oxidase/Peroxidase; HPAEC-PAD: 

High pH Anion Exchange Chromatography with Pulsed Amperometric Detection; HPLC: 

High-performance Liquid Chromatography; HvCslF6: Cellulose synthase-like 6 from 

Hordeum vulgare; OD: optical density;  Q-PCR: Quantitative PCR; SbCslF6: Cellulose 

synthase-like 6 from Sorghum bicolor; TEM: Transmission Electron Microscopy  
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Chapter 4. Analysis of uidA gene expression driven by putative cell-

specific promoters from Sorghum bicolor 
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4.0 Abstract 

An increase in the amount of the more soluble polysaccharides in the plant cell wall has been 

proposed as a feasible strategy to accentuate the yield of biofuels from plant biomass.  

Therefore, provision of increased amounts of more easily accessible fermentable sugars, 

from a polysaccharide like (1,3;1,4)-β-glucan requires overexpression of the synthase genes. 

In transgenic plants this is likely to require a carefully regulated approach in an appropriate 

tissue or cell type-specific manner to avoid deleterious phenotypic effects. Here, the use of 

putative cell-specific promoters from the C4 grass sorghum, was investigated. Five sorghum 

putative mesophyll-specific promoters SbCA1pro, SbCA2pro, SbCA4pro, SbPPCK1pro and 

SbPPCK4pro were selected, amplified, cloned and fused with the uidA reporter gene 

encoding a β-glucuronidase (GUS) enzyme. The fused promoter::uidA constructs were 

transformed into Setaria viridis and Oryza sativa using Agrobacterium-mediated stable 

transformation and lines were tested for GUS activity using a histochemical assay. Reporter 

gene activity, at variable levels, was observed in rice transgenic lines but not in Setaria 

transformants. Micrographs of transgenic rice leaf transverse sections showed that the 

SbCA2 promoter drives GUS expression in a mesophyll-specific manner.   
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4.1 Introduction 

A key trait that influences biomass quality and biofuel yields is the content and conversion 

efficiency of glucose polymers, such as cellulose and (1,3;1,4)-β-glucan, in plant biomass 

feedstocks [1, 2]. Previously it has been demonstrated that overexpression of cellulose 

synthase-like genes can change the amount of (1,3;1,4)-β-glucan in barley [3]. Similarly, in  

Chapter 3, we modified the amount of (1,3;1,4)-β-glucan in the vegetative tissue of the C4 

grass Setaria by overexpressing the (1,3;1,4)-β-glucan synthase gene CslF6 [4]. However, 

these previous attempts to increase (1,3;1,4)-β-glucan levels with a constitutive 35S 

promoter resulted in detrimental effects in barley, manifested as vascular suffocation [3], 

and undesirable phenotypic traits in Setaria, namely morphological changes and dwarfism 

(Chapter 3). Hence, expression of the CslF6 gene in transgenic plants is likely to require a 

more carefully regulated approach in an appropriate tissue or cell type-specific manner. A 

recent study has reported the use of a developmentally specific promoter which drove 

expression of the CslF6 gene in the fibre cells of Arabidopsis leaves when the plant had 

matured and the tissue had started to senesce [1]. The study reported an accumulation of 

glucose in the transgenic lines of up to four times the amount in wild type, which in turn led 

to a saccharification rate increase of 42%. Here, the use of putative cell specific promoters 

from C4 grasses, such as sorghum, to overexpress the CslF6 (1,3;1,4)-β-glucan synthase gene 

and subsequently to increase the polysaccharide level without invoking deleterious 

phenotypic effects, was examined.  

 

We selected photosynthetic cells as an example of a non-vascular cell type that is likely to 

require cell-specific promoters to drive encapsulated gene expression. From an anatomical 

perspective, C4 plants have a distinct advantage compared to C3 plants regarding 

photosynthesis in the leaf. Assimilation of CO2 into sugar in C4 plants is compartmentalised 

differently to C3 plants, as described by Kranz anatomy where the photosynthetic processes 
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are separated in two cell types, i.e. the mesophyll and bundle sheath cells [5]. These 

processes are summarised in Kanai and Edwards [6]. First, the atmospheric CO2, which 

enters via stomata, is hydrated to bicarbonate (HCO3
-) by the enzyme carbonic anhydrase 

(CA) occurs in the mesophyll cell. The bicarbonate is then fixed to phosphoenolpyruvate 

(PEP) to produce oxaloacetate (OAA) and dicarboxylic acids, such as malate and aspartate. 

These C4 acids are transported into the bundle sheath cells, to be decarboxylated. 

Decarboxylation products are assimilated to form sucrose and starch. Differences in 

decarboxylation pathways, including different enzymes and products in each pathway, 

categorises the C4 species into three subgroups. The subgroups are the NADP-dependent 

malic enzyme (NADP-ME), NAD-malic enzyme (NAD-ME) and PEP-carboxykinase (PEP-

CK) types. Regardless of type, there are at least twelve common C4 photosynthetic enzymes, 

which are distributed and compartmentalised across the two coordinated photosynthetic cell 

types [6]. Notably, these C4 pathways have evolved independently over 60 times [7]. 

Convergent evolution studies indicate that function and cellular activity of the C4 enzymes 

arising from their ancestral C3 isoforms has been achieved in a number of ways, including 

gene duplication events which subsequently influence the cell-specificity of expression [8-

10]. Previous studies have suggested that this evolutionary influence on cell-specificity may 

be applicable to C4 genes, such as carbonic anhydrase (CA), phosphoenolpyruvate 

carboxylase (PEPC), malate dehydrogenase (MDH), NADP-ME, pyruvate orthophosphate 

dikinase (PPDK) and PPDK regulatory protein (PPDK-RP) [11-13]. In contrast, parallel 

evolution studies have postulated that the recruitment and modification of  cis- or trans- 

regulatory elements from the C3 sequence into the C4 isoform was key in directing cell-

specificity, rather than being driven by gene duplication events [14]. Nevertheless, 

differential expression of the C4 genes in a cell-specific manner is likely to be regulated at 

multiple levels of transcriptional, post-transcriptional and translational processes [15, 16].  
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The regulation of cell type-specific expression of photosynthetic genes has been studied 

using experimental approaches such as reporter gene fusions, DNA and/or RNA gel blotting 

and reverse transcript-polymerase chain reaction (RT-PCR) in a range of different plants 

including rice [17-20], barley [21], tomato [22], sugarcane [23] and Flaveria [24, 25]. These 

studies indicate that different regulation strategies drive photosynthetic gene expression. 

Translational regulation of the cell-specific expression of the C4 genes PEPC, PPDK and 

ribulose biphosphate carboxylase (RuBisCo) genes was demonstrated using reporter gene 

fusions with the β-glucuronidase (uidA) gene in tobacco and rice mesophyll cells [26-28]. 

Transcriptional regulation demonstrating mesophyll-specific and light-inducible expression 

was evident using a uidA gene fusion with a 1026 bp fragment of the 5′ upstream region of 

a maize nuclear chlorophyll a/b binding protein [29]. In the same study, a 2500 bp regulatory 

region of the maize RuBisCo (rbcS) promoter was shown to be accountable for the 

photoregulation of uidA gene expression in the bundle sheath cells [29]. The cis-acting 

elements located in the 5′ upstream region of the PEPC gene (C4Ppc1) were shown to 

interact with leaf nuclear binding proteins which were important in driving mesophyll-

specific expression in maize [30]. The C4 global regulator genes in maize, such as the 

Golden2 (G2) and Golden-like (Glk) genes, are themselves also regulated transcriptionally 

[31, 32]. Recently, transcriptomic surveys using Illumina sequencing have identified 180 

transcription factors that were differentially expressed in the bundle sheath and mesophyll 

cells in different parts of the maize leaf blade, i.e. from the basal (young) to tip (mature) 

zones, suggesting that the spatial cell-specificity of the C4 photosynthetic gene expression 

was primarily regulated at the transcription level [33]. Although many of these studies have 

been performed in the C4 grass maize, there are limited equivalent studies in sorghum. The 

genes implicated in sorghum C4 photosynthetic pathways have been identified through their 

orthologous relationships with the same genes in maize, rice and Arabidopsis [34] and the 

PEPC and MDH genes in Sorghum vulgare have been characterized [35-37]. At least three 
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gene members of the PEPC family have been identified [38], and the cell-specific expression 

of one of those genes was light-regulated at the transcription level [39]. A study of different 

sorghum PPCK genes showed that isoform cell-specificity was either induced or suppressed 

by light in the presence of a protein synthesis inhibitor, such as cycloheximide [40]. Another 

cDNA library study, where RNA from the mesophyll protoplasts and bundle sheath strands 

of Sorghum bicolor was isolated, indicated that there were at least 25  and 8 cDNAs which 

were transcribed either specifically or preferentially in mesophyll and bundle sheath cells, 

respectively [41].  

 

To identify a mesophyll cell-specific promoter for driving CslF6 overexpression which 

would avoid activity in vascular cells, putative mesophyll-specific sorghum genes were 

identified. Selection of the promoters was further narrowed down to include only mesophyll-

specific genes which encode proteins that perform their enzymatic reactions in the cytoplasm 

and not in the chloroplast. This measure was taken because (1,3;1,4)-β-glucan synthase is a 

membrane bound protein that is likely to be located at the plasma membrane [42] or the 

Golgi [43] and not in the plastid. Promoter activity can be analysed using screenable marker 

genes, examples of which include β-glucuronidase (GUS) as reported in Stockhaus [44], or 

green or yellow fluorescent proteins (GFP/YFP) as reported in Sattarzadeh et al. [45]. We 

chose to use β-glucuronidase, which is encoded by the uidA/gusA gene  as the expression of 

this protein in plants can be detected easily using an assay containing a substrate of 

glucuronides, such as  X-GLUC (5-bromo-4-chloro-3-indolyl-β-D-glucuronide [46]. A 

stable blue pigment is produced when β-glucuronidase hydrolases this substrate [47]. The 

assay is sensitive, fast, nonradioactive, cheap and robust for screening gene expression [48].  

 

The results below describe the selection, isolation, amplification and cloning of sorghum C4-

specific promoters and their fusion with the uidA gene. The expression constructs were tested 
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in planta, both in C4 and C3 grasses i.e. in Setaria and rice, using Agrobacterium-mediated 

stable transformation. A histochemical GUS assay was used to observe promoter activity 

and microscopy analysis was used to determine the cell-specificity of the promoters. 

4.2 Results 

4.2.1 Promoter selection, isolation, amplification and cloning 

Nineteen genes were identified  which have been associated with compartmentalised 

expression in the bundle sheath and mesophyll cells in sorghum [16]  as  summarised in 

Table 4-1. These genes include four β-CA, one PEPC, two MDH, one NADP-ME, three 

PPDK, three PPDK-RP, two small sub-units of RuBisCO (RbcSm), one large sub-unit of 

RuBisCO (RbcL) and three PEPC-kinase (PPCK) genes. Of the nineteen genes, eight 

putative cytoplasmically expressed mesophyll genes were targeted for promoter selection 

including four CA, one PEPC and three PPCK genes (Table 4-1). A schematic diagram of 

the approximately 2000 bp regions upstream of the ATG start codon indicates the regions of 

the promoters which were identified in silico (Fig. 4-1a and Additional file 1: Figure S4-1). 

Five promoters were successfully isolated, amplified and cloned into the empty vector 

pMDC164, which carries the uidA reporter gene [ 49]. These were SbCA1pro, SbCA2pro, 

SbCA4pro, SbPPCK1pro and SbPPCK4pro (Fig. 4-1b and Additional file 1: Figure S4-2). 
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Table 4-1 The C4 photosynthetic enzymes and corresponding genes in sorghum 

Protein Cellular location/ 

organelle reaction 

Sorghum genes Accession  

number 

Previous studies 

β-CA Mesophyll/ 

cytoplasmic 

Tandem duplication: 

Sb03g029170 

Sb03g029180 

Sb03g029190 

Sb03g029200 

(pseudogene) 

 

N/A Wyrich et al. 

[41] 

Wang et al. [34]   

PEPC Mesophyll/ 

cytoplasmic 

Sb10g021330 X17379 

X63756 

Thomas et al. 

[39] 

Crétin et al.  

[35, 38] 

 

MDH Mesophyll/ 

chloroplastic 

Sb07g023920 (MDH1) 

Sb07g023910 (MDG2) 

Arranged in tandem 

 

X53453 

M31965 

Crétin et al. [36] 

NADP-ME Bundle sheath/ 

Chloroplastic 

 

Sb03g003230 AY274836 Luchetta et al 

[37] 

PPDK Mesophyll/ 

chloroplastic 

Sb09g019930 

Sb01g031660  

N/A Wang et al. [34] 

SSU Bundle sheath/ 

chloroplastic 

Sb05g003480 

Sb08g001646 

N/A Wang et al. [34] 

LSU Bundle sheath/ 

chloroplastic 

SobiCp030 N/A Wang et al. [34] 

PPDK-RP Mesophyll/ 

chloroplastic 

Sb02g035190 

Tandem paralogues: 

Sb02g035200 

Sb02g035210 

N/A N/A 

PEPC-kinase 

(PPCK) 

Mesophyll/ 

cytoplasmic 

Sb04g036570 (PPCK1) 

Sb04g026490 (PPCK3) 

Sb06g022690 (PPCK4) 

DQ386731 Shenton et al. 

[40] 

Modified from Hibberd and Covshoff [16] 
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Figure 4-1 Schematic of a typical construct carrying a putative mesophyll-specific 

promoter from Sorghum bicolor in the destination vector pMDC164 

a Delineation of the 1594 bp SbCA2 promoter fragment. CDS, coding DNA sequence; thick 

line, exon; thin line, intron; purple arrow, start codon (ATG); dark green arrow, forward 

primer; light green arrow, reverse primer. b Map of the SbCA2pro::GUS construct. RB, right 

T-DNA border ; LR, left T-DNA border ; att, flanking recombinant sequence; grey, inserted 

sequence (promoter); yellow, coding sequence; red, terminator; light blue, origin of 

replication  
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4.2.2 Production and characterisation of Setaria transformants 

Transgenic Setaria lines were generated following the protocol outlined in Chapter 3, section 

3.5.3. Following co-cultivation, the first indication of  stable transformation of cells with the 

selectable marker gene is the vigorous growth of hygromycin-resistant callus on selection 

medium. However, the growth of explants transformed with the pMDC164 empty vector 

was severely inhibited on callus induction medium containing the selection agent. The 

reduced number of explants that produced callus at this early stage of the selection procedure  

therefore had a significant impact on the recovery of pMDC164 control plants and the overall 

transformation frequency (Table 4-2). Conversely, the growth of explants transformed with 

the remaining constructs carrying a range of promoter fragments showed variable abilities 

to produce callus and regenerate plants under the selection conditions and most generated 

satisfactory transformation frequencies (Table 4-2). Features of the transformation 

procedure that may affect the capacity of transformed S. viridis callus to regenerate plants 

are discussed in Section 3.3.1.   

Table 4-2 Summary of the S. viridis stable transformation experiments 

Construct 

Name 

Gene 

Promoters 

Number of 

Infected 

Calli 

Number of 

Transformants 

Transformation 

Frequency* (%) 

pMDC164 empty vector 77 1 1 

35SGUS 35Spro::GUS 79 2 3 

SbCA1pro SbCA1pro::GUS 69 8 12 

SbCA2pro SbCA2pro::GUS 27 7 25 

SbCA4pro SbCA4pro::GUS 79 5 6 

SbPPCK1pro SbPPCK1pro::GUS 78 8 10 

SbPPCK4pro SbPPCK4pro::GUS 83 3 6 

* Transformation frequency is calculated as the number of transgenic lines derived 

from independent pieces of callus, with the presence of the transgene confirmed by 

PCR analysis, divided by the number of infected calli and multiplied by 100 
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4.2.3 Histochemical staining of Setaria transgenic lines for GUS activity 

PCR analysis confirmed the presence of the uidA gene in the genomic DNA of all Setaria 

transformants (data not shown). Subsequently, leaf pieces of the transgenic Setaria plants, 

as listed in Table 4-2, were tested for GUS expression but none were found to produce any 

positive staining, indicating a lack of GUS activity (Fig. 4-2 and Fig.S4-6). Histochemical 

assays for GUS activity at the cellular level in transverse leaf sections of the Setaria 

transformants were also unsuccessful (data not shown). 

 

Figure 4-2 Micrographs of transgenic Setaria leaf pieces tested for GUS activity   

Intact Setaria leaf pieces of a 35Spro::GUS and b SbPPCK1pro::GUS. Magnification: a 12.5 

x; b 50 x. Scale bars: a 2 mm; b 1 mm 
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4.2.4 Transcript profiling of the uidA gene 

Expression of the uidA (gusA) gene driven by the SbCA2 and SbCA4 promoters was 

examined in Setaria lines by conducting q-PCR on leaf cDNA. The analysis indicated that 

the transcript level of the uidA gene in these particular lines was equivalent to the background 

levels detected in the non-transgenic controls, suggesting that the transgene was not being 

transcribed (Fig. 4-3). 

 

Figure 4-3 Normalised level of uidA transcript in Setaria leaves 

Transcript levels of the uidA gene driven by the SbCA2 and SbCA4 promoters in transgenic 

lines were compared with non-transgenic control lines: WT, wild type; SvTC, tissue culture-

derived. Error bars are standard deviation, SD (n=3) 
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4.2.5 Production and characterisation of rice transformants 

The function of two constructs, 35Spro::GUS and SbCA2pro::GUS, was further investigated 

in an alternative plant species, namely rice (Table 4-3). The changes to the rice 

transformation procedure described in Section 4.4.6 coupled with the inclusion of 

Timentin® at a final concentration of 175 mg L-1 in all media following co-cultivation 

strongly inhibited the growth of Agrobacterium and enabled transformed callus to be 

efficiently identified and multiplied for the purpose of plant regeneration (Additional file 1: 

Figure S4-3). 

Table 4-3 Summary of rice stable transformation 

Construct 

Name 

Number of 

Infected 

Calli 

Number of 

Hygromycin Resistant 

and GUS Positive 

Calli Produced 

Number of 

Transformed Calli 

that Generated 

Plants 

Number of 

Transformants 

to Soil 

35Spro::GUS 94 35 22 7 

SbCA2pro::GUS 61 27 14 14 

 

The histochemical GUS analysis indicated that the uidA gene was expressed in the rice callus 

transformed with both constructs (Figs. 4-4a, 4-4b and Additional file 1: Figure S4-4). No 

GUS activity was observed in non-transformed rice callus subjected to the histochemical 

assay (Fig. 4-4c). A transformed Arabidopsis thaliana line carrying a 35Spro::GUS insert 

was obtained and used as a positive control for the staining experiments (Fig. 4-4d). GUS 

activity was also detected in leaf segments isolated from the regenerated plants. The intensity 

and location of reporter gene expression was highly variable in the stained leaves of the 

plants regenerated from the different callus lines transformed with 35Spro::GUS (Fig. 4-5). 

Of seven regenerated lines, three showed little GUS expression, one line had moderate 

expression and three had strong GUS expression (Fig. 4-5 and Additional file 1: Figure S4-

5).  
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Figure 4-4 Micrographs of GUS activity in transgenic rice and Arabidopsis  

Rice callus transformed with the a 35Spro::GUS and b SbCA2pro::GUS constructs. c Non-

transformed callus.  d Whole Arabidopsis seedling. Magnifications: a, b, c 12.5 x; d 10 x. 

Bars: a-c 2 mm; d 1 mm 
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Figure 4-5 Micrographs of GUS activity in rice and Arabidopsis leaf tissues 

transformed with the 35Spro::GUS construct 

Rice transformant a line 1, b line 2, c line 3, d line 4, e line 6, f line 7 and g line  9. h  

Arabidopis  transformant. Magnification: a-c 16 x; d, f-h 30 x; e 12.5 x. Bars: 1 mm 
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Preliminary histochemical analysis of the 14 independent SbCA2pro::GUS rice lines 

revealed that GUS activity varied depending on the line and the incubation time (data not 

shown). A time course histochemical assay was therefore performed on these lines to 

monitor the appearance of the blue product. Two lines exhibited relatively little GUS activity 

throughout the time course. Four lines exhibited intense and uniform GUS activity regardless 

of the time of incubation in the X-GLUC staining solution. The remaining eight lines 

exhibited a range in their GUS activity from relatively little expression and asymmetric 

patterns, to intense and uniform patterns depending on the duration of tissue incubation in 

the staining solution (Fig. 4-6). From these eight lines, three lines were chosen for thin 

sectioning and the GUS-stained sectioned tissue was counterstained with Ruthenium Red 

prior to mount, allowing observation of different cell types in the tissue. The micrographs of 

the sectioned tissues indicated that GUS activity was initially confined to the mesophyll cells 

from 1-6 hours incubation (Figs. 4-6b and 4-6d). With prolonged incubation (i.e. overnight, 

approximately 16 hrs) in the staining solution, GUS activity was also observed in other cell 

types, except in the schlerenchyma fibre and phloem cells (Fig. 4-6f). The intensity of GUS 

activity detected in the cells of the sectioned tissues transformed with the SbCA2pro::GUS 

construct was less than that in the cells of the sectioned tissues transformed with 

35Spro::GUS after overnight incubation in the staining solution (Fig. 4-7). This difference 

in transgene expression pattern was most pronounced in the schlerenchyma fibre cells (Figs. 

4-7a vs. 4-7b) and vasculature cells, such as bundle sheath and phloem cells (Figs. 4.7c vs. 

4-7d).  No GUS activity was detected in leaf sections derived from non-transformed plants 

(Figs. 4-7e) whilst GUS activity in the sectioned tissue of 35Spro::GUS A. thaliana 

transformants provided a standard positive control for all experiments (Fig. 4-7f). 
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Figure 4-6 Micrographs of GUS activity in rice leaf tissues transformed with the 

SbCA2pro::GUS construct  

a, c, e Whole leaf tissues incubated in the X-GLUC staining solution for different times. b, 

d and f The GUS-stained thin transverse sections were counterstained with Ruthenium Red 

prior to mounting. E, epidermis; M, mesophyll; Xy, xylem; Ph, phloem; SF, sclerenchyma 

fibre; GC, guard cells; VB, vascular bundle; BfC, bulliform cells. Magnifications: a, c, e 40 

x; b, d, f 20 x. Bars: a, c, e 2 mm; b, d, f 50 µm  
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Figure 4-7 Micrographs of GUS activity in transverse sections of rice leaf tissue 

transformed with SbCA2pro::GUS and 35Spro::GUS 

Rice leaf sections of a, c SbCA2pro::GUS, b, d 35Spro::GUS and e non-transformed 

negative control. f Arabidopsis tissue of 35Spro::GUS positive control. All tissues were 

incubated overnight in the X-GLUC staining solution. E, epidermis; BS, bundle sheath; M, 

mesophyll; Xy, xylem; Ph, phloem; SF, sclerenchyma fibre; GC, guard cells; VB, vascular 

bundle; BfC, bulliform cells.  Magnifications: a, b, e 20 x; c, d, f 40 x. Bars: a, b, e 50 µm; 

c, d, f 20 µm  
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4.3 Discussion  

In this work a number of sets of transgenic lines have been generated in both Setaria and 

rice using constructs containing a variety of promoters to drive expression of the GUS 

reporter gene. The promoters included the strong 35S promoter which has been shown to 

drive gene expression in many cell types in a gamut of plant species and a set of promoter 

sequences from the C4 grass sorghum which were selected on the basis of the likelihood that 

they would have a much narrower expression range. These included promoters from three 

individual carbonic anhydrase (CA) genes and two phosphoenolpyruvate carboxylase 

kinase (PPCK) isoforms. The strong 35S promoter successfully drove expression of the uidA 

gene in rice, although at variable levels, but not in Setaria. None of the sorghum promoters 

drove expression of the reporter gene in Setaria but the sorghum CA2 promoter did generate 

GUS staining in leaves of multiple rice lines where it was notably absent from some cell 

types, including those of the vascular tissues.  

4.3.1 Lack of uidA transgene expression in Setaria 

Expression of the uidA gene driven by all five sorghum promoters was lacking in the entire 

set of Setaria transformants as judged by the histochemical assay (Fig. 4-2 and Additional 

file 1: Figure S4-5 and S4-6). A q-PCR analysis was conducted to analyse uidA transcript 

levels in two sets of transgenic Setaria lines carrying the SbCA4 and SbCA2 promoters. The 

transcript levels in both the transgenic leaves and those from the wild type and SvTC control 

plants were comparable, at levels considered to be equivalent to background, thus strongly 

suggesting that the uidA gene was not being transcribed (Fig. 4-3). The absence of transcript 

in Setaria may be linked to differences in regulatory elements needed to drive transgene 

expression, especially in a tissue- or cell-specific manner. A study of the PPCK gene in 

sorghum indicated a complex regulatory process may be required to drive gene expression 

in different cells [40]. The 5′-coding and 3′-untranslated regions of the Me1 gene, which is 
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the C4 gene encoding NADP-ME in Flaveria bidentis, were both required to enhance gene 

activity, and the addition of the 5ˈ-end sequence appeared to direct bundle sheath-specific 

expression [50, 51]. Given that only the promoter sequence is present in these constructs the 

lack of such additional endogenous factors could severely curtail or completely prevent 

effective transcription. This could be exacerbated by the natural activity of the promoter.  

The cellular activity of the PPCK genes could  simply be too low [6], indicating weak 

promoter activity inadequate for driving transgene expression. In a similar transcriptomic 

analysis in maize [33], transcript levels of sorghum SbPPCK1 and  SbPPCK4 genes were 

found to be very low in both mesophyll and bundle sheath cells, implying that the genes may 

have very little or no activity in the C4 photosynthetic pathway (Dr. James Schnabel, 

University of Nebraska USA, personal communication, Additional file 1: Figure S4-6b and 

S4-6c).  

 

The 35S promoter has been used extensively to drive gene expression, including reporters 

and selectable markers, in many plants [52-54]. Indeed there is clear evidence that this 

promoter also works well in Setaria, since it drives the hygromycin phosphotransferase gene 

in the pMDC164 vector [49] which provides selection for the transformation process. It is 

therefore unclear why the 35S promoter cannot drive similar expression levels of the uidA 

gene. The use of the ubiquitin promoter in vectors to enhance the expression of  screenable 

marker genes in monocotyledonous plants was first reported by Christensen and Quail [55]. 

Recent studies in transgenic Setaria provided evidence of detectable GUS expression driven 

by the maize ubiquitin promoter [56 and Dr. Hugo Molinari, Embrapa Brazil, personal 

communication]. Similarly, a comparison of GUS expression using different types of 

constructs, i.e. the pOL001-UBIp GUS and the pTF102-35Sp GUS, indicated that the 

ubiquitin promoter was more successful in driving the transient expression of the uidA gene 
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in Setaria  than the 35S promoter (Dr. Joyce Van Eck, Cornell University USA, personal 

communication, Additional file 1: Figure S4-7).  

4.3.2 The uidA transgene in rice 

The inconsistency in transgene expression, where expression was observed in only 3 out of 

the 7 rice transgenic lines carrying the 35Spro::GUS construct (Fig. 4-4), indicates that 

generating an adequate number of transgenic lines is important. The influence of “position 

effects” has frequently been cited as a factor that causes variation in transgene expression 

commonly observed among plants regenerated from different transformation events [52, 53]. 

The insertion of a rearranged, non-functional uidA expression cassette cannot be discounted 

and the integration of transgene fragments into the genome has been reported for transgenic 

wheat [54] and barley [54] produced by Agrobacterium-mediated transformation. Such 

rearrangements may lead to the variable expression of uidA transgenes in the rice lines (Fig. 

4-4) or other modifications such as methylation may be responsible [57-59]. To better 

understand the structure of the transgene loci would require an extensive analysis involving 

a number of experimental approaches including Southern blotting, PCR amplification and 

mapping of regions of the insertion and perhaps bisulphite sequencing [60, 61].   

 

The carbonic anhydrase (CA) in the C3 photosynthetic system has a more extensive role than 

its C4-photosynthetic counterpart [12] and therefore its regulation may also be different. Its 

exact intracellular location in the mesophyll cells also appears to vary depending on its 

function in different species [12] and this may be reflected when the promoter from a C4 

gene is used in a C3 host. In a previous study [41], relatively high expression of the SbCA2 

(Sb03g029180) gene was reported in the mesophyll cells of sorghum leaves. Here, the 

transcriptional regulation of the SbCA2 gene is further investigated by testing the expression 

of the uidA gene driven by the 5ˈ upstream region of SbCA2 in transgenic rice leaves (Fig. 
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4-5). Activity of the GUS gene was initially observed in the cytosol of mesophyll cells after 

a short period of incubation in the X-GLUC solution (Figs. 4-5b and 4-5d), indicating that 

the regulation process that directs cell-specificity of the CA2 in sorghum may be similar to 

the process in rice. A similar transcriptomic analysis reported in maize [33] showed that the 

SbCA2 transcript occurred at high levels in the mesophyll cells and not in the bundle sheath 

cells (Dr. James Schnabel, University of Nebraska, personal communication, Additional file 

1: Figure S 4-6a). Here, we observed that the mesophyll cells in transgenic SbCA2pro::GUS 

rice leaves were heavily stained after a six hour incubation in the X-GLUC staining solution 

(Fig. 4-5c). This indicates that the SbCA2 promoter was functional and able to drive cell 

specific GUS expression in rice mesophyll cells. In addition, there is a tetranucleotide CACT 

motif found in the SbCA2pro (Appendix B), which is an element of a mesophyll expression 

module (Mem1) located in the distal region of the 5′ upstream sequence of the PpcA1 gene 

in Flaveria trinervia [25]. Another promoter element or enhancer element motif (EEC) of 

the Cah1 gene, i.e. carbonic anhydrase gene in Chlamydomonas reinhardtii [62, 63] was 

also found in the SbCA2pro region (Appendix B). Whether the function of  Mem1 and/or 

EEC motif in the SbCA2 promoter is important in driving cell-specific GUS expression in 

the rice lines requires further investigation, such as analysis of a deletion series, possibly in 

a transient system [24]. 

 

In the sectioned rice leaves where the uidA gene was driven by the strong 35S promoter, 

GUS activity was observed in every cell of the rice leaves (Figs. 4-6b and 4-6d). This  is 

similar to previous reports of GUS activity driven by the CaMV35S in this tissue [64].  In 

contrast, where the uidA gene was driven by the SbCA2pro, variable GUS expression in 

different cell types across the rice leaf were observed (Fig. 4-6a). These levels were highest 

in the mesophyll cells, but also in epidermal cells, particularly in or around the guard cells, 

whereas a much lower level of expression was observed in the bundle sheath cells (Figs. 4- 
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7a and 4-7c). GUS activity was absent in some cells, such as in the fibre and vasculature 

cells (Figs. 4-7a and 4-7c). The different levels of GUS activity driven by the SbCA2pro in 

different cells of rice may be linked to upstream regulatory processes. This upstream 

regulation of CA in CO2-controlled stomatal movements mediated by the guard cells has 

been studied in Arabidopsis [65], and a similar regulation may influence the GUS activity 

observed in the guard cells of the rice transformants (Figs. 4-6f and 4-7c). An increased 

content of CO2 in the bundle sheath cells of the C3 photosynthetic system could be linked to 

leakage of CO2 and this may trigger differences in the activity of the CA in the corresponding 

cells [66]. This may explain the observed GUS activity in the bundle sheath of the rice leaf 

(Fig. 4-7c). If this was the case, then CA activity assays and gas-exchange measurements on 

the leaf cells of the rice transformants would be necessary for future analysis [67]. Another 

possible explanation is that the GUS staining can “leak” into neighbouring cells as reported 

in Hull and Devic [68]. To minimise this possibility the staining formula used here included 

potassium ferricyanide and ferrocyanide, which are essential chemicals for obtaining the 

specific location of the GUS activity when under regulation of a strong promoter [68]. To 

better assess the GUS activity in different cell types a fluorometric analysis of the uidA gene 

activity might be helpful. This would provide a quantitative measurement of the cell-

specificity of the promoter if the tissues could be properly dissected [27].  

 

4.4 Conclusion 

A sorghum promoter, SbCA2pro, was identified which can putatively drive cell specific 

expression of a gene of interest, such as CslF6, in the mesophyll cells of a C3 monocot. The 

promoter region will need to be further characterised to determine the exact nature of the 

cis-element which confers cell-specific regulation. It is not clear whether this promoter could 

be used to drive the (1,3;1,4)-β-glucan synthase in a C4 model system since here restricted 

promoter activity was only observed in the rice model system. However, it would be 
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informative to observe the expression of the CslF6 gene driven by the SbCA2 promoter, 

concurrent with polysaccharide deposition, in other model plants, such as Arabidopsis, rice, 

barley or other C4 plants which may have similar CA regulatory process to sorghum, to 

reveal whether this is a practical approach to increasing the amount of (1,3;1,4)-β-glucan 

whilst maintaining plant health.  

 

4.5 Experimental procedures 

4.5.1 Prediction of mesophyll-specific promoter regions 

Sequences of eight genes were retrieved from the Phytozome public database [69]. Promoter 

regions were predicted in silico using the Map to Reference Assembly in Geneious© to 

identify the position of the start codons (ATG). The assembly involved aligning the 

unspliced gene with the additional 3000 kb region upstream, the ATG and the predicted 

coding region (CDS). Each 3000 kb candidate promoter region was also BLASTed against 

Genbank databases using the blastn in Geneious©. The promoter sequences were found to 

have no significant similarity to any ESTs in the database with the exception of the SbCA1 

promoter (data not shown). This fragment contained a 488 bp sequence that was a 100% 

match to a sorghum cDNA annotated as EM1. Hence the region of the SbCA1pro was 

reduced from approximately 2000 bp down to a 247 bp fragment to eliminate any homology, 

whereas the sizes of the SbCA2pro, SbCA4pro, SbPEPC1pro, SbPPCK1pro, SbPPCK3pro 

and SbPPCK4pro were 1594 bp, 1971 bp, 2029 bp, 1955 bp, 2522 bp and 1849 bp, 

respectively (Appendix A). In order to identify the key regulatory elements within the 

promoters, such as the TATA and CAAT box, fragments were scanned using the Plant Cis-

acting Regulatory DNA Elements (PLACE) database, release 30.0 [70, 71]. The complete 

PLACE search results are provided in Appendix B.  
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4.5.2 Sorghum genomic DNA extraction  

Sorghum bicolor BTx623 seeds were germinated in petri dishes until the first leaves emerged 

from the coleoptiles. Whole seedlings were harvested and snap-frozen in liquid nitrogen. 

Tissue was ground in 2 ml Eppendorfs with a pre-cooled stainless steel ball bearing using 

the Qiagen grinder at -80°C (Retsch mill, Type MM 300) for 2 min at a frequency of 30 

beats/second. The powder was cooled in liquid nitrogen for 5 mins, 600 µl of extraction 

buffer was added to the sample tube and the powder was further macerated with a sterilised 

plastic micropestle. An aliquot of phenol/chloroform/iso-amyl-alcohol (25:24:1) mix 

(Sigma-Aldrich, St. Louis, USA) was added (i.e. 600 µl) and mixed thoroughly by vortexing 

vigorously using the thermomixer before being incubated for 15 mins at 4°C. Following 

incubation tubes were centrifuged for 15 mins at 4000 rpm to collect precipitated proteins 

and plant tissue and 500 µl of supernatant was recovered and transferred to a 1.5 ml fresh 

tube. The addition of phenol/chloroform/iso-amyl-alcohol (25:24:1) mix and centrifugation 

steps were repeated. The recovered supernatant (approximately 500 µl) was transferred to a 

1.5 ml tube containing 300 µl isopropanol. Tubes were sealed and mixed thoroughly before 

being left either overnight at 4°C or for 5 min at room temperature for DNA to precipitate. 

Following precipitation samples were centrifuged for 15 mins at 4000 rpm to pellet the DNA. 

Supernatant was decanted (remaining fluid was drained by inverting tubes onto paper towel) 

and the remaining pellet was washed in 400µl 70% ethanol. The tubes were centrifuged 

again for 15 mins at 4000 rpm and supernatant was again discarded before plates were left 

to dry. The pellet was resuspended in 100 µl 10% R40 solution, i.e. 40µg/µl of ribonuclease 

(Sigma-Aldrich, St. Louis, USA) in MilliQ water and left overnight at 4°C to dissolve. The 

tubes were centrifuged for 15 mins at 4000 rpm to spin down remaining particulate matter 

and the supernatant was transferred to a new 1.5 ml tube. DNA was used for Melt Curve 

Analysis or regular PCR reactions. 
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4.5.3 Vector construction 

Fragments of promoters listed in Table 4-2 and Table 4-3 were amplified by PCR using 

Phusion© High-Fidelity PCR Master Mix, New England BioLabs Inc., Ipswich, MA, USA 

and the primer pairs listed in Additional file 2: Table S 4-1. The thermal cycling conditions 

were: Step 1, pre-cycling denaturation was 98°C for 30 secs, Step 2, denaturation was 98°C 

for 10 secs, Step 3, annealing temperature as defined by the pair of primers listed in 

Additional file 2: Table S 4-1 for 30 secs, Step 4, extension was 72°C for 1 min per kb, Step 

5, post-cycling extension was 10 min. Steps 2-4 repeated for another 29 cycles. PCR 

products were gel-excised and purified using the Nucleospin© column Extract II (Macherey-

Nagel Gmbh and Co, Germany) kit according to the manufacturer’s instructions. Purified 

promoter fragments were inserted into the pCR8®/GW/TOPO [49] TA vector (Life 

Technologies, Carslbad, CA) as per the manufacturer’s recommendation. Plasmids were 

digested overnight using various restriction enzymes (RE), (New England BioLabs, Ipswich, 

MA, USA), as per manufacturer’s instructions to verify the correct orientation (Additional 

file 2: Table S 4-2) and sequenced at the Australian Genome Research Facility (AGRF; 

Adelaide, Australia). Correct promoter fragments, namely the SbCA1pro, SbCA2pro, 

SbCA4pro, SbPPCK1pro and SbPPCK4pro were transferred into the Gateway-compatible 

vector pMDC164 carrying a GUS gene [49] using the LR clonase reaction (Invitrogen) as 

per manufacturer’s instruction. The viral 35S promoter [53] was also cloned into pMDC164 

as a positive control. Plasmids were isolated and digested using RE for verification 

(Additional file 2: Table S4-2) and sequenced at the AGRF. The correct constructs were 

purified using the Isolate II Plasmid Mini Kit, (Bioline (Aust), Pty, Ltd, Alexandria, NSW). 

The constructs were transformed into Agrobacterium AGL1 using the Freeze-Thaw method 

[72] and stored in 50% glycerol stocks. In silico maps of all expression constructs are 

provided in Fig. 4-1b and Additional file 1: Figure S4-2. 
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4.5.4 Agrobacterium-mediated transformation of Setaria viridis 

Preparation of the Agrobacterium culture for Setaria transformation was conducted as 

described in section 3.5.2. The protocol for Agrobacterium-mediated transformation of 

Setaria viridis is as described in section 3.5.3. 

4.5.5 Agrobacterium-mediated transformation of Oryza sativa 

Dehusked mature grain of the rice cultivar Nipponbare was rinsed for 1 min with 70% (v/v) 

ethanol and surface sterilised for 30 min with bleach containing approximately 1.2% (w/v) 

sodium hypochlorite and a few drops of Tween 20.  The grain was rinsed thoroughly with 

sterile water, and 7-8 grain were cultured embryo side up on callus induction medium [73]. 

The plates of grain were incubated at 22°C in the dark. The transformation protocol followed 

Sallaud et al. [73], with minor modifications taken from the procedure developed by 

Nishimura et al. [74].  For the infection step, calli were incubated in the Agrobacterium 

suspension (OD600 = 0.1) for 90 sec.  Following co-cultivation, the calli were transferred to 

a sterile 50 mL plastic tube and washed with sterile water containing 175 mg L-1 Timentin® 

until the washing solution became clear.  The calli were blotted dry on sterile paper towel 

prior to the commencement of selection.  Putative transformants were grown on hormone-

free medium without the selection agent to promote vigorous plant development. 

4.5.6 Plant growth conditions 

Putative Setaria and rice transformants as listed in Tables 4.1 and 4.2 were grown in pots 

containing a mixture of soil as per section 3.5.4. For rice, the soil was top coated with sand 

to reduce mould and plants fertilized twice a week with Aquasol fertilizer (Yates, 

Padstow, NSW) as per the manufacturer's directions. Putative Setaria transformants were 

grown in a controlled environment room (18 h light/6h dark photoperiod with a day / night 

temperature regime of 22°C/18°C) (Additional file 1: Figure S4-8). Putative rice 
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transformants were grown at 30°C with 80% humidity. The lights were on for 12 hrs and the 

temperature dropped to 25°C at night (Additional file 1: Figure S4-9). 

4.5.7 Harvesting of plant tissues  

For genomic DNA leaf tissues of T0 Setaria and rice plants were harvested at seedling stage, 

between the 2nd and 3rd leaf stage, at approximately two weeks old. Leaves were also sampled 

for histochemical assays at the same time. Rice callus for histochemical assay was collected 

prior to transfer of material to regeneration medium.  

4.5.8 Genotyping  

Genotyping using the Bio-Rad CFX348 was conducted as described in section 3.4.6. The 

presence of the GUS gene in Setaria and rice transformants was confirmed using PCR with 

Platinum taq polymerase (Life Technologies, Carslbad, CA), or with Phusion© High-

Fidelity PCR Master Mix, New England BioLabs Inc., Ipswich, MA, USA. Primer pairs are 

provided in Additional file 1: Table S 4-3. The thermal cycling conditions were: Step 1, pre-

cycling denaturation was 95°C for 2 min, Step 2, denaturation was 94°C for 20 secs, Step 3, 

annealing temperature 53°C for 30 secs, Step 4, extension was 72 °C for 1 min 10 secs, Step 

5, post-cycling extension was 10 min. Steps 2-4 repeated for another 29 cycles. 

4.5.9 Total RNA isolation and cDNA synthesis  

S. viridis leaf tissues were snap frozen in liquid nitrogen immediately after harvest. Total 

RNA extraction and cDNA synthesis methods followed Burton et al. [38].  

4.5.10 Q-PCR of the uidA genes 

Real-time quantitative PCR (Q-PCR) of the uidA gene was performed as described by Burton 

et al. [45].  The expression values for the uidA gene were normalised to control genes listed 

in Additional file 2: Table S 4-3. Primer design for the uidA gene followed Khan et al. [75]. 

Primer design for the control genes was based on S. italica sequences [Phytozome 9.0, 69], 
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followed Ermawar et al.  [76] and were tested on a cDNA sample generated from combined 

RNA from various tissues. The PCR primers and PCR product sizes in base pairs together 

with optimal acquisition temperatures are listed in Additional file 2: Table S 4-3. 

4.5.11 Histochemical assay  

Histochemical analysis of GUS activity was according to Jefferson et al. (1987) with the 

following modifications: The GUS staining and washing solutions were freshly prepared 

before each experiment; GUS staining solution contained 80 mM sodium phosphate buffer 

pH-7, 8 mM EDTA, 0.4 mM potassium ferricyanide (Sigma-Aldrich, St. Louis, USA), 0.4 

mM potassium ferrocyanide (Sigma-Aldrich, St. Louis, USA), 0.05%  Triton X-100 (Sigma-

Aldrich, St. Louis, USA), 0.8 mg/mL X-GLUC (Gold Biotechnology, St. Louis, USA), and 

20% methanol in MiliQ water. The GUS washing solution contained 100 mM sodium 

phosphate buffer pH-7.5, 0.4 mM potassium ferricyanide, and 0.4 mM potassium 

ferrocyanide in MiliQ water. 

 

Sections of Setaria and rice leaf (approximately 0.5 cm) and callus were placed in 2 mL 

tubes and immersed in 90% acetone. The samples were incubated at –20°C for 1.5 hours and 

subsequently washed with GUS washing solution three times in the dark for 20 min. The 

tissues were vacuum infiltrated (Marsh National vacuum oven) with GUS staining solution 

in the dark for one minute and  pressure was released slowly over 30 min. The tubes were 

sealed and incubated at 37°C for 1 hour to overnight. The samples were prewashed with 50 

mM phosphate buffer before fixation with Farmer’s fixative (50% ethanol, 5% acetic acid, 

4% formaldehyde) overnight and stored in 70% ethanol at 4°C. The germinated T2 seeds of 

35Spro::GUS Arabidopsis were used as a positive control. The seeds were kindly provided 

by Dr. Matthew Tucker (University of Adelaide). 
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4.5.12 Tissue embedding, sectioning and microscopy 

The GUS-stained tissues which were fixed in Farmer’s fixative and stored in 70% ethanol 

were subsequently dehydrated through 90% and 100% ethanol, then left in 100% dehydrated 

ethanol overnight at 4°C. Individual leaf tissues were infiltrated with an acrylic resin based 

on 2-hydroxyethyl methacrylate (Technovit 7100, Heraeus Kulzer Co. GmbH, Wehrheim, 

Germany) as described in T Beeckman and R Viane [77]. Technovit solution was prepared 

according to the manufacturer’s instructions, with the addition of 2.5 mL polyethylene glycol 

(PEG 400, Sigma-Aldrich, St. Louis, USA) per 100 mL solution A. Tissue was embedded 

in a thin-walled PCR tubes. Transverse sections of 10 - 20 µm were prepared with a Leica 

RM2265 rotary microtome. The GUS-stained sections were counterstained with 1 mg/mL 

Ruthenium Red for 1 min and mounted in Entellan® New, (ProSciTech, Thuringowa, 

Australia). Brightfield micrographs were captured with an Axio Imager M2 Microscope 

(Zeiss, Germany). Micrographs of whole leaf and callus were taken using a Stemi 2000 

stereomicroscope (Zeiss, Germany). 

 

4.6 Availability of supporting data 

All the supporting data are included as additional files. 

 

4.6.1 Additional file 1  

Figure S4-1 Schematic in silico analysis of putative mesophyll-specific promoters from 

Sorghum bicolor. Figure S4-2 Schematic in silico maps of the constructs. Figure S4-3 

Agrobacterium-mediated transformation of rice. Figure S4-4 GUS histochemical assay of 

the rice calli. Figure S4-5 GUS histochemical assay of the T0 35Spro::GUS Setaria and rice 

tissues. Figure S4-6 Transcript abundance of sorghum genes across the length of mature 

leaves. Figure S4-7 Leaf sections of Setaria transiently transformed with the uidA gene. 
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Figure S4-8 Phenotypes of T0 Setaria transformed with putative sorghum mesophyll-

specific promoters. Figure  S4-9 Phenotypes of T0 rice transformed with the SbCA2 

promoter construct.       
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Figure S 4-1 Schematic in silico diagram of putative mesophyll-specific promoters from 

Sorghum bicolor  

(a)  247 bp of SbCA1pro, (b) 1594 bp of SbCA2pro,  (c) 1971 bp of SbCA4pro, (d) 2029 bp 

of SbPEPC1pro, (e) 1955 bp of SbPPCK1pro, (f) 2522 bp of SbPPCK3pro and (g) 1849 bp 

of SbPPCK4pro. Abbreviations: CDS, coding DNA sequence; thick line, exon; thin line, 

intron. Annotations: red arrow, start codon (ATG); dark green arrow, forward primer; light 

green arrow, reverse primer 
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Figure S 4-2 Schematic  maps of the constructs  

(a) Empty vector pMDC164, (b-e) putative sorghum mesophyll-specific::reporter gene 

constructs, and (f) positive control construct with the insertion of 35S promoter. 

Abbreviations: RB, right border of T-DNA; LR, left border of T-DNA. Annotations: att, 

flanking recombinant sequence; green, insertion sequence (promoter); yellow, coding 

sequence; red, terminator sequence; blue, origin of replication sequence 
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Figure S 4-3 Agrobacterium-mediated transformation of rice   

(a) Hygromycin resistant callus lines on selection medium. (b) Emergence of hygromycin 

resistant callus on selection medium. (c) Regeneration of putative transformants  

 

  



 

 

186 

 

 

Figure S 4-4 GUS histochemical assay of rice calli   

Expression of the GUS gene was observed in the positive controls 35Spro::GUS Arabidopsis 

and rice leaf, but was not observed in the 35Spro::GUS Setaria leaf (1st row). An absence of 

the expression in the non-transformed rice calli negative control (2nd row). Variable 

expression intensities were found in the SbCA2pro::GUS rice calli (3rd and 4th rows)  
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Figure S 4-5 GUS histochemical assay of T0 35Spro::GUS Setaria and rice leaves  

Expression of the GUS gene was observed in the Arabidopsis positive control but not in 

Setaria leaves (1st row). GUS expression was variable in the T0 rice leaves (2nd and 3rd rows) 

  



 

 

188 

 

 

Figure S 4-6 Transcript abundance of sorghum genes along the length of mature leaves  

Transcript levels of the (a) SbCA2 (Sb03g029180), (b) SbPPCK1 (Sb04g036570) and (c) 

SbPPCK4 (Sb06g022690) genes from the base (left side) to the tip (right side) of sorghum 

leaf. The transcript level of the SbCA2 gene in the mesophyll cells (Meso) was relatively 

higher than in the bundle sheath cells (BS), whereas the transcript levels of the SbPPCK 

gene were very low or not detectable in the mature leaf (n=3). Transcript level in whole leaf 

tissue, mesophyll cells and bundle sheath cells was indicated by a solid line with dot, a 

broken line with a star or a broken line with a triangle, respectively. Data belongs to Dr. 

James Schnabel et al., University of Nebraska USA, kindly provided prior to publication  



 

 

189 

 

 

Figure S 4-7 Leaf sections of Setaria transiently transformed with the uidA gene  

Setaria leaf was transiently transformed using syringe infiltration of Agrobacterium carrying 

the uidA gene driven by (a) ubiquitin and (b) 35S promoters. The uidA gene is detected only 

in the Setaria leaf when driven by the ubiquitin promoter (a). Data kindly provided by Dr. 

Joyce Van Eck et al, Cornell University USA  
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Figure S 4-8 Phenotypes of T0 Setaria transformed with putative sorghum mesophyll-

specific promoters 

Transformants carrying putative mesophyll-specific promoters (a) SbCA1pro::GUS, (b) 

SbCA2pro::GUS, (c) SbPPCK1pro::GUS, (d) SbPPCK4pro::GUS. (e) Non-transgenic, wild 

type plant 
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Figure S 4-9 Phenotypes of T0 rice transformed with the SbCA2 promoter  
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4.6.2 Additional file 2 

Table S 4-1 Primer sequences for the amplification of putative sorghum mesophyll-specific 

promoters. Table S 4-2 Restriction enzymes for TOPO cloning and LR-clonase reactions. 

Table S 4-3 Primer sequences for genotyping and q-PCR.  
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Table S 4-1 Primer sequences for the amplification of putative sorghum mesophyll-

specific promoters 
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Table S 4-2 Restriction enzymes for TOPO cloning and LR-clonase   
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Table S 4-3 Primer sequences for genotyping and q-PCR 

Gene Forward Primer Reverse Primer PCR 

size 

bp 

Tm

°C 

Genotyping     

Hyg resistance GCCGTGGTTGGCTTGTATG GGGGCGTCGGTTTCCACTAT 236 88 

HvCesA as 

Bio-RAD 

positive control 

ACGTGCAGTGCGGACATACAT CAGGTGAAAAGCGATTGAAAC 131 80 

uidA 

 

ATGTTACGTCCTCTAGAAACCCC GCAGCAGTTTCATCAATCACCA 1061 53 

Q-PCR     

GAPSv GAGTTGCCTTTTGCTTTTCCT GCGGGACAAAACATGAAACTA 189 80 

ELFSv AAGAACGGTGATGCTGGTATG GTCCTTCTTCTCCACGCTCTT 153 83 

ActinSv TGTGCTCAGCGGTGGCTCAAC AGGGAGGCAAGGATGGACCC 156 83 

Tub1Sv GTTCCGGAGGGTGAGCGAGC GCGGTCGCGTCCTGGTACTG 160 84 

uidA  GTATCAGTGTGCATGGCTGGATATG GCGAGTGAAGATCCCTTTCTTGTTA 148 53 
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4.7 Abbreviations 

ATG: start codon;  CA: carbonic anhydrase; CDS: coding DNA sequence; Csl: Cellulose 

Synthase-like; EDTA: ethylene diamine tetra-acetic acid; ELF: elongase factor; EST:  

expressed sequence tag; GFP: green fluorescent protein; GUS: beta-Glucuronidase; kb: kilo 

base pairs; MDH: malate dehydrogenase; ME: malic enzyme; NAD-ME: NAD-malic 

enzyme; NADP-ME: NADP-dependent malic enzyme; OAA: oxaloacetate; Os: Oriza 

sativa; PEP: phosphoenolpyruvate; PEPC: PEP-carboxylase; PPCK: PEPC-kinase; PPDK: 

pyruvate orthophosphate dikinase; PPDK-RP: PPDK regulatory protein; PLACE: Plant Cis-

acting Regulatory DNA elements; Pro: promoter; RE: restriction enzymes; RuBisCo: 

ribulose biphosphate carboxylase; LSU: large sub-unit of RuBisCO; SSU: small sub-unit of 

RuBisCO; Sb: Sorghum bicolor; RNA: Ribonucleic Acid; RNAi: Ribonucleic Acid 

interference; Taq: thermostable DNA polymerase; Tub: tubulins;  YFP: yellow fluorescent 

proteins. 
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5.0 Thesis Summary  

The overall aim of this project was to explore the possibility of increasing the amount 

of available hexose sugar, specifically that from (1,3;1,4)-β-glucan, in the  vegetative leaf 

tissues of C4 grasses to improve the availability of fermentable carbohydrate for greater 

bioethanol production. In order to engineer this soluble polysaccharide for biofuel purposes, 

selecting an appropriate model plant was an important consideration. S. viridis is an ideal 

target C4 species for exploring different genetic modification strategies to increase the 

amount of (1,3;1,4)-β-glucan and change the composition of the cell wall. The information 

gained in studying the cell wall biology of S. viridis can be applied to closely related C4 crop 

plants such as sorghum, sugarcane and maize and other high biomass forage and biofuel 

species.  

5.0.1 Genetics and physiology of cell wall polysaccharides in the model C4 grass, 

Setaria viridis spp 

The members of the cellulose synthase superfamily were defined in Setaria, 

revealing that it contains 13 CesA and 35 cellulose synthase-like (Csl) genes (Fig. 2-1 and 

Additional file 1: Figure S2-1). Extensive analysis of genomic data allowed the identification 

of SiCesA8 and SiCesA10, which were not previously detected [1] and showed that the 

membership of the CslF gene cluster is somewhat different to barley. On chromosome 2H 

of barley, the cluster comprises HvCslF3, 4, 8 and 10 [2], whilst in Setaria CslF9, 8, 4 and 

the two versions of 3 are present (Additional File 2: Table S2-1). Sorghum also has additional 

recently duplicated genes in the CslF cluster [3]. There has clearly been some shuffling of 

genes at the margins of the cluster but the core CslF3, 4 and 8 genes have been maintained 

in these and other species such as barley, Brachypodium and rice [2], but not in sorghum [3].  
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Transcript analyses of Poales-specific genes in the CslF, CslH and CslJ families indicated 

that the CslF6 transcript dominates across Setaria vegetative tissues (Fig. 2-2). In general, 

the amount of (1,3;1,4)-β-glucan decreased during maturity in roots, leaves and the 

inflorescence. The amounts varied significantly according to the age of the tissues, ranging 

from 0.2% to 2.9% w/w (Fig. 2-4). The decrease in the amount of (1,3;1,4)-β-glucan in the 

tissues as they age indicates that (1,3;1,4)-β-glucan may be more important in developing 

tissues than mature ones. However, unlike barley, Setaria grain contains only a very small 

amount of (1,3;1,4)-β-glucan (0.003% to 0.013% w/w, Table 2-1, Additional file 1: Figure 

S2-2) which is the lowest amount of this polysaccharide reported in Poales grain to date. The 

transcript of CslF6 in Setaria grain is different to the barley homolog HvCslF6. In Setaria, 

the CslF6 transcript levels are high very early in grain development and drop to very low 

levels by 6 DAP. Additionally there is no CslF9 equivalent (Additional file 1: Figure S2-2). 

This is very different to barley where there is a biphasic transcript pattern with CslF9 

appearing early and then fading away to be replaced by the dominant CslF6 rising and 

peaking in the middle of development [4]. This strongly suggests that both the absence of 

CslF9 and the lack of CslF6 transcript in Setaria are linked to the tiny amounts of (1,3;1,4)-

β-glucan present in the grain. Hence, Setaria may be less useful in a human health context 

as a source of dietary fibre than other cereal grains [5, 6], but other components of the grain, 

for example arabinoxylan, would need to be carefully analysed and assessed for their 

contribution to human nutrition.  

 

The fine structures of the (1,3;1,4)-β-glucan, as denoted by the ratio of cellotriosyl to 

cellotetraosyl residues (DP3:DP4 ratio), varied between tissue types and across 

developmental stages, ranging from 2.4 to 3.0:1 (Fig. 2-4). The DP3:DP4 ratios in 

developing grain ranged from 2.5 to 2.8:1 (Table 2-1). Micrographs revealing the 

distribution of (1,3;1,4)-β-glucan in walls of different cell types were captured using 
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fluorescence and electron microscopy, and the data were consistent with the quantitative 

(1,3;1,4)-β-glucan assays. The abundance and distribution of (1,3;1,4)-β-glucans in Setaria 

vegetative tissues are very similar to those described for  other C4 grasses such as maize and 

sorghum [7-9]. Combined with the fact that the  cellulose synthase gene superfamily in 

Setaria is similar to that of other C4 grasses, including sorghum, this confirmed that Setaria 

is generally a suitable model plant for studying cell wall polysaccharide biology in C4 grasses  

and, in particular, for manipulating (1,3;1,4)-β-glucans for bioethanol purposes [10, 11].  

5.0.2 Over-expression of (1,3;1,4)-β-glucan synthase genes in transgenic Setaria 

viridis affects cell and plant morphology 

S. viridis was transformed with CslF6 from barley (HvCslF6) and sorghum 

(SbCslF6) driven by either the constitutive (Pro35S) and/or the oat globulin (AsGLO) 

promoters using Agrobacterium-mediated stable transformation. The recovery of transgenic 

plants is the key criterion in evaluating the efficiency of a transformation procedure. Here, 

the standard transformation procedure [12] needed to be modified to address the inhibition 

of shoot development and the death of putative transformants from the regeneration 

competent, putative transformed callus on culture medium containing the selection agent 

(Fig. 3-1). This modified handling procedure led to the establishment of a reliable and robust 

transformation system, and the average transformation frequency was 18%. 
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An increase of up to two fold  of amounts of (1,3;1,4)-β-glucan in  S. viridis transformants 

over-expressing CslF6 was evident in the  young leaves of Pro35S::SbCslF6 primary 

transformants (Fig. 3-2), increasing in the mature leaves of Pro35S::HvCslF6 and 

Pro35S::SbCslF6 lines to nine and six fold, respectively, compared to the control plant (Fig. 

3-2). These results support the function of CslF6 in synthesising (1,3;1,4)-β-glucan [13] and 

are in agreement with the previous studies in wheat, rice, tobacco, barley and  Arabidopsis 

[10, 14-17]. A relatively high amount of (1,3;1,4)-β-glucan  in the old leaf suggests a possible 

role of (1,3;1,4)-β-glucan as an alternative  carbon  storage mechanism, which supports 

previous studies in barley leaves and in the ground tissue of sorghum stem [18-21]. An 

altered fine structure of (1,3;1,4)-β-glucan was also found in the T0 young leaves from 

Pro35S::SbCslF6 plants from 2.5:1 to 2.6-2.8:1, which was positively correlated with 

(1,3;1,4)-β-glucan levels (Fig. 3-2). However, an increased amount of (1,3;1,4)-β-glucan in 

T1 S. viridis grain was only evident in a few  Pro35S::SbCslF6 lines. This is in contrast to 

the increased amount of (1,3;1,4)-β-glucan of up to 50% in transgenic barley grain carrying 

HvCslF6 driven by the AsGLO promoter [14]. This result suggests that  HvCslF6 is unable 

to induce the synthesis of (1,3;1,4)-β-glucan in Setaria grain, either because it requires a 

different promoter or that the synthesis of (1,3;1,4)-β-glucan in Setaria grain may not be 

simply governed by a single gene (and its protein product) in this species.  

 

The detection of (1,3;1,4)-β-glucans via microscopy corresponded well with  results obtained 

by the quantitative method. A brighter intensity of fluorescence immunolabelling was 

observed in Pro35S::HvCslF6 and Pro35S::SbCslF6 leaves relative to the control plant (Fig. 

3-3). (1,3;1,4)-β-Glucan labelling was concentrated in the cell walls, particularly in the 

epidermis, mesophyll, vascular bundle and schlerenchyma fibre cells. This finding is similar 

to the fluorescence labelling results in barley transformant lines over-expressing HvCslF6, 

where (1,3;1,4)-β-glucan was deposited preferentially in the vascular bundle cells [14]. It is 



 

 

208 

 

also similar to the fluorescence labelling of  (1,3;1,4)-β-glucan in Arabidopsis leaves  over-

expressing OsCslF6 with spatio-temporal promoters, which showed concentrated labelling 

in the vasculature cells of the leaf [10]. Bright labelling in the schlerenchyma cells as well 

as the labelling in the epidermal cells suggests a plausible function of the CslF6 gene in 

synthesising (1,3;1,4)-β-glucan not only in the primary cell walls but also in the secondary 

cell walls.  

 

At the microscopic level, morphological changes in transformant leaves were depicted by 

irregular cells and an unclear dorsoventral polarity of the leaf (Fig. 3-5). This indicates that 

there may be modified synthesis of (1,3;1,4)-β-glucans in the elongating and expanding cells. 

The possible role of (1,3;1,4)-β-glucan in  elongating cells was previously reported in maize, 

barley and Brachypodium [8, 22-24]. The anatomical changes in the transgenic Setaria 

leaves are similar to the alterations described for knockout mutants in rice, which have much 

smaller coleoptile and stem cells compared to the control plants [17] but widespread 

deformation was also evident in Setaria implying the presence of weaker walls. This 

supports the proposed role of (1,3;1,4)-β-glucan in cell wall reinforcement and suggests a 

greater role for (1,3;1,4)-β-glucan in the cell wall than just simply as a cross-linking 

hemicellulose in the gel matrix [10, 17, 25]. The altered epidermal cell morphology observed 

in Setaria transformants also suggest that modification of (1,3;1,4)-β-glucan synthesis has 

broader implications beyond cell wall composition, and may also impact the molecular 

patterning which mediates cell type number and distribution in the epidermis [26]. In the 

most severe cases this led to the complete disappearance of some cells surrounding the 

vascular bundle and schlerenchyma fibre cells  either through total collapse or as a result of 

perturbations in patterning (Fig. 3-6). Alterations of (1,3;1,4)-β-glucan distribution patterns 

in the cell walls described in the T0 leaves were similarly found in the T1 generation  (Figs. 

3-13, 3-14 and 3-15) but in some lines this was more severe and manifested as dwarfed 
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progeny (Fig. 3-10). Labelling of leaf sections from these severely affected plants however, 

revealed that almost no (1,3;1,4)-β-glucan remained in these tissues, suggesting that gene 

silencing was occurring. Overall, the over-expression of CslF6 in Setaria using a strong 

promoter succeeded as a proof-of-concept since it increased the amount of (1,3;1,4)-β-glucan  

and altered its structure and distribution. However, it is obvious that deleterious changes, at 

both the cellular and whole plant level, are not desirable and have occurred at such a 

frequency as to render this approach to manipulating (1,3;1,4)-β-glucan problematic.  

 

5.0.3 Analysis of uidA gene expression driven by putative cell-specific promoters from 

sorghum  

 

Overexpression of the CslF6 gene is likely to require a more carefully regulated 

approach in an appropriate tissue or cell type-specific manner to avoid the deleterious 

phenotypic effects reported in Chapter 3 and previous studies [10, 14, 17]. Accordingly, the 

use of putative cell specific promoters from the ultimate target C4 grass, sorghum, was 

investigated. Five sorghum putative mesophyll-specific promoters, namely SbCA1pro, 

SbCA2pro, SbCA4pro, SbPPCK1pro and SbPPCK4pro, were selected, amplified, cloned and 

fused with the reporter gene uidA that encodes the β-glucuronidase (GUS) enzyme. The 

fused promoter::uidA constructs were subsequently transformed into Setaria viridis and 

Oryza sativa using Agrobacterium-mediated stable transformation.  
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The histochemical assay indicated that uidA reporter gene activity was absent in the Setaria 

transformants (Fig. 4-2) but was present in the rice transgenic lines (Figs. 4-5 to 4-7). The 

QPCR analysis suggested that the uidA gene was not being transcribed in two sets of Setaria 

transformants carrying the SbCA2 and SbCA4 promoters nor in the 35S lines. The absence 

of uidA transcript in Setaria indicated that in this case the strong 35S and putative sorghum-

mesophyll specific promoters were not sufficient to drive transgene expression. Previous 

studies in sorghum and Flaveria bidentis have indicated that complex regulatory elements 

were required to enhance transgene expression, especially in order to drive expression in a 

cell specific manner [27-29]. Additionally, a recent Setaria transformation study [30] 

indicated that expression of the uidA gene required the ubiquitin promoter. In contrast, the 

35S and SbCA2 promoters  drove GUS expression in rice with the 35S promoter functioning 

in all leaf cell types (Fig. 4-7), as shown in a previous report [31]. While variable GUS 

activity was observed in the SbCA2pro::uidA rice lines (Figs. 4-6 and 4-7), micrographs of 

leaf tissue indicated that the SbCA2 promoter drove expression of the reporter gene in a 

mesophyll-specific manner.  

 

5.1 Future Work 

5.1.1 Characterisation of the SvCslF6 gene 

The SvCslF6 gene was found to be highly transcribed across Setaria vegetative tissues but 

not in the grain (Chapter 2), where the transcript pattern was markedly different to other 

members of the Poales. CslF6 genes from various species appear to heavily influence the 

nature of the (1,3;1,4)-β-glucan, in terms of its fine structure [32] and possibly amount, and 

this is reflected when these genes are heterologously expressed. The function of the SvCslF6 

gene could be further analysed by inserting the gene into a model plant that does not have 

(1,3;1,4)-β-glucan, such as Arabidopsis [13, 17] or by heterologously expressing it 

transiently in Nicotiana benthamiana. This would shed light on the more subtle variations 
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in the (1,3;1,4)-β-glucan produced by the synthase from this particular species. There is also 

scope for examining a range of Setaria accessions [33, 34], many of which are now available, 

for natural variants of CslF6, allowing for selection of (1,3;1,4)-β-glucan with a particular 

fine structure or amount, although this may be more relevant in a human health rather than 

a biofuel context.  

5.1.2 Development of Setaria lines for fermentation  

An increased level of (1,3;1,4)-β-glucan was achieved in the leaves of both T0 and T1 

generations of Setaria transformants by over-expressing the CslF6 gene from both barley 

and sorghum (Chapter 3). Further analysis of such Setaria transformant lines is now possible 

involving examination of their yield of fermentable carbohydrates using hydrolysis 

(saccharification) followed by fermentation assays as exemplified in a previous study [10]. 

To judge whether increased yields are possible from the transgenic lines would require a 

careful comparison to wild type lines. To date there is little information available about the 

conversion potential of Setaria as a feedstock, probably because it is a relatively new model 

plant and also because it’s small stature may preclude it from being viewed as a biomass 

crop. However, it’s extremely quick generation time and ability to exploit many ecological 

niches [35] could be viewed as distinct advantages in this context. 

5.1.3 Characterisation of the SbCA2 promoter and enhancement of transgene 

expression  

A sorghum promoter, SbCA2pro, was identified which can putatively drive cell specific 

expression of a gene of interest, such as CslF6, in the mesophyll cells of monocot leaves 

(Chapter 4). However, the promoter region will need to be further characterised to determine 

the exact nature of the cis-element which confers cell-specific regulation. This could be 

achieved by  analyzing a deletion series, possibly in a transient system [36]. The restricted 

activity of the promoter, which was only observed in a C3 model system, indicated that the 
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sorghum promoters profiled here may not be the best choices to drive transgene expression. 

There are many more listed as potential candidates in Table 4-1 which could be tested. This 

may require the use of  an optimized reporter gene such as that employed in a previous study 

of maize lines transformed with the C4-photosynthetic promoters corresponding to the PepC 

and RbcS genes, which used a codon-optimized green fluorescence protein [37]. An 

improvement in transgene expression could also be achieved using an alternative strong 

promoter, such as the maize ubiquitin promoter, as reported in a recent Setaria 

transformation study [30]. Alternatively in Chapter 3 we stacked multiple copies of an 

enhancer sequence from the strong CaMV 35S promoter to drive the CslF6 gene. Similar 

strategies to boost transcription in various transgenic plants have also been reported in 

Streatfield et al. [38]. However, the undesirable downstream morphological effects would 

seem to preclude this approach. A temporally regulated promoter would also be an option, 

as demonstrated in Arabidopsis [10], but even here transgenic lines containing above a 

certain threshold amount of the polysaccharide were not useful as they showed a deleterious 

growth phenotype. 

 

In a broader context, manipulating the (1,3;1,4)-β-glucan content in stems, particularly the 

ground tissues, may be a better option, but the need for a cell-specific promoter is still central 

to avoid issues associated with affecting stem vasculature in the bundles in the rind region. 

An even more effective alternative, in both Setaria and sorghum, may be to engineer a 

glucanase-silenced line which prevents turn-over of the polysaccharide. This approach 

appears to have been successful in maize [11] but there may be ramifications associated with 

intellectual property associated with this route.  
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5.2 Key Findings 

 Setaria is a suitable model plant for manipulating (1,3;1,4)-β-glucan cell wall 

polysaccharide biology in C4 grasses in that it carries a suitable suite of genes (Chapter 

2).  

 An increased level of (1,3;1,4)-β-glucan in Setaria can be achieved by over-expressing 

the HvCslF6 and SbCslF6 genes driven by a double, strong CaMV 35S promoter 

(Chapter 3). 

 A carefully regulated approach in an appropriate tissue or cell type-specific manner is 

needed to avoid deleterious phenotypic effects in transgenic plants transformed with the 

CslF6 gene (Chapter 3). 

 A putative mesophyll-specific CA2 promoter from sorghum is sufficient to drive 

transgene expression in a C3 monocot plant (rice), but was not sufficient in this study in 

the C4 plant S. viridis (Chapter 4). 
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Appendix A. Promoter Sequences 

>SbCA1pro - Sb03g029170 

cggcgagggaatcgaagcgagtggcgcgctggcggatgaggcggcgagtggcccggatgcaccggcgcaggcgagccgc

acgccgccgcccgccgcggcgctcgcgcgcggaccgctgccgcctgccgccacacaatgcgagcgcgcgcgcacacacac

acacaccacccgggcgggggggctgtagtagtaacggccttgtcttgtcggcacgcgcgcgtccgtgtgtataaggaggcaggc

ccgc 

 

>SbCA2pro - Sb03g029180 

atcggcacttggcacccggccacccgccctccaccctaggcccgacgcgacccgacccccacctagaccggtctcggtcggac

tctcggcgtctctcgccacgcgcgggcgcgccgcaaacagtcctccgcccgccgtcgtaccacccccacccgtgcttcctccgtc

ggttggctgcaacaagtcggcagcgccgcgcccgcctcccgacgccccaagcccccaatcgctcctcctccatttcccacccatc

cagaagtccgccggcgcagagggaccagggttcgccgccagcagatgcagttgcaggagcagggttcgccgccagcgccag

tagacgcaggagctcggcggatccacatcggaggcgagctgatcctctacagaaggtgccccgctgctcctcccgtagtcctgct

gctcccgtatttgattaatttctccggctgcgaatcgactcatgggggaagaaacagttttagacgacaacgccctggctttctcggc

gggtacgtaatccccgtccagggacggggatggggatggggtgaaagtgaaaaaccctcccctgcgaggttttacggggacga

ggacggggatggggaagcgttccccgacggcgaatttcccgttgccatccgctcgtctgtgatgctggatacgacgaggccatg

gccatcgaggcccatctaccacaacgacgacggcactgcctttcttccatggccacccgtggtttcgctgaatcagtggtcccaaa

ctgtcattttggagtcgttatttctcctcctccaaaacgcgaggagtagccatcgacattccgctcgctcaggcgtttaattttgtccaca

aaagccgggatcagccgttactgggcgtctctttctctcgctgaaacgattgcacgtgtcctgttgctagtaataaactggacaacga

gcggggcagctcaacaagaggcacagccaaacgagagagagagagaggagaggagaaagggagggagggccgccgcgc

atccatccgtccggagataagaggggagtggaagaaaagaggagaagatgagcagctgactttgcctcccccgttataaaaggg

aggagggggcagggaggaagccgtccatagattcctccgcctcgtcactccactccttgagatttgagaaccacaagggccacc

ccccacccaccctccaaggtccgtcccctcctcctcctcctcctccctcaccttcagcaccatcctctccattcctccacacagcaat

atctgtcaatcccccccgttttgttttcctctgttgcaatcagtagcgtgtaccctgtagctgtagcttccactttcttgctgtgtcgtactgt

gatggtgcaaagaagattcctgttcccccttttagatcacctttgtgcatgccttttcttgtggtccgtgggcaaggaaggaggccgaa

aattgcatcaatgcccctcccttctctctctgtctataccccctcatactgcatcacgatcaagagcatgtatgcaagttggtctttctag

ggatggcgaactgaccggcgattttctggttattcgtcctgcaggac 
 

>SbCA4pro - Sb03g029200 

cggaggaagcctattgccctaatcaaatcccctactgctaacgaatagtatccctcaccgacctcaattccatcccgaccaaaatctg

caaaaccctcctctccttcaccttccccttcccttcggttcgcggacagtccaaaaatcccctccatcgatctctccctcctcgagcgg

gatcggcgatggggggctgctgctgcggctgcggctgcggctgcggctgcttcctcgaccgaaagcctccgcgggaaaacccg

atggcggtgcatcgggaacagcccatccggcgcgggtcgagcgctgccgactacccctccccagcacatatggtcacgtacag

cgaggtcagtctccggttcctgcgattttctcttcacctgcccgcattgtgttgtttcaagttttaccctcggggctgacggctgctgcc

gatgtttgcaggggctgggtgctgcggagagattgaacgctgggttccggacgtttaaaaagaacgtctacgagtgagtttgctctt

acggtcaaggaattcttcacctgaatttgagtttgttcctgattcagttcgttcttctgattgggccgtcgttgcagtcagaacccaaagt

tgttcggcaagctcaagtctgcccagtctccgaaggtattttggcacccattgatgcctgaaaaaaaaaaccctgttcgttcaactgta

ttcaggatgtgttcattcatcaatgtgtgaatttgttaagcataactacataccgatagttcagccaaatagaacattctcaaataaacta

aaaaccgaacaaaatgtctggttattctgttgctgcttctgctttctctagtcctagatagaaatcgaaattctggtctcatagttttggaa

accttataggatactaaatgaaatcccacaaacaagaattaacctgcagttcttcagttcagaagtaggtctttgaaacaaaaggttaa

aggtaatatgtagctttagttttgaagcagtttgtgctggatcacagaccagcattagcttctcctcctcatgatactacaatgggtgcct

tgttggtcgcacggggtcaaattttaaacatggcaatctgtgtgttgctcacattacaagaataagctgatgataacttcaaaatgcaat

tacacccatccaaaactggttatataacataaaaactgcaatcatgcccaccttcccgcttcaccctgcatacaaattcttgatgggac

aacaaaccttgttgtctggaaggtcgcttttgtggttggagcattttgccaaaggtggaactccaacaataattaatacacaagaaaat

tgtgcatgtggtggtgtctgatactctgattgcctgttaaacaggtgttgtgcatgtggtggtgtctgatactctgattgcctgttaaaca

gatgacgcaaatgagtcttttcacccaaatcatgacatattgtctatttggcaattggtcttgtccttcgtgttttagtttattttacacttcac

agttcatatgatttcatacattctgtgagtttctgtaacatagtatctgcagatgatcagtttggtcagcttgagataagcaagtaacctac

ctgctgcgtcaggtgggacttggaacctggagctccaccaaaacaattagcgcctcctaccaagttgtagtgtttatggtctgattag

tgtttgtaatatgttcattcacatcatcattcatttgatgagaaggagatacataaagcatacatgaacaactttcactcatcttctggatgt
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taggcaggagtggatgtgaatcattcaatgtctatttacttccttgctgtgttgcgaaggtccccgagaaatctatagtcaaaaccattc

cattcggaaatctttgatctctataaggttcatgttgtgcctttttttctcctctctgatttgatggttactctgttatttctcgcagtac 

 

>SbPEPC1pro - Sb10g021330  

gctgctttgctcatacgtgacaacgaactactgttagaatagaacattttgcagtgctaatatttgcatatgggaattaattaatttggga

attatgtcttgccatggctgatccagatctcgacacctgctcgatctaatgcacacatgcgtgttgatagggatgtagagatataaggc

gttaggagatgtggtgtggtagtatatgcaaggtcaaaattcgatgctttttccatgtttctttgaaaacgcaatgccgcatttttctttaa

agtaagaattgaggggtcccatgtttctttttgcactttttcacatcgatgtataactgaaaatctcatgaaacatcattacctctttatatg

cgtcatcatcttttcaacaaaactcactgatagcattgatgcacttacactcatacgtgacaactactgctattgaaagtggacatttgc

agtgctactttttgcatatatgggaaattgggaattctatattgccatggttgatccagatctcgacctactcgactaatacatgttgaca

gcaagctgaggatcgggacatgtaataaggagttaggagatgtggtgtggtactaaatgcaaggtcaaaattcgatgctttttccgt

gctcaactattaactagtactcattattacctaattttcacttgtgatgacaattaatgcatcgatccacaattcagtaaatactttcatttaa

gcatatgtatagtattatacatttccaattcttcttttttgtgtggagatccacgacgatgcaagttgctcctcccaacccaaatccacctc

tctcttaaatccgcatatcttcaccaccaccagctgctacacatcgtattgtccaaatctgtgtcggcttgacccagtgatgtgcgcgct

agatttggcagcgcctgaatgctgtgcagccacctgtatggtgcccttggtagagtaacaacacccttatccctacggcagccatgt

atgacccttatccctacggcagccatgtataccaatacctttctttgaaccacaaaattatagtccatatccttaaccacaagttcatttttt

gtttcccggtctcctaaggaaattaagttctgtttccacaatttacatggatataggacatctatgttcctaacattaacattactggataa

caggcaccctctcctccacaccctgcaaagccttcctccagcgccatgcatcctccgttgctaacagacacctctctccacatcgcg

tgcaagcaaacctccaaattctaccgatccccagaatccggccttgactgcaaacagacacccctctccccatcctgcaaacccat

cagccaaccgaataacacaagaaggcaggtgagcagtgacaaagcacgtcaacagcagcaaagccaagccaaaaacgatcca

ggagcaaggtgcggccgcagctctcccggtcccctttgcggttaccactagctaagaatgaagatggtactctaaatggatacttg

cgcggtttttctctagtctaacttaataaactaaataaacaatttctttcttatttttttaatttagttcgtttagttagactagagaagaaccac

gaggagttatttgaagcgtcgtccccatccttaccactagctagcactagcagacacccctctccacgtcctgcaaacaggcaatta

gccagcggaataacacaagcaggcaagtgcgcagtgacaaagtacgtccacagcagcgatcccagccaaaagcagcgtagcc

acagccgcgcgcagctctcggctacccttaccgccgatcacatgcatgcctttccaatcccgcgtgcacacgccgaccacacact

cgccaactccccatccctatttgaagccaccggccggcgccctgcattgatcaatcaactcgcagcagaggagcagcacgagca

acacgccgcgccgcgctccaaccatctccagcttcgttcgcgcttcccggcccactccccggccgccgccgcc 

 

 

>SbPPCK1pro - Sb04g036570 

tactaggtgaggtcctcagcgcgtattcatacacatactacacgtgacatgaatgcatcatgcatgccatggtggctgcatggtacg

gtactaccacgcatcccgagcctaatttttgtttgtgtccgccgagtctgcaggctgcccgcacgcacgtacgtcgcggcacacag

agacatactcctaggctgtctacttgatagtattccttatactacttgatataatcctagcctcctaggctgtttgtacaaagaacgcgaa

agcagctagcaggtggtgccggtagatcgatttggcagcgcatgcatatagacgctcacgaggcaggtagtccaacagtcctagt

catgcatgaagttgaaatcatgtgtatggacggacgaattctagtgtgcccatggaccgtctgtgttcgcgctagcaaacgtcgacg

ccgacaccaccactgcatttcgattttatagtgtgtcctagccaattgctctcgcttcggtactgccggtgccgccggtcatgagaaa

ccatacctgtcaggtgtcaccaacctcagctaccgtaataaacaccgaagcattccgatcataattttttttttgaaggaacattccgat

cataattaacatattaagcttcgaagaacagaagcagcagccaattttttttttccgaatagaccaaaacagaagaagacgctgatcc

gatggagtcaagtcacgaacaccatgcatcatgcatgcatgtccgacccgccaccattcagagggtacaggtagagagggccgc

agacgacctggcccccctccagagaggccacgttgcagttgcactgcatgcacctgacacgacccccaataattcattgtcgcctg

gggcccatcggccatgctgtcacttgtctgatactacgtgcatcaccaacattttattcattaatctatccgaaaccgcccgatctatga

aaaccacctctcgcctaatctaaaaccctttccggcaatgacacacattagtagttgtatatactctaaacgcaagaatcttttatcttttg

aggaaaattatggaatcattatttatttcgcgaggaaaaaaaaaccgaatcattgggcaagtaagcaagacattcgtaacctggggg

agctcgtatctggaatcatggattgtttgggtcaaatttaattagccgttgattagctttctaaatatacacactaatatatcccccccact

aactaggccttgtttagttccgaaaaaatttcagatttcgctgctgtagcactttcgtttttatttgacaaatattgtccaatcatgaactaa

ctaggacagacaaactgtgtaattagtttttgttttcgtctatatttaatgcatgtgccgcaagattcgatatgacggggaatcttgaaaa

ttttttagatttcgaggtgaactaaacttatgtggtaccatctgtgaaactctctcgatggcaaggaccaaggaggatcttttttaactgt

atttgagactaaatttgtttaaagggctcagatttgttcgtattcaagtctgaatatttaatatcctatagcgtattcgtatctgaatacttaa

attatataattattatgttaacatataatcgtatcttattcgacatgtttaatattatctgtattcgaattcaaattcaaatccgataataatatc

agttttctttcctaccggctagcagtagcagcagaacgcagcgtggaatattcggatccctgggaggctgggacccagtcccccca

cctgaacccaaagcctgcagtgaggagtcctctgccgcattaaaaggcgtcctcgccgtccgtccggcgggtggaaaccagacc
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agcacacaatccgcaaggccggccaacgccaacccccaatcagcgaggcaacaacaaaccacccgaccggaccaaggagca

gtagca 

 

>SbPPCK3pro - Sb04g026490 
tgaagagtggcggtggcggagccgtggaggtgggggatagtggggcccacacagaattgaaagccgtctgcgtctaggtggca

tccttgcgcccatcatgcactgcaccctgattgagaggtggctacagatcaggacaccaaaccaagtgggctgataaacaagtttg

cttttgttagcagacaacaatgtctttagctatctctttcaaaaaaaaacaatgtctttagctacctaattaggttctttccagctctacatct

aacagctccttggggacaccttcagtccatccattaggatatgctcttatcttatccaaggaaatcacaaggctctgcaacctatctcta

gcagagccgtttgggacaaggaagttttataaacacacaggattgtagagaaatttcagcgctcgagaagtattgctactccttttctt

ttctacaaaaacaaaacaaaacaaaactatcgcagaggtatagttagtatttcgttagccaatactgcaaggtgactgtaataacgtttt

catatatatattgctgctttaccgaacaaaactgcagtgaaaggaggggatccatgagcttttgacgggaggtgaatgcatttttccac

gcatgatgtttggttttccttgatggaaccatcttttggtgaatcggacggcaccatttattttgggagcccccaattacttttgcgttatc

cgaacttaaattatatatgtggtgcataattggtggtagctagtggttgcccacgcatcagaaaacactgctcgtgcttgtgctttgtgc

agttgtgcctcaacaaattcctctgctggggcaaactgtactcgacaacctctccattatgaaagcagcccccacaatctaatcaactt

ctggtcgtgacaaggtcacgtttggcgatcaagtccctcgcttgttgatttatttattcatgcatttattcgcttatttcttgaacttaagata

aaagttctcgatcttgaaccttattattccctgccaagaactcgcacttgccaaattattgttttccaggttaacacaaggggaaaataat

ctaattgcagagcaaggaatccagccgaactaaaccacctcggaccaaccaaagcttaccatttcgacccgagagcacgcaaca

caaagcaaacgctcctgaccataatcccgattatacccccgtttcagaatatgctcctctttcgcaaatccatttttcttttgtgagacca

ggcccttctgtaaaaaaaagataagtcttgacatatgagtttattatgacaaggaagtagtacgattttgaaatctaactatagccgatc

acgtgataacattttctcccctaatgcctctgtgtatttattgtttttggccaacttcttccatgttttttagcaaattgatgatgttctatataat

ttatttataattagttaatcgtgcagttcttttttttgcgacacaaatgggattcattcactgttaagcaccgggattacaatcagagactag

gagtgttgccacacaagtcgatgtttgttgccaccacccgacttgtgactccttcgtcacctgcttagccagagaatgagctactctat

tacagtttctactaattgatgagaatttaaaatctagaaacactgaactcaactcccggatctcttccagaataggcctgatgcttgatc

gttgattgtctcctgcttgccatagcttcagtaactcctgactgtcagttttcagccagagccgctgtgcccccacctgtcttgctaaca

ataatccatactcagagcatcgagacaatgaccataccatttggcgcctcctcgaacaaagtcaccagcttcatcccgtatcaccgc

tcccgttgcgccctgccactgggcttcatagaaagctccatccgcattgcatttcagccaacctacaggcgggcattcccagcgttg

ggtatggcctcccttcactgaacttgtttctgctccatccaccgtggctgacatattccacagatcataagccaaatccatggcccatc

ttacagcttgactggttaatcgtacagttcatgtcatcgcttttccaccagatatgtggtagtatatttttactcatcctattcaagacctata

tgattcttcactaaatttattctgcatatcaaaccggcctatatatctgacatatcaagcataatgagttgctaattaaaacactcttgaca

gggagtaactcttatgaacagtgctatgagtactgcgttttttttttcctttgacaagtctgctatttgaactcttttgaagtcatgccaaata

gtactactccgtaggaggaagagagtaatcacgagggcataaccggaatgagagaaaagcactactgttcgctcgcggccccag

tccagccggatccgaatattccgccaggccattgctcccactagtgtctttaaataggccaccgcccctcctccgatcgagagtaac

ccaaaca 

 

>SbPPCK4pro - Sb06g022690 

ccgattatccacccatatcctcaagtgtgcatggactcacagtggactgaggtctggttctaaagattttcaagattttctgtcaccgaa

ttttacggtacatgcattaaacattaaatatagataaaaaataaataattatacaatttgcatgtaatttgcgagacgaatcttttgaaccta

gtttagttaatctatagttggataataattaccaaatacaaataaaagtgttacggtagacaaatctaaaaaattttgccaactaaataag

gcctcaacaaaaagcttatggagctaactgggtggctcttttgaaaagtgcttagattgaactcgtttttcttttaaaatgaaaataatttg

attttgaatgattttcgattccggctcagatcgataagctcggtttgaagttggttcataaaccatcgaggagactatgataaataagatt

atacaaattttgaatcgctttcatgggattgtctgcttcagatttcgaacttcgctatcatgtttgctgaaatgctaatgcctagtaggtaa

ctaggtatgagtagacatgctgttcactccttcaaatttttacactaaaaaacttcccaatgtctatatttttatataaaaaactgcatacta

gatattcgttgtgtccatcttaaaaaaaattgcggacaaataggaccgtgattggactagggactcaattagtcttatgaattggatgtg

tgggcaccgacatggactactaacaagtacttcctccatttccgttttcgtttccaattgtaagttctttatcttttctaagtcgtactcccttt

atcccaagctgctttgaattttttttaaaatacgtatttagatataagatatgtctagatatatagcaaattttatatgccaaaaaaagtcaa

agtgacttaaaactggaatagagtacatactaatttttattatttagatatacattcctccctatatttgactagatttgtagaaaatattaac

aaagatatcttcacataaaatttattataaaatatatttaatatctatttaatgatatatatttgatcaaagttgttgacttgttggaaagcgag

aaccggaattaataaaagacagaggaagtatgtctatatacgtaatacaaggtatgcactccctccatacaaatcgtctaggacaac
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gatatggtctccaaaacctaactttgacttcttatttttataaaaatatttatcaaaaagtgatatatgtatatttttatgaaagtatttttaaga

taaatatattcatatggtttttcgtatttataaactcaacaacctaaaagttattcgtgatttatacccaatatttaatctaaatattgtctaaaa

cgacttcctttgtgggtatggaggaaatatctagaaaagttgatatggagggggtatcaagaaaagtcaaaatgactaaaacttaga

atgtaggtatagtactaactactaagtacttcctttgtcatagcaatatatatctcacttttaaaaatgaactaataatcaggattgtagttta

aactattttctaagtaatgtattgttctttttcctcaaaaattatagaaataaagatatagttctatattttataatccagttaaacctaagaata

tatatatatatatatatatataaaaggagacgtgtatttatttattttaagaagggagtacacaaacgttacaggcgcggatccgaatatt

ctgcggtgcgaggcgctgttaataaatagtcgggctccccactgctggtgtggaagtctcccgaagaaacgaacggagcgcgaa

aacagatct 

 
>35S 

tcgacgaattaattccaatcccacaaaaatctgagcttaacagcacagttgctcctctcagagcagaatcgggtattcaacaccctca

tatcaactactacgttgtgtataacggtccacatgccggtatatacgatgactggggttgtacaaaggcggcaacaaacggcgttcc

cggagttgcacacaagaaatttgccactattacagaggcaagagcagcagctgacgcgtacacaacaagtcagcaaacagacag

gttgaacttcatccccaaaggagaagctcaactcaagcccaagagctttgctaaggccctaacaagcccaccaaagcaaaaagcc

cactggctcacgctaggaaccaaaaggcccagcagtgatccagccccaaaagagatctcctttgccccggagattacaatggac

gatttcctctatctttacgatctaggaaggaagttcgaaggtgaaggtgacgacactatgttcaccactgataatgagaaggttagcct

cttcaatttcagaaagaatgctgacccacagatggttagagaggcctacgcagcaggtctcatcaagacgatctacccgagtaaca

atctccaggagatcaaataccttcccaagaaggttaaagatgcagtcaaaagattcaggactaattgcatcaagaacacagagaaa

gacatatttctcaagatcagaagtactattccagtatggacgattcaaggcttgcttcataaaccaaggcaagtaatagagattggagt

ctctaaaaaggtagttcctactgaatctaaggccatgcatggagtctaagattcaaatcgaggatctaacagaactcgccgtgaaga

ctggcgaacagttcatacagagtcttttacgactcaatgacaagaagaaaatcttcgtcaacatggtggagcacgacactctggtct

actccaaaaatgtcaaagatacagtctcagaagaccaaagggctattgagacttttcaacaaaggataatttcgggaaacctcctcg

gattccattgcccagctatctgtcacttcatcgaaaggacagtagaaaaggaaggtggctcctacaaatgccatcattgcgataaag

gaaaggctatcattcaagatctctctgccgacagtggtcccaaagatggacccccacccacgaggagcatcgtggaaaaagaag

acgttccaaccacgtcttcaaagcaagtggattgatgtgacatctccactgacgtaagggatgacgcacaatcccactatccttcgc

aagacccttcctctatataaggaagttcatttcatttggagaggacacg 
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Appendix B. PLACE search result  

>SbCA1pro - Sb03g029170 

Factor or Site Name   Location (Strand) Signal Sequence SITE # 

ABRERATCAL site 211 (+) MACGYGB S000507 

ARR1AT site 10 (-) NGATT S000454 

CAATBOX1 site 134 (+) CAAT S000028 

CACTFTPPCA1 site 20 (-) YACT S000449 

CACTFTPPCA1 site 47 (-) YACT S000449 

CACTFTPPCA1 site 186 (-) YACT S000449 

CACTFTPPCA1 site 189 (-) YACT S000449 

CBFHV site 206 (-) RYCGAC S000497 

CGCGBOXAT site 212 (+) VCGCGB S000501 

CGCGBOXAT site 93 (+) VCGCGB S000501 

CGCGBOXAT site 24 (+) VCGCGB S000501 

CGCGBOXAT site 104 (+) VCGCGB S000501 

CGCGBOXAT site 106 (+) VCGCGB S000501 

CGCGBOXAT site 142 (+) VCGCGB S000501 

CGCGBOXAT site 144 (+) VCGCGB S000501 

CGCGBOXAT site 146 (+) VCGCGB S000501 

CGCGBOXAT site 214 (+) VCGCGB S000501 

CGCGBOXAT site 216 (+) VCGCGB S000501 

CGCGBOXAT site 212 (-) VCGCGB S000501 

CGCGBOXAT site 93 (-) VCGCGB S000501 

CGCGBOXAT site 24 (-) VCGCGB S000501 

CGCGBOXAT site 104 (-) VCGCGB S000501 

CGCGBOXAT site 106 (-) VCGCGB S000501 

CGCGBOXAT site 142 (-) VCGCGB S000501 

CGCGBOXAT site 144 (-) VCGCGB S000501 

CGCGBOXAT site 146 (-) VCGCGB S000501 

CGCGBOXAT site 214 (-) VCGCGB S000501 

CGCGBOXAT site 216 (-) VCGCGB S000501 

DPBFCOREDCDC3 site 223 (-) ACACNNG S000292 

DRECRTCOREAT site 206 (-) RCCGAC S000418 

GCCCORE site 82 (+) GCCGCC S000430 

GCCCORE site 85 (+) GCCGCC S000430 

GCCCORE site 118 (+) GCCGCC S000430 

GCCCORE site 125 (+) GCCGCC S000430 

GCCCORE site 40 (-) GCCGCC S000430 

LTRECOREATCOR15 site 206 (-) CCGAC S000153 

MYB2CONSENSUSAT site 191 (+) YAACKG S000409 

MYBCORE site 191 (-) CNGTTR S000176 

MYBCOREATCYCB1 site 192 (+) AACGG S000502 

SORLIP1AT site 128 (+) GCCAC S000482 

SORLIP1AT site 21 (-) GCCAC S000482 

SORLIP1AT site 48 (-) GCCAC S000482 
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SORLIP2AT site 50 (-) GGGCC S000483 

SORLIP2AT site 241 (-) GGGCC S000483 

Legends: (+) sense sequence, (-) antisense sequence 
 
 

>SbCA2pro - Sb03g029180 

Factor or Site Name   Location (Strand) 
Signal 
Sequence SITE # 

ABRELATERD1 site 905 (+) ACGTG S000414 

ABRELATERD1 site 904 (-) ACGTG S000414 

ABRERATCAL site 100 (+) MACGYGB S000507 

ABRERATCAL site 904 (+) MACGYGB S000507 

ABRERATCAL site 903 (-) MACGYGB S000507 

ACGTABOX site 511 (+) TACGTA S000130 

ACGTABOX site 511 (-) TACGTA S000130 

ACGTABREMOTIFA2OSEM site 905 (+) ACGTGKC S000394 

ACGTATERD1 site 512 (+) ACGT S000415 

ACGTATERD1 site 905 (+) ACGT S000415 

ACGTATERD1 site 512 (-) ACGT S000415 

ACGTATERD1 site 905 (-) ACGT S000415 

ANAERO1CONSENSUS site 1293 (-) AAACAAA S000477 

ANAERO2CONSENSUS site 1068 (+) AGCAGC S000478 

ANAERO2CONSENSUS site 397 (-) AGCAGC S000478 

ANAERO2CONSENSUS site 417 (-) AGCAGC S000478 

ARE1 site 1140 (-) RGTGACNNNGC S000022 

ARR1AT site 1130 (+) NGATT S000454 

ARR1AT site 1161 (+) NGATT S000454 

ARR1AT site 1381 (+) NGATT S000454 

ARR1AT site 898 (+) NGATT S000454 

ARR1AT site 1566 (+) NGATT S000454 

ARR1AT site 431 (+) NGATT S000454 

ARR1AT site 225 (-) NGATT S000454 

ARR1AT site 452 (-) NGATT S000454 

ARR1AT site 516 (-) NGATT S000454 

ARR1AT site 745 (-) NGATT S000454 

ARR1AT site 1281 (-) NGATT S000454 

ARR1AT site 1311 (-) NGATT S000454 

ASF1MOTIFCAMV site 1144 (-) TGACG S000024 

BIHD1OS site 762 (+) TGTCA S000498 

BIHD1OS site 1277 (+) TGTCA S000498 

BOXLCOREDCPAL site 1244 (+) ACCWWCC S000492 

BS1EGCCR site 939 (+) AGCGGG S000352 

BS1EGCCR site 394 (-) AGCGGG S000352 

CAATBOX1 site 224 (+) CAAT S000028 

CAATBOX1 site 1270 (+) CAAT S000028 

CAATBOX1 site 1280 (+) CAAT S000028 

CAATBOX1 site 1310 (+) CAAT S000028 

CAATBOX1 site 1465 (+) CAAT S000028 

CAATBOX1 site 900 (-) CAAT S000028 

CAATBOX1 site 1458 (-) CAAT S000028 

CACGTGMOTIF site 904 (+) CACGTG S000042 

CACGTGMOTIF site 904 (-) CACGTG S000042 

CACTFTPPCA1 site 6 (+) YACT S000449 

CACTFTPPCA1 site 708 (+) YACT S000449 

CACTFTPPCA1 site 1147 (+) YACT S000449 

CACTFTPPCA1 site 1152 (+) YACT S000449 

CACTFTPPCA1 site 1344 (+) YACT S000449 

CACTFTPPCA1 site 870 (+) YACT S000449 

CACTFTPPCA1 site 1362 (+) YACT S000449 

CACTFTPPCA1 site 1503 (+) YACT S000449 

CACTFTPPCA1 site 333 (-) YACT S000449 
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CACTFTPPCA1 site 553 (-) YACT S000449 

CACTFTPPCA1 site 749 (-) YACT S000449 

CACTFTPPCA1 site 805 (-) YACT S000449 

CACTFTPPCA1 site 920 (-) YACT S000449 

CACTFTPPCA1 site 1044 (-) YACT S000449 

CACTFTPPCA1 site 1315 (-) YACT S000449 

CBFHV site 453 (+) RYCGAC S000497 

CBFHV site 812 (+) RYCGAC S000497 

CBFHV site 166 (-) RYCGAC S000497 

CBFHV site 184 (-) RYCGAC S000497 

CCAATBOX1 site 223 (+) CCAAT S000030 

CDA1ATCAB2 site 793 (+) CAAAACGC S000440 

CGACGOSAMY3 site 43 (+) CGACG S000205 

CGACGOSAMY3 site 208 (+) CGACG S000205 

CGACGOSAMY3 site 615 (+) CGACG S000205 

CGACGOSAMY3 site 662 (+) CGACG S000205 

CGACGOSAMY3 site 699 (+) CGACG S000205 

CGACGOSAMY3 site 702 (+) CGACG S000205 

CGACGOSAMY3 site 136 (-) CGACG S000205 

CGACGOSAMY3 site 165 (-) CGACG S000205 

CGCGBOXAT site 101 (+) VCGCGB S000501 

CGCGBOXAT site 194 (+) VCGCGB S000501 

CGCGBOXAT site 1012 (+) VCGCGB S000501 

CGCGBOXAT site 103 (+) VCGCGB S000501 

CGCGBOXAT site 109 (+) VCGCGB S000501 

CGCGBOXAT site 101 (-) VCGCGB S000501 

CGCGBOXAT site 194 (-) VCGCGB S000501 

CGCGBOXAT site 1012 (-) VCGCGB S000501 

CGCGBOXAT site 103 (-) VCGCGB S000501 

CGCGBOXAT site 109 (-) VCGCGB S000501 

CIACADIANLELHC site 297 (-) CAANNNNATC S000252 

CMSRE1IBSPOA site 521 (-) TGGACGG S000511 

CMSRE1IBSPOA site 1122 (-) TGGACGG S000511 

CTRMCAMV35S site 1479 (+) TCTCTCTCT S000460 

CTRMCAMV35S site 973 (-) TCTCTCTCT S000460 

CTRMCAMV35S site 975 (-) TCTCTCTCT S000460 

CTRMCAMV35S site 977 (-) TCTCTCTCT S000460 

CURECORECR site 140 (+) GTAC S000493 

CURECORECR site 510 (+) GTAC S000493 

CURECORECR site 1323 (+) GTAC S000493 

CURECORECR site 1361 (+) GTAC S000493 

CURECORECR site 140 (-) GTAC S000493 

CURECORECR site 510 (-) GTAC S000493 

CURECORECR site 1323 (-) GTAC S000493 

CURECORECR site 1361 (-) GTAC S000493 

DOFCOREZM site 551 (+) AAAG S000265 

DOFCOREZM site 852 (+) AAAG S000265 

DOFCOREZM site 995 (+) AAAG S000265 

DOFCOREZM site 1053 (+) AAAG S000265 

DOFCOREZM site 1096 (+) AAAG S000265 

DOFCOREZM site 1376 (+) AAAG S000265 

DOFCOREZM site 498 (-) AAAG S000265 

DOFCOREZM site 714 (-) AAAG S000265 

DOFCOREZM site 882 (-) AAAG S000265 

DOFCOREZM site 1077 (-) AAAG S000265 

DOFCOREZM site 1346 (-) AAAG S000265 

DOFCOREZM site 1396 (-) AAAG S000265 

DOFCOREZM site 1408 (-) AAAG S000265 

DOFCOREZM site 1420 (-) AAAG S000265 

DOFCOREZM site 1540 (-) AAAG S000265 

DPBFCOREDCDC3 site 904 (-) ACACNNG S000292 

DRE1COREZMRAB17 site 72 (-) ACCGAGA S000401 

DRE2COREZMRAB17 site 166 (-) ACCGAC S000402 
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DRECRTCOREAT site 166 (-) RCCGAC S000418 

DRECRTCOREAT site 184 (-) RCCGAC S000418 

E2FCONSENSUS site 618 (-) WTTSSCSS S000476 

EBOXBNNAPA site 6 (+) CANNTG S000144 

EBOXBNNAPA site 295 (+) CANNTG S000144 

EBOXBNNAPA site 301 (+) CANNTG S000144 

EBOXBNNAPA site 904 (+) CANNTG S000144 

EBOXBNNAPA site 1070 (+) CANNTG S000144 

EBOXBNNAPA site 6 (-) CANNTG S000144 

EBOXBNNAPA site 295 (-) CANNTG S000144 

EBOXBNNAPA site 301 (-) CANNTG S000144 

EBOXBNNAPA site 904 (-) CANNTG S000144 

EBOXBNNAPA site 1070 (-) CANNTG S000144 

EECCRCAH1 site 622 (+) GANTTNC S000494 

EECCRCAH1 site 1567 (+) GANTTNC S000494 

GADOWNAT site 905 (+) ACGTGTC S000438 

GATABOX site 658 (+) GATA S000039 

GATABOX site 1033 (+) GATA S000039 

GATABOX site 1273 (-) GATA S000039 

GCCCORE site 287 (+) GCCGCC S000430 

GCCCORE site 321 (+) GCCGCC S000430 

GCCCORE site 1008 (+) GCCGCC S000430 

GT1CONSENSUS site 556 (+) GRWAAW S000198 

GT1CONSENSUS site 1454 (+) GRWAAW S000198 

GT1CONSENSUS site 240 (-) GRWAAW S000198 

GT1CONSENSUS site 624 (-) GRWAAW S000198 

GT1CONSENSUS site 1568 (-) GRWAAW S000198 

GT1CONSENSUS site 1297 (-) GRWAAW S000198 

GT1GMSCAM4 site 556 (+) GAAAAA S000453 

GTGANTG10 site 548 (+) GTGA S000378 

GTGANTG10 site 554 (+) GTGA S000378 

GTGANTG10 site 649 (+) GTGA S000378 

GTGANTG10 site 1366 (+) GTGA S000378 

GTGANTG10 site 1146 (-) GTGA S000378 

GTGANTG10 site 1233 (-) GTGA S000378 

GTGANTG10 site 1404 (-) GTGA S000378 

GTGANTG10 site 1510 (-) GTGA S000378 

HEXAMERATH4 site 135 (+) CCGTCG S000146 

HEXAMERATH4 site 164 (+) CCGTCG S000146 

HEXAMERATH4 site 615 (-) CCGTCG S000146 

HEXAMERATH4 site 702 (-) CCGTCG S000146 

IBOX site 1033 (+) GATAAG S000124 

IBOXCORE site 1033 (+) GATAA S000199 

IBOXCORENT site 1033 (+) GATAAGR S000424 

INRNTPSADB site 551 (-) YTCANTYY S000395 

INTRONLOWER site 305 (+) TGCAGG S000086 

INTRONLOWER site 1587 (+) TGCAGG S000086 

INTRONLOWER site 1585 (-) TGCAGG S000086 

LTRE1HVBLT49 site 1452 (+) CCGAAA S000250 

LTRECOREATCOR15 site 42 (+) CCGAC S000153 

LTRECOREATCOR15 site 52 (+) CCGAC S000153 

LTRECOREATCOR15 site 207 (+) CCGAC S000153 

LTRECOREATCOR15 site 614 (+) CCGAC S000153 

LTRECOREATCOR15 site 77 (-) CCGAC S000153 

LTRECOREATCOR15 site 166 (-) CCGAC S000153 

LTRECOREATCOR15 site 184 (-) CCGAC S000153 

MYB1AT site 734 (-) WAACCA S000408 

MYB1AT site 1574 (-) WAACCA S000408 

MYB2CONSENSUSAT site 301 (-) YAACKG S000409 

MYB2CONSENSUSAT site 629 (-) YAACKG S000409 

MYB2CONSENSUSAT site 866 (-) YAACKG S000409 

MYB2CONSENSUSAT site 1088 (-) YAACKG S000409 

MYBCORE site 168 (+) CNGTTR S000176 
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MYBCORE site 301 (+) CNGTTR S000176 

MYBCORE site 629 (+) CNGTTR S000176 

MYBCORE site 866 (+) CNGTTR S000176 

MYBCORE site 912 (+) CNGTTR S000176 

MYBCORE site 1088 (+) CNGTTR S000176 

MYBCORE site 1304 (+) CNGTTR S000176 

MYBCOREATCYCB1 site 629 (-) AACGG S000502 

MYBCOREATCYCB1 site 866 (-) AACGG S000502 

MYBCOREATCYCB1 site 1088 (-) AACGG S000502 

MYBCOREATCYCB1 site 1289 (-) AACGG S000502 

MYBPZM site 169 (-) CCWACC S000179 

MYBST1 site 657 (+) GGATA S000180 

MYCCONSENSUSAT site 6 (+) CANNTG S000407 

MYCCONSENSUSAT site 295 (+) CANNTG S000407 

MYCCONSENSUSAT site 301 (+) CANNTG S000407 

MYCCONSENSUSAT site 904 (+) CANNTG S000407 

MYCCONSENSUSAT site 1070 (+) CANNTG S000407 

MYCCONSENSUSAT site 6 (-) CANNTG S000407 

MYCCONSENSUSAT site 295 (-) CANNTG S000407 

MYCCONSENSUSAT site 301 (-) CANNTG S000407 

MYCCONSENSUSAT site 904 (-) CANNTG S000407 

MYCCONSENSUSAT site 1070 (-) CANNTG S000407 

NODCON2GM site 880 (+) CTCTT S000462 

NODCON2GM site 955 (-) CTCTT S000462 

NODCON2GM site 1036 (-) CTCTT S000462 

NODCON2GM site 1054 (-) CTCTT S000462 

NODCON2GM site 1518 (-) CTCTT S000462 

OSE2ROOTNODULE site 880 (+) CTCTT S000468 

OSE2ROOTNODULE site 955 (-) CTCTT S000468 

OSE2ROOTNODULE site 1036 (-) CTCTT S000468 

OSE2ROOTNODULE site 1054 (-) CTCTT S000468 

OSE2ROOTNODULE site 1518 (-) CTCTT S000468 

PALBOXAPC site 521 (+) CCGTCC S000137 

PALBOXAPC site 1024 (+) CCGTCC S000137 

PALBOXAPC site 1122 (+) CCGTCC S000137 

PALBOXAPC site 1206 (+) CCGTCC S000137 

PALBOXAPC site 529 (-) CCGTCC S000137 

PALBOXAPC site 591 (-) CCGTCC S000137 

POLASIG1 site 923 (+) AATAAA S000080 

POLASIG2 site 836 (-) AATTAAA S000081 

POLLEN1LELAT52 site 469 (+) AGAAA S000245 

POLLEN1LELAT52 site 993 (+) AGAAA S000245 

POLLEN1LELAT52 site 1050 (+) AGAAA S000245 

POLLEN1LELAT52 site 438 (-) AGAAA S000245 

POLLEN1LELAT52 site 499 (-) AGAAA S000245 

POLLEN1LELAT52 site 715 (-) AGAAA S000245 

POLLEN1LELAT52 site 781 (-) AGAAA S000245 

POLLEN1LELAT52 site 883 (-) AGAAA S000245 

POLLEN1LELAT52 site 1347 (-) AGAAA S000245 

POLLEN1LELAT52 site 1422 (-) AGAAA S000245 

POLLEN1LELAT52 site 1541 (-) AGAAA S000245 

POLLEN1LELAT52 site 1570 (-) AGAAA S000245 

PREATPRODH site 457 (+) ACTCAT S000450 

PRECONSCRHSP70A site 614 (+) SCGAY S000506 

PROLAMINBOXOSGLUB1 site 1373 (+) TGCAAAG S000354 

PYRIMIDINEBOXOSRAMY1A site 1395 (+) CCTTTT S000259 

PYRIMIDINEBOXOSRAMY1A site 1419 (+) CCTTTT S000259 

PYRIMIDINEBOXOSRAMY1A site 1095 (-) CCTTTT S000259 

RAV1AAT site 178 (+) CAACA S000314 

RAV1AAT site 951 (+) CAACA S000314 

RAV1AAT site 913 (-) CAACA S000314 

RAV1AAT site 1305 (-) CAACA S000314 

RHERPATEXPA7 site 903 (+) KCACGW S000512 
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RHERPATEXPA7 site 1510 (+) KCACGW S000512 

ROOTMOTIFTAPOX1 site 1271 (-) ATATT S000098 

RYREPEATBNNAPA site 1413 (-) CATGCA S000264 

RYREPEATLEGUMINBOX site 1412 (-) CATGCAY S000100 

SITEIIATCYTC site 683 (-) TGGGCY S000474 

SORLIP1AT site 19 (+) GCCAC S000482 

SORLIP1AT site 98 (+) GCCAC S000482 

SORLIP1AT site 726 (+) GCCAC S000482 

SORLIP1AT site 1180 (+) GCCAC S000482 

SORLIP2AT site 1006 (+) GGGCC S000483 

SORLIP2AT site 1178 (+) GGGCC S000483 

SORLIP2AT site 39 (-) GGGCC S000483 

SORLIP2AT site 683 (-) GGGCC S000483 

SURECOREATSULTR11 site 71 (-) GAGAC S000499 

SURECOREATSULTR11 site 91 (-) GAGAC S000499 

SURECOREATSULTR11 site 878 (-) GAGAC S000499 

SV40COREENHAN site 139 (-) GTGGWWHG S000123 

TATABOX5 site 778 (+) TTATTT S000203 

TATCCAOSAMY site 656 (-) TATCCA S000403 

TBOXATGAPB site 1076 (+) ACTTTG S000383 

TRANSINITMONOCOTS site 669 (-) RMNAUGGC S000202 

WBOXATNPR1 site 1278 (-) TTGAC S000390 

WBOXHVISO1 site 1074 (+) TGACT S000442 

WBOXNTCHN48 site 1073 (+) CTGACY S000508 

WBOXNTCHN48 site 1558 (+) CTGACY S000508 

WBOXNTERF3 site 1074 (+) TGACY S000457 

WBOXNTERF3 site 1559 (+) TGACY S000457 

WRKY71OS site 1074 (+) TGAC S000447 

WRKY71OS site 1559 (+) TGAC S000447 

WRKY71OS site 763 (-) TGAC S000447 

WRKY71OS site 1145 (-) TGAC S000447 

WRKY71OS site 1278 (-) TGAC S000447 

Legends: (+) sense sequence, (-) antisense sequence 
 

  



 

 

227 

 

>SbCA4pro - Sb03g029200 

Factor or Site Name   Location (Strand) Signal Sequence SITE # 

-10PEHVPSBD site 814 (+) TATTCT S000392 

-10PEHVPSBD site 1122 (-) TATTCT S000392 

-300ELEMENT site 1504 (-) TGHAAARK S000122 

2SSEEDPROTBANAPA site 1697 (-) CAAACAC S000143 

AACACOREOSGLUB1 site 1243 (+) AACAAAC S000353 

AACACOREOSGLUB1 site 551 (-) AACAAAC S000353 

ABRELATERD1 site 335 (-) ACGTG S000414 

ACGTATERD1 site 336 (+) ACGT S000415 

ACGTATERD1 site 484 (+) ACGT S000415 

ACGTATERD1 site 497 (+) ACGT S000415 

ACGTATERD1 site 336 (-) ACGT S000415 

ACGTATERD1 site 484 (-) ACGT S000415 

ACGTATERD1 site 497 (-) ACGT S000415 

ACGTOSGLUB1 site 335 (-) GTACGTG S000278 

AMYBOX1 site 732 (-) TAACARA S000020 

AMYBOX1 site 1952 (-) TAACARA S000020 

ANAERO1CONSENSUS site 959 (+) AAACAAA S000477 

ANAERO2CONSENSUS site 193 (-) AGCAGC S000478 

ANAERO2CONSENSUS site 196 (-) AGCAGC S000478 

ANAERO2CONSENSUS site 223 (-) AGCAGC S000478 

ANAERO2CONSENSUS site 425 (-) AGCAGC S000478 

ANAERO2CONSENSUS site 823 (-) AGCAGC S000478 

ARR1AT site 463 (+) NGATT S000454 

ARR1AT site 366 (+) NGATT S000454 

ARR1AT site 560 (+) NGATT S000454 

ARR1AT site 578 (+) NGATT S000454 

ARR1AT site 1358 (+) NGATT S000454 

ARR1AT site 1406 (+) NGATT S000454 

ARR1AT site 1526 (+) NGATT S000454 

ARR1AT site 1691 (+) NGATT S000454 

ARR1AT site 1937 (+) NGATT S000454 

ARR1AT site 21 (-) NGATT S000454 

ARR1AT site 26 (-) NGATT S000454 

ARR1AT site 83 (-) NGATT S000454 

ARR1AT site 144 (-) NGATT S000454 

ARR1AT site 854 (-) NGATT S000454 

ARR1AT site 905 (-) NGATT S000454 

ARR1AT site 1098 (-) NGATT S000454 

ARR1AT site 1193 (-) NGATT S000454 

ARR1AT site 1450 (-) NGATT S000454 

ARR1AT site 1809 (-) NGATT S000454 

ARR1AT site 1860 (-) NGATT S000454 

ARR1AT site 1889 (-) NGATT S000454 

ASF1MOTIFCAMV site 420 (+) TGACG S000024 

ASF1MOTIFCAMV site 1425 (+) TGACG S000024 

ASF1MOTIFCAMV site 1616 (-) TGACG S000024 

AUXREPSIAA4 site 1236 (-) KGTCCCAT S000026 

BIHD1OS site 1455 (-) TGTCA S000498 

BOXIINTPATPB site 769 (+) ATAGAA S000296 

BOXIINTPATPB site 849 (+) ATAGAA S000296 

BOXLCOREDCPAL site 108 (+) ACCWWCC S000492 

BOXLCOREDCPAL site 1203 (+) ACCWWCC S000492 

BOXLCOREDCPAL site 1604 (+) ACCWWCC S000492 

BOXLCOREDCPAL site 1260 (-) ACCWWCC S000492 

BS1EGCCR site 173 (+) AGCGGG S000352 

BS1EGCCR site 1208 (-) AGCGGG S000352 

CAATBOX1 site 65 (+) CAAT S000028 

CAATBOX1 site 721 (+) CAAT S000028 

CAATBOX1 site 1052 (+) CAAT S000028 

CAATBOX1 site 1097 (+) CAAT S000028 
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CAATBOX1 site 1150 (+) CAAT S000028 

CAATBOX1 site 1192 (+) CAAT S000028 

CAATBOX1 site 1309 (+) CAAT S000028 

CAATBOX1 site 1474 (+) CAAT S000028 

CAATBOX1 site 1653 (+) CAAT S000028 

CAATBOX1 site 1816 (+) CAAT S000028 

CAATBOX1 site 13 (-) CAAT S000028 

CAATBOX1 site 389 (-) CAAT S000028 

CAATBOX1 site 465 (-) CAAT S000028 

CAATBOX1 site 580 (-) CAAT S000028 

CAATBOX1 site 661 (-) CAAT S000028 

CAATBOX1 site 1330 (-) CAAT S000028 

CAATBOX1 site 1360 (-) CAAT S000028 

CAATBOX1 site 1408 (-) CAAT S000028 

CAATBOX1 site 1461 (-) CAAT S000028 

CAATBOX1 site 1476 (-) CAAT S000028 

CACTFTPPCA1 site 1510 (+) YACT S000449 

CACTFTPPCA1 site 1773 (+) YACT S000449 

CACTFTPPCA1 site 33 (+) YACT S000449 

CACTFTPPCA1 site 895 (+) YACT S000449 

CACTFTPPCA1 site 1047 (+) YACT S000449 

CACTFTPPCA1 site 1353 (+) YACT S000449 

CACTFTPPCA1 site 1401 (+) YACT S000449 

CACTFTPPCA1 site 1827 (+) YACT S000449 

CACTFTPPCA1 site 1949 (+) YACT S000449 

CACTFTPPCA1 site 47 (-) YACT S000449 

CACTFTPPCA1 site 506 (-) YACT S000449 

CACTFTPPCA1 site 947 (-) YACT S000449 

CACTFTPPCA1 site 1559 (-) YACT S000449 

CACTFTPPCA1 site 1600 (-) YACT S000449 

CACTFTPPCA1 site 1678 (-) YACT S000449 

CACTFTPPCA1 site 1696 (-) YACT S000449 

CACTFTPPCA1 site 1799 (-) YACT S000449 

CACTFTPPCA1 site 1967 (-) YACT S000449 

CANBNNAPA site 1697 (-) CNAACAC S000148 

CATATGGMSAUR site 327 (+) CATATG S000370 

CATATGGMSAUR site 1522 (+) CATATG S000370 

CATATGGMSAUR site 327 (-) CATATG S000370 

CATATGGMSAUR site 1522 (-) CATATG S000370 

CBFHV site 57 (+) RYCGAC S000497 

CBFHV site 306 (+) RYCGAC S000497 

CCAATBOX1 site 580 (-) CCAAT S000030 

CCAATBOX1 site 1476 (-) CCAAT S000030 

CGACGOSAMY3 site 587 (-) CGACG S000205 

CGCGBOXAT site 246 (+) VCGCGB S000501 

CGCGBOXAT site 290 (+) VCGCGB S000501 

CGCGBOXAT site 246 (-) VCGCGB S000501 

CGCGBOXAT site 290 (-) VCGCGB S000501 

CIACADIANLELHC site 65 (+) CAANNNNATC S000252 

CIACADIANLELHC site 1572 (-) CAANNNNATC S000252 

CURECORECR site 338 (+) GTAC S000493 

CURECORECR site 1968 (+) GTAC S000493 

CURECORECR site 338 (-) GTAC S000493 

CURECORECR site 1968 (-) GTAC S000493 

DOFCOREZM site 239 (+) AAAG S000265 

DOFCOREZM site 492 (+) AAAG S000265 

DOFCOREZM site 607 (+) AAAG S000265 

DOFCOREZM site 964 (+) AAAG S000265 

DOFCOREZM site 971 (+) AAAG S000265 

DOFCOREZM site 1293 (+) AAAG S000265 

DOFCOREZM site 1752 (+) AAAG S000265 

DOFCOREZM site 833 (-) AAAG S000265 

DOFCOREZM site 954 (-) AAAG S000265 
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DOFCOREZM site 986 (-) AAAG S000265 

DOFCOREZM site 1269 (-) AAAG S000265 

DOFCOREZM site 1439 (-) AAAG S000265 

DOFCOREZM site 1769 (-) AAAG S000265 

DOFCOREZM site 1892 (-) AAAG S000265 

DOFCOREZM site 1921 (-) AAAG S000265 

DPBFCOREDCDC3 site 1320 (+) ACACNNG S000292 

DPBFCOREDCDC3 site 1373 (-) ACACNNG S000292 

DRE2COREZMRAB17 site 57 (+) ACCGAC S000402 

DRECRTCOREAT site 57 (+) RCCGAC S000418 

DRECRTCOREAT site 306 (+) RCCGAC S000418 

E2F1OSPCNA site 248 (+) GCGGGAAA S000396 

E2FANTRNR site 248 (-) TTTCCCGC S000366 

E2FCONSENSUS site 248 (-) WTTSSCSS S000476 

EBOXBNNAPA site 327 (+) CANNTG S000144 

EBOXBNNAPA site 378 (+) CANNTG S000144 

EBOXBNNAPA site 538 (+) CANNTG S000144 

EBOXBNNAPA site 693 (+) CANNTG S000144 

EBOXBNNAPA site 1336 (+) CANNTG S000144 

EBOXBNNAPA site 1373 (+) CANNTG S000144 

EBOXBNNAPA site 1384 (+) CANNTG S000144 

EBOXBNNAPA site 1421 (+) CANNTG S000144 

EBOXBNNAPA site 1430 (+) CANNTG S000144 

EBOXBNNAPA site 1474 (+) CANNTG S000144 

EBOXBNNAPA site 1522 (+) CANNTG S000144 

EBOXBNNAPA site 1567 (+) CANNTG S000144 

EBOXBNNAPA site 1619 (+) CANNTG S000144 

EBOXBNNAPA site 1729 (+) CANNTG S000144 

EBOXBNNAPA site 327 (-) CANNTG S000144 

EBOXBNNAPA site 378 (-) CANNTG S000144 

EBOXBNNAPA site 538 (-) CANNTG S000144 

EBOXBNNAPA site 693 (-) CANNTG S000144 

EBOXBNNAPA site 1336 (-) CANNTG S000144 

EBOXBNNAPA site 1373 (-) CANNTG S000144 

EBOXBNNAPA site 1384 (-) CANNTG S000144 

EBOXBNNAPA site 1421 (-) CANNTG S000144 

EBOXBNNAPA site 1430 (-) CANNTG S000144 

EBOXBNNAPA site 1474 (-) CANNTG S000144 

EBOXBNNAPA site 1522 (-) CANNTG S000144 

EBOXBNNAPA site 1567 (-) CANNTG S000144 

EBOXBNNAPA site 1619 (-) CANNTG S000144 

EBOXBNNAPA site 1729 (-) CANNTG S000144 

EECCRCAH1 site 367 (+) GANTTNC S000494 

EECCRCAH1 site 1544 (+) GANTTNC S000494 

EECCRCAH1 site 529 (-) GANTTNC S000494 

EECCRCAH1 site 858 (-) GANTTNC S000494 

EECCRCAH1 site 1299 (-) GANTTNC S000494 

EECCRCAH1 site 1886 (-) GANTTNC S000494 

ELRECOREPCRP1 site 523 (-) TTGACC S000142 

ELRECOREPCRP1 site 1078 (-) TTGACC S000142 

GARE1OSREP1 site 1952 (-) TAACAGA S000419 

GAREAT site 732 (-) TAACAAR S000439 

GATABOX site 755 (+) GATA S000039 

GATABOX site 848 (+) GATA S000039 

GATABOX site 893 (+) GATA S000039 

GATABOX site 1045 (+) GATA S000039 

GATABOX site 1135 (+) GATA S000039 

GATABOX site 1351 (+) GATA S000039 

GATABOX site 1399 (+) GATA S000039 

GATABOX site 1592 (+) GATA S000039 

GATABOX site 1745 (+) GATA S000039 

GATABOX site 49 (-) GATA S000039 

GATABOX site 1561 (-) GATA S000039 
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GT1CONSENSUS site 251 (+) GRWAAW S000198 

GT1CONSENSUS site 671 (+) GRWAAW S000198 

GT1CONSENSUS site 974 (+) GRWAAW S000198 

GT1CONSENSUS site 1326 (+) GRWAAW S000198 

GT1CONSENSUS site 1886 (+) GRWAAW S000198 

GT1CONSENSUS site 368 (-) GRWAAW S000198 

GT1CONSENSUS site 406 (-) GRWAAW S000198 

GT1CONSENSUS site 1924 (-) GRWAAW S000198 

GT1CORE site 967 (+) GGTTAA S000125 

GT1CORE site 922 (-) GGTTAA S000125 

GT1GMSCAM4 site 671 (+) GAAAAA S000453 

GT1GMSCAM4 site 1924 (-) GAAAAA S000453 

GTGANTG10 site 507 (+) GTGA S000378 

GTGANTG10 site 727 (+) GTGA S000378 

GTGANTG10 site 1542 (+) GTGA S000378 

GTGANTG10 site 1806 (+) GTGA S000378 

GTGANTG10 site 55 (-) GTGA S000378 

GTGANTG10 site 106 (-) GTGA S000378 

GTGANTG10 site 334 (-) GTGA S000378 

GTGANTG10 site 377 (-) GTGA S000378 

GTGANTG10 site 537 (-) GTGA S000378 

GTGANTG10 site 1014 (-) GTGA S000378 

GTGANTG10 site 1112 (-) GTGA S000378 

GTGANTG10 site 1214 (-) GTGA S000378 

GTGANTG10 site 1443 (-) GTGA S000378 

GTGANTG10 site 1514 (-) GTGA S000378 

GTGANTG10 site 1716 (-) GTGA S000378 

GTGANTG10 site 1772 (-) GTGA S000378 

HEXAMERATH4 site 586 (+) CCGTCG S000146 

IBOX site 1592 (+) GATAAG S000124 

IBOXCORE site 1135 (+) GATAA S000199 

IBOXCORE site 1592 (+) GATAA S000199 

INRNTPSADB site 63 (+) YTCANTYY S000395 

INRNTPSADB site 563 (+) YTCANTYY S000395 

INRNTPSADB site 936 (+) YTCANTYY S000395 

INRNTPSADB site 463 (-) YTCANTYY S000395 

INTRONLOWER site 440 (+) TGCAGG S000086 

INTRONLOWER site 926 (-) TGCAGG S000086 

INTRONLOWER site 1218 (-) TGCAGG S000086 

LTRE1HVBLT49 site 236 (+) CCGAAA S000250 

LTRECOREATCOR15 site 58 (+) CCGAC S000153 

LTRECOREATCOR15 site 75 (+) CCGAC S000153 

LTRECOREATCOR15 site 307 (+) CCGAC S000153 

MARTBOX site 672 (-) TTWTWTTWTT S000067 

MYB1AT site 1872 (+) WAACCA S000408 

MYB1AT site 810 (-) WAACCA S000408 

MYB1AT site 1170 (-) WAACCA S000408 

MYB1AT site 1945 (-) WAACCA S000408 

MYB2CONSENSUSAT site 693 (+) YAACKG S000409 

MYBCORE site 818 (+) CNGTTR S000176 

MYBCORE site 1365 (+) CNGTTR S000176 

MYBCORE site 1413 (+) CNGTTR S000176 

MYBCORE site 1953 (+) CNGTTR S000176 

MYBCORE site 693 (-) CNGTTR S000176 

MYBGAHV site 732 (-) TAACAAA S000181 

MYBPLANT site 1603 (+) MACCWAMC S000167 

MYBPZM site 1605 (+) CCWACC S000179 

MYBPZM site 1665 (+) CCWACC S000179 

MYBPZM site 1276 (-) CCWACC S000179 

MYBST1 site 892 (+) GGATA S000180 

MYBST1 site 49 (-) GGATA S000180 

MYCATERD1 site 1336 (+) CATGTG S000413 

MYCATERD1 site 1384 (+) CATGTG S000413 
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MYCATRD22 site 1336 (-) CACATG S000174 

MYCATRD22 site 1384 (-) CACATG S000174 

MYCCONSENSUSAT site 327 (+) CANNTG S000407 

MYCCONSENSUSAT site 378 (+) CANNTG S000407 

MYCCONSENSUSAT site 538 (+) CANNTG S000407 

MYCCONSENSUSAT site 693 (+) CANNTG S000407 

MYCCONSENSUSAT site 1336 (+) CANNTG S000407 

MYCCONSENSUSAT site 1373 (+) CANNTG S000407 

MYCCONSENSUSAT site 1384 (+) CANNTG S000407 

MYCCONSENSUSAT site 1421 (+) CANNTG S000407 

MYCCONSENSUSAT site 1430 (+) CANNTG S000407 

MYCCONSENSUSAT site 1474 (+) CANNTG S000407 

MYCCONSENSUSAT site 1522 (+) CANNTG S000407 

MYCCONSENSUSAT site 1567 (+) CANNTG S000407 

MYCCONSENSUSAT site 1619 (+) CANNTG S000407 

MYCCONSENSUSAT site 1729 (+) CANNTG S000407 

MYCCONSENSUSAT site 327 (-) CANNTG S000407 

MYCCONSENSUSAT site 378 (-) CANNTG S000407 

MYCCONSENSUSAT site 538 (-) CANNTG S000407 

MYCCONSENSUSAT site 693 (-) CANNTG S000407 

MYCCONSENSUSAT site 1336 (-) CANNTG S000407 

MYCCONSENSUSAT site 1373 (-) CANNTG S000407 

MYCCONSENSUSAT site 1384 (-) CANNTG S000407 

MYCCONSENSUSAT site 1421 (-) CANNTG S000407 

MYCCONSENSUSAT site 1430 (-) CANNTG S000407 

MYCCONSENSUSAT site 1474 (-) CANNTG S000407 

MYCCONSENSUSAT site 1522 (-) CANNTG S000407 

MYCCONSENSUSAT site 1567 (-) CANNTG S000407 

MYCCONSENSUSAT site 1619 (-) CANNTG S000407 

MYCCONSENSUSAT site 1729 (-) CANNTG S000407 

NODCON1GM site 1890 (-) AAAGAT S000461 

NODCON2GM site 373 (+) CTCTT S000462 

NODCON2GM site 516 (+) CTCTT S000462 

OSE1ROOTNODULE site 1890 (-) AAAGAT S000467 

OSE2ROOTNODULE site 373 (+) CTCTT S000468 

OSE2ROOTNODULE site 516 (+) CTCTT S000468 

POLASIG1 site 783 (+) AATAAA S000080 

POLASIG1 site 1501 (-) AATAAA S000080 

POLASIG3 site 1310 (+) AATAAT S000088 

POLLEN1LELAT52 site 851 (+) AGAAA S000245 

POLLEN1LELAT52 site 1325 (+) AGAAA S000245 

POLLEN1LELAT52 site 1857 (+) AGAAA S000245 

POLLEN1LELAT52 site 370 (-) AGAAA S000245 

POLLEN1LELAT52 site 834 (-) AGAAA S000245 

POLLEN1LELAT52 site 1547 (-) AGAAA S000245 

POLLEN1LELAT52 site 1926 (-) AGAAA S000245 

POLLEN1LELAT52 site 1959 (-) AGAAA S000245 

PREATPRODH site 1774 (+) ACTCAT S000450 

PREATPRODH site 1433 (-) ACTCAT S000450 

PRECONSCRHSP70A site 258 (+) SCGAYNRNNNNNNNNNNNNNNNHD S000506 

PRECONSCRHSP70A site 307 (+) SCGAYNRNNNNNNNNNNNNNNNHD S000506 

PRECONSCRHSP70A site 753 (+) SCGAYNRNNNNNNNNNNNNNNNHD S000506 

PRECONSCRHSP70A site 1050 (-) SCGAYNRNNNNNNNNNNNNNNNHD S000506 

PYRIMIDINEBOXOSRAMY1A site 1920 (+) CCTTTT S000259 

PYRIMIDINEBOXOSRAMY1A site 963 (-) CCTTTT S000259 

QELEMENTZMZM13 site 346 (+) AGGTCA S000254 

RAV1AAT site 1242 (+) CAACA S000314 

RAV1AAT site 1306 (+) CAACA S000314 

RAV1AAT site 393 (-) CAACA S000314 

RAV1AAT site 819 (-) CAACA S000314 

RAV1AAT site 1064 (-) CAACA S000314 

RAV1AAT site 1106 (-) CAACA S000314 

RAV1AAT site 1252 (-) CAACA S000314 
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RAV1AAT site 1377 (-) CAACA S000314 

RAV1AAT site 1840 (-) CAACA S000314 

RAV1AAT site 1913 (-) CAACA S000314 

RAV1BAT site 378 (+) CACCTG S000315 

RAV1BAT site 538 (+) CACCTG S000315 

RAV1BAT site 1373 (-) CACCTG S000315 

RAV1BAT site 1619 (-) CACCTG S000315 

RHERPATEXPA7 site 334 (+) KCACGW S000512 

ROOTMOTIFTAPOX1 site 1459 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 977 (-) ATATT S000098 

ROOTMOTIFTAPOX1 site 1705 (-) ATATT S000098 

RYREPEATBNNAPA site 1334 (-) CATGCA S000264 

RYREPEATBNNAPA site 1382 (-) CATGCA S000264 

RYREPEATLEGUMINBOX site 1333 (-) CATGCAY S000100 

RYREPEATLEGUMINBOX site 1381 (-) CATGCAY S000100 

SEF3MOTIFGM site 602 (+) AACCCA S000115 

SEF3MOTIFGM site 474 (-) AACCCA S000115 

SEF4MOTIFGM7S site 140 (-) RTTTTTR S000103 

SEF4MOTIFGM7S site 790 (-) RTTTTTR S000103 

SEF4MOTIFGM7S site 1183 (-) RTTTTTR S000103 

SITEIIATCYTC site 582 (+) TGGGCY S000474 

SITEIIATCYTC site 280 (-) TGGGCY S000474 

SORLIP2AT site 583 (+) GGGCC S000483 

SORLIP5AT site 505 (+) GAGTGAG S000486 

SP8BFIBSP8BIB site 44 (-) TACTATT S000184 

SURECOREATSULTR11 site 352 (-) GAGAC S000499 

SURECOREATSULTR11 site 637 (-) GAGAC S000499 

SURECOREATSULTR11 site 867 (-) GAGAC S000499 

TAAAGSTKST1 site 970 (+) TAAAG S000387 

TAAAGSTKST1 site 1751 (+) TAAAG S000387 

TAAAGSTKST1 site 986 (-) TAAAG S000387 

TATABOX3 site 1314 (-) TATTAAT S000110 

TATABOX4 site 1174 (+) TATATAA S000111 

TATABOX4 site 1173 (-) TATATAA S000111 

TATABOX5 site 1502 (+) TTATTT S000203 

TATABOX5 site 1956 (+) TTATTT S000203 

TATABOX5 site 782 (-) TTATTT S000203 

TBOXATGAPB site 606 (-) ACTTTG S000383 

WBBOXPCWRKY1 site 1867 (-) TTTGACY S000310 

WBBOXPCWRKY1 site 1078 (-) TTTGACY S000310 

WBOXATNPR1 site 524 (-) TTGAC S000390 

WBOXATNPR1 site 1079 (-) TTGAC S000390 

WBOXATNPR1 site 1868 (-) TTGAC S000390 

WBOXHVISO1 site 596 (-) TGACT S000442 

WBOXHVISO1 site 1867 (-) TGACT S000442 

WBOXNTCHN48 site 596 (-) CTGACY S000508 

WBOXNTCHN48 site 347 (-) CTGACY S000508 

WBOXNTCHN48 site 1581 (-) CTGACY S000508 

WBOXNTERF3 site 596 (-) TGACY S000457 

WBOXNTERF3 site 1867 (-) TGACY S000457 

WBOXNTERF3 site 332 (-) TGACY S000457 

WBOXNTERF3 site 347 (-) TGACY S000457 

WBOXNTERF3 site 523 (-) TGACY S000457 

WBOXNTERF3 site 1078 (-) TGACY S000457 

WBOXNTERF3 site 1581 (-) TGACY S000457 

WRKY71OS site 420 (+) TGAC S000447 

WRKY71OS site 1425 (+) TGAC S000447 

WRKY71OS site 1455 (+) TGAC S000447 

WRKY71OS site 333 (-) TGAC S000447 

WRKY71OS site 348 (-) TGAC S000447 

WRKY71OS site 524 (-) TGAC S000447 

WRKY71OS site 597 (-) TGAC S000447 

WRKY71OS site 1079 (-) TGAC S000447 
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WRKY71OS site 1582 (-) TGAC S000447 

WRKY71OS site 1617 (-) TGAC S000447 

WRKY71OS site 1868 (-) TGAC S000447 

Legends: (+) sense sequence, (-) antisense sequence 
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>SbPEPC1pro - Sb10g021330  

Factor or Site Name Location (Strand) Signal Sequence SITE # 

-10PEHVPSBD site 36 (-) TATTCT S000392 

-300ELEMENT site 46 (-) TGHAAARK S000122 

-300ELEMENT site 308 (-) TGHAAARK S000122 

ABRELATERD1 site 15 (+) ACGTG S000414 

ABRELATERD1 site 420 (+) ACGTG S000414 

ABRELATERD1 site 1399 (-) ACGTG S000414 

ABRELATERD1 site 1683 (-) ACGTG S000414 

ABRERATCAL site 1847 (-) MACGYGB S000507 

ACGTATERD1 site 15 (+) ACGT S000415 

ACGTATERD1 site 420 (+) ACGT S000415 

ACGTATERD1 site 1400 (+) ACGT S000415 

ACGTATERD1 site 1684 (+) ACGT S000415 

ACGTATERD1 site 1749 (+) ACGT S000415 

ACGTATERD1 site 15 (-) ACGT S000415 

ACGTATERD1 site 420 (-) ACGT S000415 

ACGTATERD1 site 1400 (-) ACGT S000415 

ACGTATERD1 site 1684 (-) ACGT S000415 

ACGTATERD1 site 1749 (-) ACGT S000415 

AMYBOX1 site 1243 (+) TAACARA S000020 

AMYBOX2 site 1136 (-) TATCCAT S000021 

AMYBOX2 site 1512 (-) TATCCAT S000021 

ANAERO1CONSENSUS site 1087 (-) AAACAAA S000477 

ANAERO2CONSENSUS site 1408 (+) AGCAGC S000478 

ANAERO2CONSENSUS site 1757 (+) AGCAGC S000478 

ANAERO2CONSENSUS site 1776 (+) AGCAGC S000478 

ANAERO2CONSENSUS site 1944 (+) AGCAGC S000478 

ANAERO2CONSENSUS site 1 (-) AGCAGC S000478 

ANAERO2CONSENSUS site 852 (-) AGCAGC S000478 

ANAERO3CONSENSUS site 677 (-) TCATCAC S000479 

ARE1 site 1389 (+) RGTGACNNNGC S000022 

ARR1AT site 910 (+) NGATT S000454 

ARR1AT site 334 (-) NGATT S000454 

ARR1AT site 810 (-) NGATT S000454 

ARR1AT site 827 (-) NGATT S000454 

ARR1AT site 875 (-) NGATT S000454 

ARR1AT site 1303 (-) NGATT S000454 

ARR1AT site 1843 (-) NGATT S000454 

ARR1AT site 1925 (-) NGATT S000454 

ASF1MOTIFCAMV site 366 (-) TGACG S000024 

ASF1MOTIFCAMV site 1401 (-) TGACG S000024 

AUXREPSIAA4 site 287 (+) KGTCCCAT S000026 

BIHD1OS site 18 (-) TGTCA S000498 

BIHD1OS site 423 (-) TGTCA S000498 

BIHD1OS site 542 (-) TGTCA S000498 

BIHD1OS site 681 (-) TGTCA S000498 

BIHD1OS site 1391 (-) TGTCA S000498 

BIHD1OS site 1740 (-) TGTCA S000498 

BOXIINTPATPB site 39 (+) ATAGAA S000296 

BOXIINTPATPB site 490 (-) ATAGAA S000296 

CAATBOX1 site 252 (+) CAAT S000028 

CAATBOX1 site 684 (+) CAAT S000028 

CAATBOX1 site 703 (+) CAAT S000028 

CAATBOX1 site 753 (+) CAAT S000028 

CAATBOX1 site 1029 (+) CAAT S000028 

CAATBOX1 site 1128 (+) CAAT S000028 

CAATBOX1 site 1562 (+) CAAT S000028 

CAATBOX1 site 1700 (+) CAAT S000028 

CAATBOX1 site 1842 (+) CAAT S000028 

CAATBOX1 site 1924 (+) CAAT S000028 

CAATBOX1 site 280 (-) CAAT S000028 
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CAATBOX1 site 400 (-) CAAT S000028 

CAATBOX1 site 437 (-) CAAT S000028 

CAATBOX1 site 482 (-) CAAT S000028 

CAATBOX1 site 496 (-) CAAT S000028 

CAATBOX1 site 867 (-) CAAT S000028 

CAATBOX1 site 1918 (-) CAAT S000028 

CACTFTPPCA1 site 306 (+) YACT S000449 

CACTFTPPCA1 site 390 (+) YACT S000449 

CACTFTPPCA1 site 407 (+) YACT S000449 

CACTFTPPCA1 site 413 (+) YACT S000449 

CACTFTPPCA1 site 672 (+) YACT S000449 

CACTFTPPCA1 site 1482 (+) YACT S000449 

CACTFTPPCA1 site 1653 (+) YACT S000449 

CACTFTPPCA1 site 1663 (+) YACT S000449 

CACTFTPPCA1 site 1869 (+) YACT S000449 

CACTFTPPCA1 site 2009 (+) YACT S000449 

CACTFTPPCA1 site 29 (+) YACT S000449 

CACTFTPPCA1 site 430 (+) YACT S000449 

CACTFTPPCA1 site 461 (+) YACT S000449 

CACTFTPPCA1 site 524 (+) YACT S000449 

CACTFTPPCA1 site 597 (+) YACT S000449 

CACTFTPPCA1 site 651 (+) YACT S000449 

CACTFTPPCA1 site 715 (+) YACT S000449 

CACTFTPPCA1 site 1172 (+) YACT S000449 

CACTFTPPCA1 site 1504 (+) YACT S000449 

CACTFTPPCA1 site 1517 (+) YACT S000449 

CACTFTPPCA1 site 53 (-) YACT S000449 

CACTFTPPCA1 site 201 (-) YACT S000449 

CACTFTPPCA1 site 273 (-) YACT S000449 

CACTFTPPCA1 site 443 (-) YACT S000449 

CACTFTPPCA1 site 456 (-) YACT S000449 

CACTFTPPCA1 site 649 (-) YACT S000449 

CACTFTPPCA1 site 709 (-) YACT S000449 

CACTFTPPCA1 site 738 (-) YACT S000449 

CACTFTPPCA1 site 895 (-) YACT S000449 

CACTFTPPCA1 site 963 (-) YACT S000449 

CACTFTPPCA1 site 1389 (-) YACT S000449 

CACTFTPPCA1 site 1731 (-) YACT S000449 

CACTFTPPCA1 site 1738 (-) YACT S000449 

CACTFTPPCA1 site 1746 (-) YACT S000449 

CAREOSREP1 site 1876 (+) CAACTC S000421 

CAREOSREP1 site 1928 (+) CAACTC S000421 

CARGCW8GAT site 57 (+) CWWWWWWWWG S000431 

CARGCW8GAT site 57 (-) CWWWWWWWWG S000431 

CATATGGMSAUR site 67 (+) CATATG S000370 

CATATGGMSAUR site 729 (+) CATATG S000370 

CATATGGMSAUR site 67 (-) CATATG S000370 

CATATGGMSAUR site 729 (-) CATATG S000370 

CBFHV site 1859 (+) RYCGAC S000497 

CBFHV site 882 (-) RYCGAC S000497 

CCAATBOX1 site 752 (+) CCAAT S000030 

CCAATBOX1 site 1028 (+) CCAAT S000030 

CCAATBOX1 site 1841 (+) CCAAT S000030 

CCAATBOX1 site 482 (-) CCAAT S000030 

CGACGOSAMY3 site 781 (+) CGACG S000205 

CGACGOSAMY3 site 1635 (-) CGACG S000205 

CGCGBOXAT site 1792 (+) VCGCGB S000501 

CGCGBOXAT site 1847 (+) VCGCGB S000501 

CGCGBOXAT site 1962 (+) VCGCGB S000501 

CGCGBOXAT site 1967 (+) VCGCGB S000501 

CGCGBOXAT site 903 (+) VCGCGB S000501 

CGCGBOXAT site 1522 (+) VCGCGB S000501 

CGCGBOXAT site 1794 (+) VCGCGB S000501 
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CGCGBOXAT site 1792 (-) VCGCGB S000501 

CGCGBOXAT site 1847 (-) VCGCGB S000501 

CGCGBOXAT site 1962 (-) VCGCGB S000501 

CGCGBOXAT site 1967 (-) VCGCGB S000501 

CGCGBOXAT site 903 (-) VCGCGB S000501 

CGCGBOXAT site 1522 (-) VCGCGB S000501 

CGCGBOXAT site 1794 (-) VCGCGB S000501 

CIACADIANLELHC site 1346 (+) CAANNNNATC S000252 

CIACADIANLELHC site 394 (-) CAANNNNATC S000252 

CPBCSPOR site 57 (-) TATTAG S000491 

CPBCSPOR site 531 (-) TATTAG S000491 

CURECORECR site 596 (+) GTAC S000493 

CURECORECR site 650 (+) GTAC S000493 

CURECORECR site 1503 (+) GTAC S000493 

CURECORECR site 1747 (+) GTAC S000493 

CURECORECR site 596 (-) GTAC S000493 

CURECORECR site 650 (-) GTAC S000493 

CURECORECR site 1503 (-) GTAC S000493 

CURECORECR site 1747 (-) GTAC S000493 

DOFCOREZM site 271 (+) AAAG S000265 

DOFCOREZM site 441 (+) AAAG S000265 

DOFCOREZM site 1208 (+) AAAG S000265 

DOFCOREZM site 1395 (+) AAAG S000265 

DOFCOREZM site 1414 (+) AAAG S000265 

DOFCOREZM site 1744 (+) AAAG S000265 

DOFCOREZM site 1774 (+) AAAG S000265 

DOFCOREZM site 5 (-) AAAG S000265 

DOFCOREZM site 227 (-) AAAG S000265 

DOFCOREZM site 241 (-) AAAG S000265 

DOFCOREZM site 267 (-) AAAG S000265 

DOFCOREZM site 299 (-) AAAG S000265 

DOFCOREZM site 308 (-) AAAG S000265 

DOFCOREZM site 357 (-) AAAG S000265 

DOFCOREZM site 375 (-) AAAG S000265 

DOFCOREZM site 463 (-) AAAG S000265 

DOFCOREZM site 624 (-) AAAG S000265 

DOFCOREZM site 717 (-) AAAG S000265 

DOFCOREZM site 761 (-) AAAG S000265 

DOFCOREZM site 1035 (-) AAAG S000265 

DOFCOREZM site 1039 (-) AAAG S000265 

DOFCOREZM site 1470 (-) AAAG S000265 

DOFCOREZM site 1568 (-) AAAG S000265 

DOFCOREZM site 1837 (-) AAAG S000265 

DPBFCOREDCDC3 site 124 (+) ACACNNG S000292 

DPBFCOREDCDC3 site 144 (+) ACACNNG S000292 

DPBFCOREDCDC3 site 1369 (+) ACACNNG S000292 

DPBFCOREDCDC3 site 1718 (+) ACACNNG S000292 

DPBFCOREDCDC3 site 1868 (+) ACACNNG S000292 

DRECRTCOREAT site 1859 (+) RCCGAC S000418 

DRECRTCOREAT site 882 (-) RCCGAC S000418 

E2FCONSENSUS site 1091 (+) WTTSSCSS S000476 

EBOXBNNAPA site 67 (+) CANNTG S000144 

EBOXBNNAPA site 125 (+) CANNTG S000144 

EBOXBNNAPA site 145 (+) CANNTG S000144 

EBOXBNNAPA site 449 (+) CANNTG S000144 

EBOXBNNAPA site 672 (+) CANNTG S000144 

EBOXBNNAPA site 729 (+) CANNTG S000144 

EBOXBNNAPA site 850 (+) CANNTG S000144 

EBOXBNNAPA site 940 (+) CANNTG S000144 

EBOXBNNAPA site 1380 (+) CANNTG S000144 

EBOXBNNAPA site 1729 (+) CANNTG S000144 

EBOXBNNAPA site 1826 (+) CANNTG S000144 

EBOXBNNAPA site 67 (-) CANNTG S000144 
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EBOXBNNAPA site 125 (-) CANNTG S000144 

EBOXBNNAPA site 145 (-) CANNTG S000144 

EBOXBNNAPA site 449 (-) CANNTG S000144 

EBOXBNNAPA site 672 (-) CANNTG S000144 

EBOXBNNAPA site 729 (-) CANNTG S000144 

EBOXBNNAPA site 850 (-) CANNTG S000144 

EBOXBNNAPA site 940 (-) CANNTG S000144 

EBOXBNNAPA site 1380 (-) CANNTG S000144 

EBOXBNNAPA site 1729 (-) CANNTG S000144 

EBOXBNNAPA site 1826 (-) CANNTG S000144 

EECCRCAH1 site 331 (-) GANTTNC S000494 

EECCRCAH1 site 486 (-) GANTTNC S000494 

ELRECOREPCRP1 site 888 (+) TTGACC S000142 

ELRECOREPCRP1 site 212 (-) TTGACC S000142 

ELRECOREPCRP1 site 609 (-) TTGACC S000142 

GARE1OSREP1 site 1243 (+) TAACAGA S000419 

GATABOX site 157 (+) GATA S000039 

GATABOX site 171 (+) GATA S000039 

GATABOX site 394 (+) GATA S000039 

GATABOX site 1139 (+) GATA S000039 

GATABOX site 1177 (+) GATA S000039 

GATABOX site 1515 (+) GATA S000039 

GATABOX site 835 (-) GATA S000039 

GATABOX site 977 (-) GATA S000039 

GATABOX site 1005 (-) GATA S000039 

GATABOX site 1064 (-) GATA S000039 

GCCCORE site 2018 (+) GCCGCC S000430 

GCCCORE site 2021 (+) GCCGCC S000430 

GCCCORE site 2024 (+) GCCGCC S000430 

GGTCCCATGMSAUR site 287 (+) GGTCCCAT S000360 

GT1CONSENSUS site 331 (+) GRWAAW S000198 

GT1CONSENSUS site 478 (+) GRWAAW S000198 

GT1CONSENSUS site 1107 (+) GRWAAW S000198 

GT1CONSENSUS site 350 (-) GRWAAW S000198 

GT1CONSENSUS site 659 (-) GRWAAW S000198 

GT1CONSENSUS site 667 (-) GRWAAW S000198 

GT1CONSENSUS site 748 (-) GRWAAW S000198 

GT1CONSENSUS site 228 (-) GRWAAW S000198 

GT1CONSENSUS site 229 (-) GRWAAW S000198 

GT1CONSENSUS site 262 (-) GRWAAW S000198 

GT1CONSENSUS site 309 (-) GRWAAW S000198 

GT1CONSENSUS site 625 (-) GRWAAW S000198 

GT1CONSENSUS site 626 (-) GRWAAW S000198 

GT1CONSENSUS site 1528 (-) GRWAAW S000198 

GT1CORE site 1069 (-) GGTTAA S000125 

GT1GMSCAM4 site 228 (-) GAAAAA S000453 

GT1GMSCAM4 site 262 (-) GAAAAA S000453 

GT1GMSCAM4 site 309 (-) GAAAAA S000453 

GT1GMSCAM4 site 625 (-) GAAAAA S000453 

GT1GMSCAM4 site 1528 (-) GAAAAA S000453 

GTGANTG10 site 17 (+) GTGA S000378 

GTGANTG10 site 422 (+) GTGA S000378 

GTGANTG10 site 677 (+) GTGA S000378 

GTGANTG10 site 896 (+) GTGA S000378 

GTGANTG10 site 1383 (+) GTGA S000378 

GTGANTG10 site 1390 (+) GTGA S000378 

GTGANTG10 site 1739 (+) GTGA S000378 

GTGANTG10 site 313 (-) GTGA S000378 

GTGANTG10 site 389 (-) GTGA S000378 

GTGANTG10 site 671 (-) GTGA S000378 

GTGANTG10 site 840 (-) GTGA S000378 

GTGANTG10 site 1825 (-) GTGA S000378 

HEXMOTIFTAH3H4 site 1400 (+) ACGTCA S000053 
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IBOX site 975 (-) GATAAG S000124 

IBOX site 1003 (-) GATAAG S000124 

IBOXCORE site 1177 (+) GATAA S000199 

IBOXCORE site 976 (-) GATAA S000199 

IBOXCORE site 1004 (-) GATAA S000199 

IBOXCORENT site 974 (-) GATAAGR S000424 

IBOXCORENT site 1002 (-) GATAAGR S000424 

INRNTPSADB site 1080 (+) YTCANTYY S000395 

INRNTPSADB site 1491 (-) YTCANTYY S000395 

INRNTPSADB site 278 (-) YTCANTYY S000395 

INTRONLOWER site 1203 (-) TGCAGG S000086 

INTRONLOWER site 1342 (-) TGCAGG S000086 

INTRONLOWER site 1688 (-) TGCAGG S000086 

INTRONLOWER site 1913 (-) TGCAGG S000086 

L1BOXATPDF1 site 600 (+) TAAATGYA S000386 

LTRECOREATCOR15 site 1860 (+) CCGAC S000153 

LTRECOREATCOR15 site 882 (-) CCGAC S000153 

MARTBOX site 1573 (+) TTWTWTTWTT S000067 

MNF1ZMPPC1 site 950 (+) GTGCCCTT S000251 

MYB1AT site 1070 (+) WAACCA S000408 

MYB2AT site 326 (+) TAACTG S000177 

MYB2CONSENSUSAT site 326 (+) YAACKG S000409 

MYB2CONSENSUSAT site 1236 (-) YAACKG S000409 

MYBCORE site 31 (+) CNGTTR S000176 

MYBCORE site 1236 (+) CNGTTR S000176 

MYBCORE site 1475 (+) CNGTTR S000176 

MYBCORE site 1359 (-) CNGTTR S000176 

MYBCORE site 1404 (-) CNGTTR S000176 

MYBCORE site 326 (-) CNGTTR S000176 

MYBCORE site 1179 (-) CNGTTR S000176 

MYBCORE site 1243 (-) CNGTTR S000176 

MYBCOREATCYCB1 site 1236 (-) AACGG S000502 

MYBPZM site 802 (+) CCWACC S000179 

MYBPZM site 1358 (+) CCWACC S000179 

MYBPZM site 1974 (+) CCWACC S000179 

MYBST1 site 1138 (+) GGATA S000180 

MYBST1 site 1176 (+) GGATA S000180 

MYBST1 site 1514 (+) GGATA S000180 

MYBST1 site 977 (-) GGATA S000180 

MYBST1 site 1005 (-) GGATA S000180 

MYBST1 site 1064 (-) GGATA S000180 

MYCATERD1 site 145 (-) CATGTG S000413 

MYCATERD1 site 1826 (-) CATGTG S000413 

MYCATRD22 site 145 (+) CACATG S000174 

MYCATRD22 site 1826 (+) CACATG S000174 

MYCCONSENSUSAT site 67 (+) CANNTG S000407 

MYCCONSENSUSAT site 125 (+) CANNTG S000407 

MYCCONSENSUSAT site 145 (+) CANNTG S000407 

MYCCONSENSUSAT site 449 (+) CANNTG S000407 

MYCCONSENSUSAT site 672 (+) CANNTG S000407 

MYCCONSENSUSAT site 729 (+) CANNTG S000407 

MYCCONSENSUSAT site 850 (+) CANNTG S000407 

MYCCONSENSUSAT site 940 (+) CANNTG S000407 

MYCCONSENSUSAT site 1380 (+) CANNTG S000407 

MYCCONSENSUSAT site 1729 (+) CANNTG S000407 

MYCCONSENSUSAT site 1826 (+) CANNTG S000407 

MYCCONSENSUSAT site 67 (-) CANNTG S000407 

MYCCONSENSUSAT site 125 (-) CANNTG S000407 

MYCCONSENSUSAT site 145 (-) CANNTG S000407 

MYCCONSENSUSAT site 449 (-) CANNTG S000407 

MYCCONSENSUSAT site 672 (-) CANNTG S000407 

MYCCONSENSUSAT site 729 (-) CANNTG S000407 

MYCCONSENSUSAT site 850 (-) CANNTG S000407 
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MYCCONSENSUSAT site 940 (-) CANNTG S000407 

MYCCONSENSUSAT site 1380 (-) CANNTG S000407 

MYCCONSENSUSAT site 1729 (-) CANNTG S000407 

MYCCONSENSUSAT site 1826 (-) CANNTG S000407 

NAPINMOTIFBN site 857 (+) TACACAT S000070 

NODCON1GM site 373 (-) AAAGAT S000461 

NODCON2GM site 355 (+) CTCTT S000462 

NODCON2GM site 821 (+) CTCTT S000462 

NTBBF1ARROLB site 270 (-) ACTTTA S000273 

OSE1ROOTNODULE site 373 (-) AAAGAT S000467 

OSE2ROOTNODULE site 355 (+) CTCTT S000468 

OSE2ROOTNODULE site 821 (+) CTCTT S000468 

P1BS site 202 (+) GNATATNC S000459 

P1BS site 202 (-) GNATATNC S000459 

POLASIG1 site 1547 (+) AATAAA S000080 

POLASIG1 site 1556 (+) AATAAA S000080 

POLASIG2 site 1580 (-) AATTAAA S000081 

POLASIG3 site 656 (-) AATAAT S000088 

POLLEN1LELAT52 site 238 (-) AGAAA S000245 

POLLEN1LELAT52 site 264 (-) AGAAA S000245 

POLLEN1LELAT52 site 296 (-) AGAAA S000245 

POLLEN1LELAT52 site 1036 (-) AGAAA S000245 

POLLEN1LELAT52 site 1530 (-) AGAAA S000245 

POLLEN1LELAT52 site 1565 (-) AGAAA S000245 

POLLEN1LELAT52 site 1569 (-) AGAAA S000245 

PREATPRODH site 414 (+) ACTCAT S000450 

PREATPRODH site 652 (+) ACTCAT S000450 

PRECONSCRHSP70A site 1821 (+) SCGAYNRNNNNNNNNNNNNNNNHD S000506 

PROLAMINBOXOSGLUB1 site 1205 (+) TGCAAAG S000354 

QELEMENTZMZM13 site 211 (+) AGGTCA S000254 

QELEMENTZMZM13 site 608 (+) AGGTCA S000254 

RAV1AAT site 380 (+) CAACA S000314 

RAV1AAT site 968 (+) CAACA S000314 

RAV1AAT site 1404 (+) CAACA S000314 

RAV1AAT site 1955 (+) CAACA S000314 

RAV1AAT site 153 (-) CAACA S000314 

RAV1AAT site 539 (-) CAACA S000314 

RAV1BAT site 125 (+) CACCTG S000315 

RAV1BAT site 940 (+) CACCTG S000315 

RAV1BAT site 1380 (-) CACCTG S000315 

RHERPATEXPA7 site 1398 (+) KCACGW S000512 

RHERPATEXPA7 site 1948 (+) KCACGW S000512 

RHERPATEXPA7 site 15 (-) KCACGW S000512 

RHERPATEXPA7 site 420 (-) KCACGW S000512 

ROOTMOTIFTAPOX1 site 60 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 494 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 59 (-) ATATT S000098 

RYREPEATBNNAPA site 1226 (+) CATGCA S000264 

RYREPEATBNNAPA site 1828 (+) CATGCA S000264 

RYREPEATBNNAPA site 1830 (-) CATGCA S000264 

RYREPEATGMGY2 site 1226 (+) CATGCAT S000105 

RYREPEATGMGY2 site 1828 (+) CATGCAT S000105 

RYREPEATGMGY2 site 1829 (-) CATGCAT S000105 

RYREPEATLEGUMINBOX site 1226 (+) CATGCAY S000100 

RYREPEATLEGUMINBOX site 1828 (+) CATGCAY S000100 

RYREPEATLEGUMINBOX site 1829 (-) CATGCAY S000100 

RYREPEATVFLEB4 site 1828 (+) CATGCATG S000102 

RYREPEATVFLEB4 site 1828 (-) CATGCATG S000102 

S1FBOXSORPS1L21 site 1500 (+) ATGGTA S000223 

SEBFCONSSTPR10A site 17 (-) YTGTCWC S000391 

SEBFCONSSTPR10A site 422 (-) YTGTCWC S000391 

SEBFCONSSTPR10A site 1390 (-) YTGTCWC S000391 

SEBFCONSSTPR10A site 1739 (-) YTGTCWC S000391 
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SEF3MOTIFGM site 804 (+) AACCCA S000115 

SEF3MOTIFGM site 1348 (+) AACCCA S000115 

SEF4MOTIFGM7S site 1424 (-) RTTTTTR S000103 

SITEIIATCYTC site 2005 (-) TGGGCY S000474 

SORLIP1AT site 938 (+) GCCAC S000482 

SORLIP1AT site 1785 (+) GCCAC S000482 

SORLIP1AT site 1898 (+) GCCAC S000482 

SORLIP2AT site 2005 (-) GGGCC S000483 

SREATMSD site 976 (+) TTATCC S000470 

SREATMSD site 1004 (+) TTATCC S000470 

SREATMSD site 1176 (-) TTATCC S000470 

SURECOREATSULTR11 site 1098 (-) GAGAC S000499 

SV40COREENHAN site 696 (-) GTGGWWHG S000123 

SV40COREENHAN site 1648 (-) GTGGWWHG S000123 

TAAAGSTKST1 site 270 (+) TAAAG S000387 

TAAAGSTKST1 site 267 (-) TAAAG S000387 

TAAAGSTKST1 site 357 (-) TAAAG S000387 

TATABOX5 site 1573 (+) TTATTT S000203 

TATABOX5 site 1625 (+) TTATTT S000203 

TATABOX5 site 1555 (-) TTATTT S000203 

TATCCAOSAMY site 1137 (-) TATCCA S000403 

TATCCAOSAMY site 1175 (-) TATCCA S000403 

TATCCAOSAMY site 1513 (-) TATCCA S000403 

TATCCAYMOTIFOSRAMY3D site 1136 (-) TATCCAY S000256 

TATCCAYMOTIFOSRAMY3D site 1512 (-) TATCCAY S000256 

TBOXATGAPB site 1743 (-) ACTTTG S000383 

TGACGTVMAMY site 1400 (-) TGACGT S000377 

TRANSINITDICOTS site 499 (-) AMNAUGGC S000201 

TRANSINITMONOCOTS site 102 (-) RMNAUGGC S000202 

TRANSINITMONOCOTS site 499 (-) RMNAUGGC S000202 

WBBOXPCWRKY1 site 212 (-) TTTGACY S000310 

WBBOXPCWRKY1 site 609 (-) TTTGACY S000310 

WBOXATNPR1 site 541 (+) TTGAC S000390 

WBOXATNPR1 site 888 (+) TTGAC S000390 

WBOXATNPR1 site 1312 (+) TTGAC S000390 

WBOXATNPR1 site 213 (-) TTGAC S000390 

WBOXATNPR1 site 610 (-) TTGAC S000390 

WBOXATNPR1 site 1402 (-) TTGAC S000390 

WBOXHVISO1 site 1313 (+) TGACT S000442 

WBOXNTERF3 site 889 (+) TGACY S000457 

WBOXNTERF3 site 998 (+) TGACY S000457 

WBOXNTERF3 site 1313 (+) TGACY S000457 

WBOXNTERF3 site 212 (-) TGACY S000457 

WBOXNTERF3 site 609 (-) TGACY S000457 

WRKY71OS site 18 (+) TGAC S000447 

WRKY71OS site 423 (+) TGAC S000447 

WRKY71OS site 542 (+) TGAC S000447 

WRKY71OS site 681 (+) TGAC S000447 

WRKY71OS site 889 (+) TGAC S000447 

WRKY71OS site 998 (+) TGAC S000447 

WRKY71OS site 1313 (+) TGAC S000447 

WRKY71OS site 1391 (+) TGAC S000447 

WRKY71OS site 1740 (+) TGAC S000447 

WRKY71OS site 213 (-) TGAC S000447 

WRKY71OS site 367 (-) TGAC S000447 

WRKY71OS site 610 (-) TGAC S000447 

WRKY71OS site 1402 (-) TGAC S000447 

Legends: (+) sense sequence, (-) antisense sequence 
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>SbPPCK1pro - Sb04g036570 

Factor or Site Name   Location (Strand) Signal Sequence SITE # 

AACACOREOSGLUB1 site 1921 (+) AACAAAC S000353 

ABRELATERD1 site 42 (+) ACGTG S000414 

ABRELATERD1 site 908 (+) ACGTG S000414 

ABRELATERD1 site 41 (-) ACGTG S000414 

ABRELATERD1 site 153 (-) ACGTG S000414 

ABRELATERD1 site 815 (-) ACGTG S000414 

ABREOSRAB21 site 812 (-) ACGTSSSC S000012 

ABRERATCAL site 40 (-) MACGYGB S000507 

ABRERATCAL site 814 (-) MACGYGB S000507 

ACGTABREMOTIFA2OSEM site 813 (-) ACGTGKC S000394 

ACGTATERD1 site 42 (+) ACGT S000415 

ACGTATERD1 site 154 (+) ACGT S000415 

ACGTATERD1 site 158 (+) ACGT S000415 

ACGTATERD1 site 428 (+) ACGT S000415 

ACGTATERD1 site 816 (+) ACGT S000415 

ACGTATERD1 site 908 (+) ACGT S000415 

ACGTATERD1 site 42 (-) ACGT S000415 

ACGTATERD1 site 154 (-) ACGT S000415 

ACGTATERD1 site 158 (-) ACGT S000415 

ACGTATERD1 site 428 (-) ACGT S000415 

ACGTATERD1 site 816 (-) ACGT S000415 

ACGTATERD1 site 908 (-) ACGT S000415 

ACGTOSGLUB1 site 153 (-) GTACGTG S000278 

ANAERO1CONSENSUS site 115 (-) AAACAAA S000477 

ANAERO1CONSENSUS site 1355 (-) AAACAAA S000477 

ANAERO1CONSENSUS site 1522 (-) AAACAAA S000477 

ANAERO2CONSENSUS site 265 (+) AGCAGC S000478 

ANAERO2CONSENSUS site 647 (+) AGCAGC S000478 

ANAERO2CONSENSUS site 650 (+) AGCAGC S000478 

ANAERO2CONSENSUS site 1725 (+) AGCAGC S000478 

ANAERO2CONSENSUS site 1273 (-) AGCAGC S000478 

ARFAT site 173 (-) TGTCTC S000270 

ARR1AT site 1266 (+) NGATT S000454 

ARR1AT site 1389 (+) NGATT S000454 

ARR1AT site 1424 (+) NGATT S000454 

ARR1AT site 1538 (+) NGATT S000454 

ARR1AT site 292 (+) NGATT S000454 

ARR1AT site 457 (+) NGATT S000454 

ARR1AT site 1161 (+) NGATT S000454 

ARR1AT site 1191 (+) NGATT S000454 

ARR1AT site 226 (-) NGATT S000454 

ARR1AT site 365 (-) NGATT S000454 

ARR1AT site 935 (-) NGATT S000454 

ARR1AT site 979 (-) NGATT S000454 

ARR1AT site 1039 (-) NGATT S000454 

ARR1AT site 1068 (-) NGATT S000454 

ARR1AT site 1102 (-) NGATT S000454 

ARR1AT site 1155 (-) NGATT S000454 

ARR1AT site 1314 (-) NGATT S000454 

ARR1AT site 1407 (-) NGATT S000454 

ARR1AT site 1629 (-) NGATT S000454 

ARR1AT site 1682 (-) NGATT S000454 

ARR1AT site 1876 (-) NGATT S000454 

ARR1AT site 1906 (-) NGATT S000454 

ASF1MOTIFCAMV site 1399 (+) TGACG S000024 

BIHD1OS site 532 (+) TGTCA S000498 

BIHD1OS site 539 (+) TGTCA S000498 

BIHD1OS site 890 (+) TGTCA S000498 

BIHD1OS site 45 (-) TGTCA S000498 

BIHD1OS site 841 (-) TGTCA S000498 
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BIHD1OS site 1001 (-) TGTCA S000498 

BIHD1OS site 1299 (-) TGTCA S000498 

BOXIIPCCHS site 813 (-) ACGTGGC S000229 

BOXLCOREDCPAL site 543 (+) ACCWWCC S000492 

BP5OSWX site 815 (-) CAACGTG S000436 

CAATBOX1 site 479 (+) CAAT S000028 

CAATBOX1 site 656 (+) CAAT S000028 

CAATBOX1 site 853 (+) CAAT S000028 

CAATBOX1 site 998 (+) CAAT S000028 

CAATBOX1 site 1313 (+) CAAT S000028 

CAATBOX1 site 1875 (+) CAAT S000028 

CAATBOX1 site 1905 (+) CAAT S000028 

CAATBOX1 site 481 (-) CAAT S000028 

CAATBOX1 site 862 (-) CAAT S000028 

CAATBOX1 site 1106 (-) CAAT S000028 

CAATBOX1 site 1163 (-) CAAT S000028 

CAATBOX1 site 1307 (-) CAAT S000028 

CACGTGMOTIF site 41 (+) CACGTG S000042 

CACGTGMOTIF site 41 (-) CACGTG S000042 

CACTFTPPCA1 site 447 (+) YACT S000449 

CACTFTPPCA1 site 828 (+) YACT S000449 

CACTFTPPCA1 site 893 (+) YACT S000449 

CACTFTPPCA1 site 1213 (+) YACT S000449 

CACTFTPPCA1 site 1230 (+) YACT S000449 

CACTFTPPCA1 site 1283 (+) YACT S000449 

CACTFTPPCA1 site 1 (+) YACT S000449 

CACTFTPPCA1 site 36 (+) YACT S000449 

CACTFTPPCA1 site 89 (+) YACT S000449 

CACTFTPPCA1 site 179 (+) YACT S000449 

CACTFTPPCA1 site 194 (+) YACT S000449 

CACTFTPPCA1 site 213 (+) YACT S000449 

CACTFTPPCA1 site 216 (+) YACT S000449 

CACTFTPPCA1 site 497 (+) YACT S000449 

CACTFTPPCA1 site 904 (+) YACT S000449 

CACTFTPPCA1 site 1024 (+) YACT S000449 

CACTFTPPCA1 site 1596 (+) YACT S000449 

CACTFTPPCA1 site 202 (-) YACT S000449 

CACTFTPPCA1 site 392 (-) YACT S000449 

CACTFTPPCA1 site 466 (-) YACT S000449 

CACTFTPPCA1 site 1012 (-) YACT S000449 

CACTFTPPCA1 site 1114 (-) YACT S000449 

CACTFTPPCA1 site 1722 (-) YACT S000449 

CACTFTPPCA1 site 1803 (-) YACT S000449 

CACTFTPPCA1 site 1949 (-) YACT S000449 

CANBNNAPA site 718 (+) CNAACAC S000148 

CANBNNAPA site 412 (-) CNAACAC S000148 

CARGCW8GAT site 109 (+) CWWWWWWWWG S000431 

CARGCW8GAT site 109 (-) CWWWWWWWWG S000431 

CBFHV site 430 (+) RYCGAC S000497 

CBFHV site 436 (+) RYCGAC S000497 

CBFHV site 430 (-) RYCGAC S000497 

CCAATBOX1 site 478 (+) CCAAT S000030 

CCAATBOX1 site 655 (+) CCAAT S000030 

CCAATBOX1 site 852 (+) CCAAT S000030 

CCAATBOX1 site 1312 (+) CCAAT S000030 

CCAATBOX1 site 1904 (+) CCAAT S000030 

CCAATBOX1 site 1106 (-) CCAAT S000030 

CGACGOSAMY3 site 432 (+) CGACG S000205 

CGACGOSAMY3 site 159 (-) CGACG S000205 

CGACGOSAMY3 site 429 (-) CGACG S000205 

CGCGBOXAT site 19 (+) VCGCGB S000501 

CGCGBOXAT site 19 (-) VCGCGB S000501 

CIACADIANLELHC site 289 (-) CAANNNNATC S000252 
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CMSRE1IBSPOA site 376 (+) TGGACGG S000511 

CPBCSPOR site 1215 (-) TATTAG S000491 

CRTDREHVCBF2 site 430 (+) GTCGAC S000411 

CRTDREHVCBF2 site 430 (-) GTCGAC S000411 

CURECORECR site 83 (+) GTAC S000493 

CURECORECR site 88 (+) GTAC S000493 

CURECORECR site 156 (+) GTAC S000493 

CURECORECR site 249 (+) GTAC S000493 

CURECORECR site 496 (+) GTAC S000493 

CURECORECR site 767 (+) GTAC S000493 

CURECORECR site 1452 (+) GTAC S000493 

CURECORECR site 83 (-) GTAC S000493 

CURECORECR site 88 (-) GTAC S000493 

CURECORECR site 156 (-) GTAC S000493 

CURECORECR site 249 (-) GTAC S000493 

CURECORECR site 496 (-) GTAC S000493 

CURECORECR site 767 (-) GTAC S000493 

CURECORECR site 1452 (-) GTAC S000493 

DOFCOREZM site 253 (+) AAAG S000265 

DOFCOREZM site 263 (+) AAAG S000265 

DOFCOREZM site 1529 (+) AAAG S000265 

DOFCOREZM site 1794 (+) AAAG S000265 

DOFCOREZM site 1827 (+) AAAG S000265 

DOFCOREZM site 990 (-) AAAG S000265 

DOFCOREZM site 1042 (-) AAAG S000265 

DOFCOREZM site 1049 (-) AAAG S000265 

DOFCOREZM site 1198 (-) AAAG S000265 

DOFCOREZM site 1285 (-) AAAG S000265 

DOFCOREZM site 1496 (-) AAAG S000265 

DOFCOREZM site 1705 (-) AAAG S000265 

DPBFCOREDCDC3 site 40 (+) ACACNNG S000292 

DPBFCOREDCDC3 site 368 (-) ACACNNG S000292 

DPBFCOREDCDC3 site 390 (-) ACACNNG S000292 

DPBFCOREDCDC3 site 535 (-) ACACNNG S000292 

DRECRTCOREAT site 436 (+) RCCGAC S000418 

E2FCONSENSUS site 994 (-) WTTSSCSS S000476 

E2FCONSENSUS site 1402 (-) WTTSSCSS S000476 

EBOXBNNAPA site 41 (+) CANNTG S000144 

EBOXBNNAPA site 274 (+) CANNTG S000144 

EBOXBNNAPA site 368 (+) CANNTG S000144 

EBOXBNNAPA site 479 (+) CANNTG S000144 

EBOXBNNAPA site 535 (+) CANNTG S000144 

EBOXBNNAPA site 822 (+) CANNTG S000144 

EBOXBNNAPA site 837 (+) CANNTG S000144 

EBOXBNNAPA site 893 (+) CANNTG S000144 

EBOXBNNAPA site 1378 (+) CANNTG S000144 

EBOXBNNAPA site 1456 (+) CANNTG S000144 

EBOXBNNAPA site 1783 (+) CANNTG S000144 

EBOXBNNAPA site 41 (-) CANNTG S000144 

EBOXBNNAPA site 274 (-) CANNTG S000144 

EBOXBNNAPA site 368 (-) CANNTG S000144 

EBOXBNNAPA site 479 (-) CANNTG S000144 

EBOXBNNAPA site 535 (-) CANNTG S000144 

EBOXBNNAPA site 822 (-) CANNTG S000144 

EBOXBNNAPA site 837 (-) CANNTG S000144 

EBOXBNNAPA site 893 (-) CANNTG S000144 

EBOXBNNAPA site 1378 (-) CANNTG S000144 

EBOXBNNAPA site 1456 (-) CANNTG S000144 

EBOXBNNAPA site 1783 (-) CANNTG S000144 

EECCRCAH1 site 1463 (-) GANTTNC S000494 

ELRECOREPCRP1 site 1171 (-) TTGACC S000142 

ERELEE4 site 1670 (+) AWTTCAAA S000037 

ERELEE4 site 1676 (+) AWTTCAAA S000037 
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GATABOX site 199 (+) GATA S000039 

GATABOX site 221 (+) GATA S000039 

GATABOX site 902 (+) GATA S000039 

GATABOX site 1395 (+) GATA S000039 

GATABOX site 1687 (+) GATA S000039 

GATABOX site 939 (-) GATA S000039 

GATABOX site 1046 (-) GATA S000039 

GATABOX site 1148 (-) GATA S000039 

GATABOX site 1221 (-) GATA S000039 

GATABOX site 1570 (-) GATA S000039 

GATABOX site 1588 (-) GATA S000039 

GATABOX site 1634 (-) GATA S000039 

GATABOX site 1658 (-) GATA S000039 

GATABOX site 1695 (-) GATA S000039 

GCCCORE site 507 (+) GCCGCC S000430 

GT1CONSENSUS site 1056 (+) GRWAAW S000198 

GT1CONSENSUS site 1057 (+) GRWAAW S000198 

GT1CONSENSUS site 1088 (+) GRWAAW S000198 

GT1CONSENSUS site 1089 (+) GRWAAW S000198 

GT1CONSENSUS site 1255 (+) GRWAAW S000198 

GT1CONSENSUS site 1413 (+) GRWAAW S000198 

GT1CONSENSUS site 1687 (+) GRWAAW S000198 

GT1CONSENSUS site 1656 (-) GRWAAW S000198 

GT1CONSENSUS site 664 (-) GRWAAW S000198 

GT1CONSENSUS site 665 (-) GRWAAW S000198 

GT1CONSENSUS site 1044 (-) GRWAAW S000198 

GT1GMSCAM4 site 1089 (+) GAAAAA S000453 

GT1GMSCAM4 site 1255 (+) GAAAAA S000453 

GT1GMSCAM4 site 664 (-) GAAAAA S000453 

GTGANTG10 site 7 (+) GTGA S000378 

GTGANTG10 site 44 (+) GTGA S000378 

GTGANTG10 site 1434 (+) GTGA S000378 

GTGANTG10 site 1461 (+) GTGA S000378 

GTGANTG10 site 1804 (+) GTGA S000378 

GTGANTG10 site 320 (-) GTGA S000378 

GTGANTG10 site 541 (-) GTGA S000378 

GTGANTG10 site 715 (-) GTGA S000378 

GTGANTG10 site 892 (-) GTGA S000378 

GTGANTG10 site 915 (-) GTGA S000378 

HDZIP2ATATHB2 site 1609 (-) TAATMATTA S000373 

IBOXCORE site 1687 (+) GATAA S000199 

IBOXCORE site 1045 (-) GATAA S000199 

IBOXCORE site 1657 (-) GATAA S000199 

INTRONLOWER site 136 (+) TGCAGG S000086 

INTRONLOWER site 1798 (-) TGCAGG S000086 

LTRE1HVBLT49 site 942 (+) CCGAAA S000250 

LTRE1HVBLT49 site 1253 (+) CCGAAA S000250 

LTRECOREATCOR15 site 437 (+) CCGAC S000153 

LTRECOREATCOR15 site 745 (+) CCGAC S000153 

LTRECOREATCOR15 site 1931 (+) CCGAC S000153 

MARTBOX site 589 (+) TTWTWTTWTT S000067 

MARTBOX site 659 (+) TTWTWTTWTT S000067 

MYB1AT site 522 (+) WAACCA S000408 

MYB1AT site 963 (+) WAACCA S000408 

MYB1AT site 1859 (+) WAACCA S000408 

MYB1AT site 1924 (+) WAACCA S000408 

MYB1LEPR site 1321 (-) GTTAGTT S000443 

MYB2AT site 1502 (+) TAACTG S000177 

MYB2CONSENSUSAT site 1502 (+) YAACKG S000409 

MYB2CONSENSUSAT site 822 (-) YAACKG S000409 

MYB2CONSENSUSAT site 1187 (-) YAACKG S000409 

MYBCORE site 822 (+) CNGTTR S000176 

MYBCORE site 1187 (+) CNGTTR S000176 



 

 

245 

 

MYBCORE site 337 (-) CNGTTR S000176 

MYBCORE site 1502 (-) CNGTTR S000176 

MYBCOREATCYCB1 site 1187 (-) AACGG S000502 

MYBPLANT site 542 (+) MACCWAMC S000167 

MYBPZM site 544 (+) CCWACC S000179 

MYBPZM site 1709 (+) CCWACC S000179 

MYBPZM site 1897 (+) CCWACC S000179 

MYBST1 site 939 (-) GGATA S000180 

MYBST1 site 1221 (-) GGATA S000180 

MYBST1 site 1570 (-) GGATA S000180 

MYCATERD1 site 368 (+) CATGTG S000413 

MYCATERD1 site 1378 (+) CATGTG S000413 

MYCATRD22 site 368 (-) CACATG S000174 

MYCATRD22 site 1378 (-) CACATG S000174 

MYCCONSENSUSAT site 41 (+) CANNTG S000407 

MYCCONSENSUSAT site 274 (+) CANNTG S000407 

MYCCONSENSUSAT site 368 (+) CANNTG S000407 

MYCCONSENSUSAT site 479 (+) CANNTG S000407 

MYCCONSENSUSAT site 535 (+) CANNTG S000407 

MYCCONSENSUSAT site 822 (+) CANNTG S000407 

MYCCONSENSUSAT site 837 (+) CANNTG S000407 

MYCCONSENSUSAT site 893 (+) CANNTG S000407 

MYCCONSENSUSAT site 1378 (+) CANNTG S000407 

MYCCONSENSUSAT site 1456 (+) CANNTG S000407 

MYCCONSENSUSAT site 1783 (+) CANNTG S000407 

MYCCONSENSUSAT site 41 (-) CANNTG S000407 

MYCCONSENSUSAT site 274 (-) CANNTG S000407 

MYCCONSENSUSAT site 368 (-) CANNTG S000407 

MYCCONSENSUSAT site 479 (-) CANNTG S000407 

MYCCONSENSUSAT site 535 (-) CANNTG S000407 

MYCCONSENSUSAT site 822 (-) CANNTG S000407 

MYCCONSENSUSAT site 837 (-) CANNTG S000407 

MYCCONSENSUSAT site 893 (-) CANNTG S000407 

MYCCONSENSUSAT site 1378 (-) CANNTG S000407 

MYCCONSENSUSAT site 1456 (-) CANNTG S000407 

MYCCONSENSUSAT site 1783 (-) CANNTG S000407 

NAPINMOTIFBN site 30 (+) TACACAT S000070 

NAPINMOTIFBN site 369 (-) TACACAT S000070 

NODCON1GM site 1040 (-) AAAGAT S000461 

NODCON1GM site 1047 (-) AAAGAT S000461 

NODCON1GM site 1494 (-) AAAGAT S000461 

OSE1ROOTNODULE site 1040 (-) AAAGAT S000467 

OSE1ROOTNODULE site 1047 (-) AAAGAT S000467 

OSE1ROOTNODULE site 1494 (-) AAAGAT S000467 

P1BS site 1019 (+) GNATATNC S000459 

P1BS site 1744 (+) GNATATNC S000459 

P1BS site 1019 (-) GNATATNC S000459 

P1BS site 1744 (-) GNATATNC S000459 

PALBOXAPC site 1840 (+) CCGTCC S000137 

PALBOXAPC site 1844 (+) CCGTCC S000137 

PALBOXAPC site 377 (-) CCGTCC S000137 

POLASIG1 site 561 (+) AATAAA S000080 

POLASIG1 site 925 (-) AATAAA S000080 

POLASIG1 site 1076 (-) AATAAA S000080 

POLASIG1 site 1293 (-) AATAAA S000080 

POLASIG2 site 1178 (-) AATTAAA S000081 

POLASIG3 site 854 (+) AATAAT S000088 

POLASIG3 site 1690 (+) AATAAT S000088 

POLASIG3 site 1072 (-) AATAAT S000088 

POLASIG3 site 1611 (-) AATAAT S000088 

POLLEN1LELAT52 site 520 (+) AGAAA S000245 

POLLEN1LELAT52 site 1199 (-) AGAAA S000245 

POLLEN1LELAT52 site 1702 (-) AGAAA S000245 
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PRECONSCRHSP70A site 579 (+) SCGAYNRNNNNNNNNNNNNNNNHD S000506 

PRECONSCRHSP70A site 1685 (+) SCGAYNRNNNNNNNNNNNNNNNHD S000506 

PRECONSCRHSP70A site 846 (-) SCGAYNRNNNNNNNNNNNNNNNHD S000506 

PYRIMIDINEBOXHVEPB1 site 663 (+) TTTTTTCC S000298 

PYRIMIDINEBOXHVEPB1 site 1088 (-) TTTTTTCC S000298 

PYRIMIDINEBOXOSRAMY1A site 1826 (-) CCTTTT S000259 

RAV1AAT site 337 (+) CAACA S000314 

RAV1AAT site 919 (+) CAACA S000314 

RAV1AAT site 1917 (+) CAACA S000314 

RAV1AAT site 1920 (+) CAACA S000314 

RAV1BAT site 837 (+) CACCTG S000315 

RAV1BAT site 1783 (+) CACCTG S000315 

RAV1BAT site 274 (-) CACCTG S000315 

RAV1BAT site 535 (-) CACCTG S000315 

REBETALGLHCB21 site 939 (-) CGGATA S000363 

RHERPATEXPA7 site 152 (+) KCACGW S000512 

RHERPATEXPA7 site 320 (+) KCACGW S000512 

RHERPATEXPA7 site 715 (+) KCACGW S000512 

RHERPATEXPA7 site 42 (-) KCACGW S000512 

RHERPATEXPA7 site 908 (-) KCACGW S000512 

ROOTMOTIFTAPOX1 site 625 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 1305 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 1368 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 1562 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 1654 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 1746 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 1205 (-) ATATT S000098 

ROOTMOTIFTAPOX1 site 1217 (-) ATATT S000098 

ROOTMOTIFTAPOX1 site 1304 (-) ATATT S000098 

ROOTMOTIFTAPOX1 site 1561 (-) ATATT S000098 

ROOTMOTIFTAPOX1 site 1568 (-) ATATT S000098 

ROOTMOTIFTAPOX1 site 1653 (-) ATATT S000098 

ROOTMOTIFTAPOX1 site 1693 (-) ATATT S000098 

ROOTMOTIFTAPOX1 site 1745 (-) ATATT S000098 

RYREPEATBNNAPA site 59 (+) CATGCA S000264 

RYREPEATBNNAPA site 305 (+) CATGCA S000264 

RYREPEATBNNAPA site 350 (+) CATGCA S000264 

RYREPEATBNNAPA site 725 (+) CATGCA S000264 

RYREPEATBNNAPA site 732 (+) CATGCA S000264 

RYREPEATBNNAPA site 736 (+) CATGCA S000264 

RYREPEATBNNAPA site 833 (+) CATGCA S000264 

RYREPEATBNNAPA site 61 (-) CATGCA S000264 

RYREPEATBNNAPA site 77 (-) CATGCA S000264 

RYREPEATBNNAPA site 352 (-) CATGCA S000264 

RYREPEATBNNAPA site 734 (-) CATGCA S000264 

RYREPEATBNNAPA site 738 (-) CATGCA S000264 

RYREPEATBNNAPA site 831 (-) CATGCA S000264 

RYREPEATBNNAPA site 1376 (-) CATGCA S000264 

RYREPEATGMGY2 site 59 (+) CATGCAT S000105 

RYREPEATGMGY2 site 305 (+) CATGCAT S000105 

RYREPEATGMGY2 site 350 (+) CATGCAT S000105 

RYREPEATGMGY2 site 725 (+) CATGCAT S000105 

RYREPEATGMGY2 site 732 (+) CATGCAT S000105 

RYREPEATGMGY2 site 736 (+) CATGCAT S000105 

RYREPEATGMGY2 site 60 (-) CATGCAT S000105 

RYREPEATGMGY2 site 351 (-) CATGCAT S000105 

RYREPEATGMGY2 site 733 (-) CATGCAT S000105 

RYREPEATGMGY2 site 737 (-) CATGCAT S000105 

RYREPEATGMGY2 site 1375 (-) CATGCAT S000105 

RYREPEATLEGUMINBOX site 59 (+) CATGCAY S000100 

RYREPEATLEGUMINBOX site 305 (+) CATGCAY S000100 

RYREPEATLEGUMINBOX site 350 (+) CATGCAY S000100 

RYREPEATLEGUMINBOX site 725 (+) CATGCAY S000100 
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RYREPEATLEGUMINBOX site 732 (+) CATGCAY S000100 

RYREPEATLEGUMINBOX site 736 (+) CATGCAY S000100 

RYREPEATLEGUMINBOX site 833 (+) CATGCAY S000100 

RYREPEATLEGUMINBOX site 60 (-) CATGCAY S000100 

RYREPEATLEGUMINBOX site 351 (-) CATGCAY S000100 

RYREPEATLEGUMINBOX site 733 (-) CATGCAY S000100 

RYREPEATLEGUMINBOX site 737 (-) CATGCAY S000100 

RYREPEATLEGUMINBOX site 1375 (-) CATGCAY S000100 

RYREPEATVFLEB4 site 59 (+) CATGCATG S000102 

RYREPEATVFLEB4 site 350 (+) CATGCATG S000102 

RYREPEATVFLEB4 site 732 (+) CATGCATG S000102 

RYREPEATVFLEB4 site 736 (+) CATGCATG S000102 

RYREPEATVFLEB4 site 59 (-) CATGCATG S000102 

RYREPEATVFLEB4 site 350 (-) CATGCATG S000102 

RYREPEATVFLEB4 site 732 (-) CATGCATG S000102 

RYREPEATVFLEB4 site 736 (-) CATGCATG S000102 

S1FBOXSORPS1L21 site 80 (+) ATGGTA S000223 

S1FBOXSORPS1L21 site 1453 (-) ATGGTA S000223 

SEBFCONSSTPR10A site 889 (+) YTGTCWC S000391 

SEF1MOTIF site 1368 (+) ATATTTAWW S000006 

SEF1MOTIF site 1562 (+) ATATTTAWW S000006 

SEF3MOTIFGM site 1789 (+) AACCCA S000115 

SEF4MOTIFGM7S site 112 (+) RTTTTTR S000103 

SEF4MOTIFGM7S site 1290 (+) RTTTTTR S000103 

SEF4MOTIFGM7S site 1352 (+) RTTTTTR S000103 

SITEIIATCYTC site 874 (-) TGGGCY S000474 

SORLIP1AT site 752 (+) GCCAC S000482 

SORLIP1AT site 813 (+) GCCAC S000482 

SORLIP1AT site 72 (-) GCCAC S000482 

SORLIP2AT site 780 (+) GGGCC S000483 

SORLIP2AT site 873 (+) GGGCC S000483 

SORLIP2AT site 796 (-) GGGCC S000483 

SORLIP2AT site 874 (-) GGGCC S000483 

SP8BFIBSP8AIB site 1340 (+) ACTGTGTA S000183 

SURECOREATSULTR11 site 173 (+) GAGAC S000499 

SURECOREATSULTR11 site 1513 (+) GAGAC S000499 

SV40COREENHAN site 1923 (-) GTGGWWHG S000123 

T/GBOXATPIN2 site 815 (-) AACGTG S000458 

TAAAGSTKST1 site 1528 (+) TAAAG S000387 

TATABOX4 site 1605 (+) TATATAA S000111 

TATABOX4 site 1604 (-) TATATAA S000111 

TATABOX5 site 1073 (+) TTATTT S000203 

TATABOX5 site 1077 (+) TTATTT S000203 

TATABOX5 site 1294 (+) TTATTT S000203 

TATABOXOSPAL site 1369 (+) TATTTAA S000400 

TATABOXOSPAL site 1563 (+) TATTTAA S000400 

TRANSINITDICOTS site 66 (-) AMNAUGGC S000201 

TRANSINITMONOCOTS site 66 (-) RMNAUGGC S000202 

UPRMOTIFIIAT site 800 (+) CCNNNNNNNNNNNNCCACG S000426 

WBBOXPCWRKY1 site 1171 (-) TTTGACY S000310 

WBOXATNPR1 site 1298 (+) TTGAC S000390 

WBOXATNPR1 site 709 (-) TTGAC S000390 

WBOXATNPR1 site 1172 (-) TTGAC S000390 

WBOXHVISO1 site 347 (-) TGACT S000442 

WBOXHVISO1 site 708 (-) TGACT S000442 

WBOXHVISO1 site 713 (-) TGACT S000442 

WBOXNTERF3 site 347 (-) TGACY S000457 

WBOXNTERF3 site 708 (-) TGACY S000457 

WBOXNTERF3 site 713 (-) TGACY S000457 

WBOXNTERF3 site 513 (-) TGACY S000457 

WBOXNTERF3 site 1171 (-) TGACY S000457 

WRKY71OS site 45 (+) TGAC S000447 

WRKY71OS site 841 (+) TGAC S000447 
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WRKY71OS site 1001 (+) TGAC S000447 

WRKY71OS site 1299 (+) TGAC S000447 

WRKY71OS site 1399 (+) TGAC S000447 

WRKY71OS site 348 (-) TGAC S000447 

WRKY71OS site 514 (-) TGAC S000447 

WRKY71OS site 533 (-) TGAC S000447 

WRKY71OS site 540 (-) TGAC S000447 

WRKY71OS site 709 (-) TGAC S000447 

WRKY71OS site 714 (-) TGAC S000447 

WRKY71OS site 891 (-) TGAC S000447 

WRKY71OS site 1172 (-) TGAC S000447 

XYLAT site 251 (+) ACAAAGAA S000510 

Legends: (+) sense sequence, (-) antisense sequence 
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>SbPPCK3pro - Sb04g026490 

Factor or Site Name   Location (Strand) Signal Sequence SITE # 

-10PEHVPSBD site 2176 (+) TATTCT S000392 

-10PEHVPSBD site 1207 (-) TATTCT S000392 

-10PEHVPSBD site 1690 (-) TATTCT S000392 

AACACOREOSGLUB1 site 1555 (-) AACAAAC S000353 

ABRELATERD1 site 1343 (+) ACGTG S000414 

ABRELATERD1 site 909 (-) ACGTG S000414 

ABRELATERD1 site 1342 (-) ACGTG S000414 

ACGTATERD1 site 526 (+) ACGT S000415 

ACGTATERD1 site 910 (+) ACGT S000415 

ACGTATERD1 site 1343 (+) ACGT S000415 

ACGTATERD1 site 526 (-) ACGT S000415 

ACGTATERD1 site 910 (-) ACGT S000415 

ACGTATERD1 site 1343 (-) ACGT S000415 

ACGTTBOX site 525 (+) AACGTT S000132 

ACGTTBOX site 525 (-) AACGTT S000132 

AMMORESIVDCRNIA1 site 714 (+) CGAACTT S000375 

AMYBOX1 site 172 (-) TAACARA S000020 

ANAERO1CONSENSUS site 451 (+) AAACAAA S000477 

ANAERO1CONSENSUS site 456 (+) AAACAAA S000477 

ANAERO1CONSENSUS site 461 (+) AAACAAA S000477 

ANAERO2CONSENSUS site 867 (+) AGCAGC S000478 

ANAERO2CONSENSUS site 545 (-) AGCAGC S000478 

ARFAT site 1718 (+) TGTCTC S000270 

ARFAT site 1823 (-) TGTCTC S000270 

ARR1AT site 1189 (+) NGATT S000454 

ARR1AT site 1315 (+) NGATT S000454 

ARR1AT site 393 (+) NGATT S000454 

ARR1AT site 1489 (+) NGATT S000454 

ARR1AT site 1513 (+) NGATT S000454 

ARR1AT site 111 (+) NGATT S000454 

ARR1AT site 938 (+) NGATT S000454 

ARR1AT site 1714 (+) NGATT S000454 

ARR1AT site 2159 (+) NGATT S000454 

ARR1AT site 326 (-) NGATT S000454 

ARR1AT site 663 (-) NGATT S000454 

ARR1AT site 879 (-) NGATT S000454 

ARR1AT site 884 (-) NGATT S000454 

ARR1AT site 1075 (-) NGATT S000454 

ARR1AT site 1095 (-) NGATT S000454 

ARR1AT site 1184 (-) NGATT S000454 

ARR1AT site 1228 (-) NGATT S000454 

ARR1AT site 1324 (-) NGATT S000454 

ARR1AT site 1456 (-) NGATT S000454 

ARR1AT site 1520 (-) NGATT S000454 
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ARR1AT site 1652 (-) NGATT S000454 

ARR1AT site 1804 (-) NGATT S000454 

ARR1AT site 2050 (-) NGATT S000454 

ARR1AT site 2082 (-) NGATT S000454 

ARR1AT site 2371 (-) NGATT S000454 

ASF1MOTIFCAMV site 595 (+) TGACG S000024 

ASF1MOTIFCAMV site 1587 (-) TGACG S000024 

BIHD1OS site 1754 (+) TGTCA S000498 

BIHD1OS site 2096 (+) TGTCA S000498 

BIHD1OS site 900 (-) TGTCA S000498 

BIHD1OS site 1281 (-) TGTCA S000498 

BIHD1OS site 1299 (-) TGTCA S000498 

BIHD1OS site 2024 (-) TGTCA S000498 

BIHD1OS site 2206 (-) TGTCA S000498 

BIHD1OS site 2246 (-) TGTCA S000498 

BIHD1OS site 2302 (-) TGTCA S000498 

BOXCPSAS1 site 2463 (+) CTCCCAC S000226 

BOXIINTPATPB site 1916 (+) ATAGAA S000296 

BOXIINTPATPB site 1429 (-) ATAGAA S000296 

BOXLCOREDCPAL site 1121 (+) ACCWWCC S000492 

CAATBOX1 site 187 (+) CAAT S000028 

CAATBOX1 site 219 (+) CAAT S000028 

CAATBOX1 site 502 (+) CAAT S000028 

CAATBOX1 site 695 (+) CAAT S000028 

CAATBOX1 site 878 (+) CAAT S000028 

CAATBOX1 site 1519 (+) CAAT S000028 

CAATBOX1 site 1800 (+) CAAT S000028 

CAATBOX1 site 1827 (+) CAAT S000028 

CAATBOX1 site 56 (-) CAAT S000028 

CAATBOX1 site 113 (-) CAAT S000028 

CAATBOX1 site 395 (-) CAAT S000028 

CAATBOX1 site 425 (-) CAAT S000028 

CAATBOX1 site 542 (-) CAAT S000028 

CAATBOX1 site 742 (-) CAAT S000028 

CAATBOX1 site 1044 (-) CAAT S000028 

CAATBOX1 site 1081 (-) CAAT S000028 

CAATBOX1 site 1382 (-) CAAT S000028 

CAATBOX1 site 1419 (-) CAAT S000028 

CAATBOX1 site 1636 (-) CAAT S000028 

CAATBOX1 site 1716 (-) CAAT S000028 

CAATBOX1 site 1934 (-) CAAT S000028 

CAATBOX1 site 2459 (-) CAAT S000028 

CACGTGMOTIF site 1342 (+) CACGTG S000042 

CACGTGMOTIF site 1342 (-) CACGTG S000042 

CACTFTPPCA1 site 101 (+) YACT S000449 

CACTFTPPCA1 site 779 (+) YACT S000449 

CACTFTPPCA1 site 1031 (+) YACT S000449 
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CACTFTPPCA1 site 1498 (+) YACT S000449 

CACTFTPPCA1 site 1662 (+) YACT S000449 

CACTFTPPCA1 site 1905 (+) YACT S000449 

CACTFTPPCA1 site 1991 (+) YACT S000449 

CACTFTPPCA1 site 2167 (+) YACT S000449 

CACTFTPPCA1 site 2240 (+) YACT S000449 

CACTFTPPCA1 site 2404 (+) YACT S000449 

CACTFTPPCA1 site 2467 (+) YACT S000449 

CACTFTPPCA1 site 430 (+) YACT S000449 

CACTFTPPCA1 site 505 (+) YACT S000449 

CACTFTPPCA1 site 699 (+) YACT S000449 

CACTFTPPCA1 site 842 (+) YACT S000449 

CACTFTPPCA1 site 1614 (+) YACT S000449 

CACTFTPPCA1 site 1631 (+) YACT S000449 

CACTFTPPCA1 site 1810 (+) YACT S000449 

CACTFTPPCA1 site 2135 (+) YACT S000449 

CACTFTPPCA1 site 2281 (+) YACT S000449 

CACTFTPPCA1 site 2346 (+) YACT S000449 

CACTFTPPCA1 site 2349 (+) YACT S000449 

CACTFTPPCA1 site 2407 (+) YACT S000449 

CACTFTPPCA1 site 6 (-) YACT S000449 

CACTFTPPCA1 site 39 (-) YACT S000449 

CACTFTPPCA1 site 148 (-) YACT S000449 

CACTFTPPCA1 site 422 (-) YACT S000449 

CACTFTPPCA1 site 488 (-) YACT S000449 

CACTFTPPCA1 site 568 (-) YACT S000449 

CACTFTPPCA1 site 755 (-) YACT S000449 

CACTFTPPCA1 site 1308 (-) YACT S000449 

CACTFTPPCA1 site 1311 (-) YACT S000449 

CACTFTPPCA1 site 1534 (-) YACT S000449 

CACTFTPPCA1 site 1741 (-) YACT S000449 

CACTFTPPCA1 site 2125 (-) YACT S000449 

CACTFTPPCA1 site 2254 (-) YACT S000449 

CACTFTPPCA1 site 2270 (-) YACT S000449 

CACTFTPPCA1 site 2279 (-) YACT S000449 

CACTFTPPCA1 site 2344 (-) YACT S000449 

CACTFTPPCA1 site 2368 (-) YACT S000449 

CACTFTPPCA1 site 2471 (-) YACT S000449 

CACTFTPPCA1 site 2510 (-) YACT S000449 

CAREOSREP1 site 1671 (+) CAACTC S000421 

CAREOSREP1 site 2224 (-) CAACTC S000421 

CARGATCONSENSUS site 234 (+) CCWWWWWWGG S000404 

CARGATCONSENSUS site 234 (-) CCWWWWWWGG S000404 

CARGCW8GAT site 1038 (+) CWWWWWWWWG S000431 

CARGCW8GAT site 1468 (+) CWWWWWWWWG S000431 

CARGCW8GAT site 2476 (+) CWWWWWWWWG S000431 

CARGCW8GAT site 1038 (-) CWWWWWWWWG S000431 
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CARGCW8GAT site 1468 (-) CWWWWWWWWG S000431 

CARGCW8GAT site 2476 (-) CWWWWWWWWG S000431 

CATATGGMSAUR site 1284 (+) CATATG S000370 

CATATGGMSAUR site 1284 (-) CATATG S000370 

CBFHV site 1549 (-) RYCGAC S000497 

CCAATBOX1 site 501 (+) CCAAT S000030 

CCAATBOX1 site 694 (+) CCAAT S000030 

CCAATBOX1 site 742 (-) CCAAT S000030 

CEREGLUBOX2PSLEGA site 1758 (-) TGAAAACT S000033 

CIACADIANLELHC site 320 (+) CAANNNNATC S000252 

CIACADIANLELHC site 464 (+) CAANNNNATC S000252 

CIACADIANLELHC site 878 (+) CAANNNNATC S000252 

CURECORECR site 841 (+) GTAC S000493 

CURECORECR site 1312 (+) GTAC S000493 

CURECORECR site 2086 (+) GTAC S000493 

CURECORECR site 2280 (+) GTAC S000493 

CURECORECR site 2345 (+) GTAC S000493 

CURECORECR site 841 (-) GTAC S000493 

CURECORECR site 1312 (-) GTAC S000493 

CURECORECR site 2086 (-) GTAC S000493 

CURECORECR site 2280 (-) GTAC S000493 

CURECORECR site 2345 (-) GTAC S000493 

DOFCOREZM site 60 (+) AAAG S000265 

DOFCOREZM site 572 (+) AAAG S000265 

DOFCOREZM site 865 (+) AAAG S000265 

DOFCOREZM site 987 (+) AAAG S000265 

DOFCOREZM site 1128 (+) AAAG S000265 

DOFCOREZM site 1163 (+) AAAG S000265 

DOFCOREZM site 1269 (+) AAAG S000265 

DOFCOREZM site 1859 (+) AAAG S000265 

DOFCOREZM site 1920 (+) AAAG S000265 

DOFCOREZM site 2400 (+) AAAG S000265 

DOFCOREZM site 170 (-) AAAG S000265 

DOFCOREZM site 193 (-) AAAG S000265 

DOFCOREZM site 205 (-) AAAG S000265 

DOFCOREZM site 225 (-) AAAG S000265 

DOFCOREZM site 246 (-) AAAG S000265 

DOFCOREZM site 435 (-) AAAG S000265 

DOFCOREZM site 440 (-) AAAG S000265 

DOFCOREZM site 549 (-) AAAG S000265 

DOFCOREZM site 591 (-) AAAG S000265 

DOFCOREZM site 654 (-) AAAG S000265 

DOFCOREZM site 701 (-) AAAG S000265 

DOFCOREZM site 796 (-) AAAG S000265 

DOFCOREZM site 1220 (-) AAAG S000265 

DOFCOREZM site 1239 (-) AAAG S000265 

DOFCOREZM site 1468 (-) AAAG S000265 
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DOFCOREZM site 2104 (-) AAAG S000265 

DOFCOREZM site 2299 (-) AAAG S000265 

DOFCOREZM site 2324 (-) AAAG S000265 

DOFCOREZM site 2476 (-) AAAG S000265 

DPBFCOREDCDC3 site 388 (+) ACACNNG S000292 

DPBFCOREDCDC3 site 1060 (+) ACACNNG S000292 

DPBFCOREDCDC3 site 1543 (+) ACACNNG S000292 

DPBFCOREDCDC3 site 2469 (-) ACACNNG S000292 

E2FCONSENSUS site 1841 (+) WTTSSCSS S000476 

E2FCONSENSUS site 831 (-) WTTSSCSS S000476 

EBOXBNNAPA site 146 (+) CANNTG S000144 

EBOXBNNAPA site 803 (+) CANNTG S000144 

EBOXBNNAPA site 1031 (+) CANNTG S000144 

EBOXBNNAPA site 1284 (+) CANNTG S000144 

EBOXBNNAPA site 1342 (+) CANNTG S000144 

EBOXBNNAPA site 1483 (+) CANNTG S000144 

EBOXBNNAPA site 1590 (+) CANNTG S000144 

EBOXBNNAPA site 1785 (+) CANNTG S000144 

EBOXBNNAPA site 1839 (+) CANNTG S000144 

EBOXBNNAPA site 146 (-) CANNTG S000144 

EBOXBNNAPA site 803 (-) CANNTG S000144 

EBOXBNNAPA site 1031 (-) CANNTG S000144 

EBOXBNNAPA site 1284 (-) CANNTG S000144 

EBOXBNNAPA site 1342 (-) CANNTG S000144 

EBOXBNNAPA site 1483 (-) CANNTG S000144 

EBOXBNNAPA site 1590 (-) CANNTG S000144 

EBOXBNNAPA site 1785 (-) CANNTG S000144 

EBOXBNNAPA site 1839 (-) CANNTG S000144 

EECCRCAH1 site 2224 (+) GANTTNC S000494 

EECCRCAH1 site 323 (-) GANTTNC S000494 

EECCRCAH1 site 1225 (-) GANTTNC S000494 

EECCRCAH1 site 1742 (-) GANTTNC S000494 

EECCRCAH1 site 2255 (-) GANTTNC S000494 

ERELEE4 site 1319 (-) AWTTCAAA S000037 

GAREAT site 172 (-) TAACAAR S000439 

GATABOX site 36 (+) GATA S000039 

GATABOX site 156 (+) GATA S000039 

GATABOX site 301 (+) GATA S000039 

GATABOX site 983 (+) GATA S000039 

GATABOX site 1272 (+) GATA S000039 

GATABOX site 1347 (+) GATA S000039 

GATABOX site 2115 (+) GATA S000039 

GATABOX site 200 (-) GATA S000039 

GATABOX site 311 (-) GATA S000039 

GATABOX site 316 (-) GATA S000039 

GATABOX site 346 (-) GATA S000039 

GATABOX site 470 (-) GATA S000039 
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GATABOX site 710 (-) GATA S000039 

GATABOX site 1880 (-) GATA S000039 

GATABOX site 2185 (-) GATA S000039 

GATABOX site 2202 (-) GATA S000039 

GATABOX site 2211 (-) GATA S000039 

GT1CONSENSUS site 156 (+) GRWAAW S000198 

GT1CONSENSUS site 323 (+) GRWAAW S000198 

GT1CONSENSUS site 983 (+) GRWAAW S000198 

GT1CONSENSUS site 1068 (+) GRWAAW S000198 

GT1CONSENSUS site 1069 (+) GRWAAW S000198 

GT1CONSENSUS site 1353 (-) GRWAAW S000198 

GT1CONSENSUS site 550 (-) GRWAAW S000198 

GT1CONSENSUS site 613 (-) GRWAAW S000198 

GT1CONSENSUS site 614 (-) GRWAAW S000198 

GT1CONSENSUS site 635 (-) GRWAAW S000198 

GT1CONSENSUS site 1048 (-) GRWAAW S000198 

GT1CONSENSUS site 1234 (-) GRWAAW S000198 

GT1CONSENSUS site 2105 (-) GRWAAW S000198 

GT1CONSENSUS site 2293 (-) GRWAAW S000198 

GT1CONSENSUS site 2294 (-) GRWAAW S000198 

GT1CORE site 1055 (+) GGTTAA S000125 

GT1CORE site 2078 (+) GGTTAA S000125 

GT1GMSCAM4 site 613 (-) GAAAAA S000453 

GT1GMSCAM4 site 1234 (-) GAAAAA S000453 

GT1GMSCAM4 site 2293 (-) GAAAAA S000453 

GTGANTG10 site 514 (+) GTGA S000378 

GTGANTG10 site 569 (+) GTGA S000378 

GTGANTG10 site 604 (+) GTGA S000378 

GTGANTG10 site 660 (+) GTGA S000378 

GTGANTG10 site 899 (+) GTGA S000378 

GTGANTG10 site 1244 (+) GTGA S000378 

GTGANTG10 site 1345 (+) GTGA S000378 

GTGANTG10 site 1577 (+) GTGA S000378 

GTGANTG10 site 328 (-) GTGA S000378 

GTGANTG10 site 908 (-) GTGA S000378 

GTGANTG10 site 1341 (-) GTGA S000378 

GTGANTG10 site 1497 (-) GTGA S000378 

GTGANTG10 site 1589 (-) GTGA S000378 

GTGANTG10 site 1863 (-) GTGA S000378 

GTGANTG10 site 1882 (-) GTGA S000378 

GTGANTG10 site 1990 (-) GTGA S000378 

GTGANTG10 site 2166 (-) GTGA S000378 

GTGANTG10 site 2373 (-) GTGA S000378 

IBOX site 1272 (+) GATAAG S000124 

IBOX site 309 (-) GATAAG S000124 

IBOX site 314 (-) GATAAG S000124 

IBOXCORE site 156 (+) GATAA S000199 
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IBOXCORE site 983 (+) GATAA S000199 

IBOXCORE site 1272 (+) GATAA S000199 

IBOXCORE site 1347 (+) GATAA S000199 

IBOXCORE site 310 (-) GATAA S000199 

IBOXCORE site 315 (-) GATAA S000199 

IBOXCORE site 709 (-) GATAA S000199 

IBOXCORENT site 308 (-) GATAAGR S000424 

IBOXCORENT site 313 (-) GATAAGR S000424 

INRNTPSADB site 284 (+) YTCANTYY S000395 

INRNTPSADB site 1605 (-) YTCANTYY S000395 

INRNTPSADB site 54 (-) YTCANTYY S000395 

INRNTPSADB site 2389 (-) YTCANTYY S000395 

L1BOXATPDF1 site 953 (-) TAAATGYA S000386 

LTRECOREATCOR15 site 1570 (+) CCGAC S000153 

MARABOX1 site 941 (-) AATAAAYAAA S000063 

MARTBOX site 2288 (+) TTWTWTTWTT S000067 

MYB1AT site 142 (+) WAACCA S000408 

MYB1AT site 1109 (+) WAACCA S000408 

MYB1AT site 632 (-) WAACCA S000408 

MYB1AT site 2077 (-) WAACCA S000408 

MYB2CONSENSUSAT site 803 (-) YAACKG S000409 

MYB2CONSENSUSAT site 1891 (-) YAACKG S000409 

MYBCORE site 803 (+) CNGTTR S000176 

MYBCORE site 1500 (+) CNGTTR S000176 

MYBCORE site 1891 (+) CNGTTR S000176 

MYBCORE site 263 (-) CNGTTR S000176 

MYBCORE site 2384 (-) CNGTTR S000176 

MYBCOREATCYCB1 site 360 (-) AACGG S000502 

MYBCOREATCYCB1 site 1200 (-) AACGG S000502 

MYBCOREATCYCB1 site 1891 (-) AACGG S000502 

MYBGAHV site 172 (-) TAACAAA S000181 

MYBPLANT site 138 (+) MACCWAMC S000167 

MYBPLANT site 629 (-) MACCWAMC S000167 

MYBPZM site 1122 (+) CCWACC S000179 

MYBPZM site 1946 (+) CCWACC S000179 

MYBST1 site 35 (+) GGATA S000180 

MYBST1 site 300 (+) GGATA S000180 

MYBST1 site 316 (-) GGATA S000180 

MYBST1 site 710 (-) GGATA S000180 

MYCCONSENSUSAT site 146 (+) CANNTG S000407 

MYCCONSENSUSAT site 803 (+) CANNTG S000407 

MYCCONSENSUSAT site 1031 (+) CANNTG S000407 

MYCCONSENSUSAT site 1284 (+) CANNTG S000407 

MYCCONSENSUSAT site 1342 (+) CANNTG S000407 

MYCCONSENSUSAT site 1483 (+) CANNTG S000407 

MYCCONSENSUSAT site 1590 (+) CANNTG S000407 

MYCCONSENSUSAT site 1785 (+) CANNTG S000407 
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MYCCONSENSUSAT site 1839 (+) CANNTG S000407 

MYCCONSENSUSAT site 146 (-) CANNTG S000407 

MYCCONSENSUSAT site 803 (-) CANNTG S000407 

MYCCONSENSUSAT site 1031 (-) CANNTG S000407 

MYCCONSENSUSAT site 1284 (-) CANNTG S000407 

MYCCONSENSUSAT site 1342 (-) CANNTG S000407 

MYCCONSENSUSAT site 1483 (-) CANNTG S000407 

MYCCONSENSUSAT site 1590 (-) CANNTG S000407 

MYCCONSENSUSAT site 1785 (-) CANNTG S000407 

MYCCONSENSUSAT site 1839 (-) CANNTG S000407 

NODCON1GM site 1269 (+) AAAGAT S000461 

NODCON1GM site 652 (-) AAAGAT S000461 

NODCON2GM site 203 (+) CTCTT S000462 

NODCON2GM site 307 (+) CTCTT S000462 

NODCON2GM site 1218 (+) CTCTT S000462 

NODCON2GM site 1683 (+) CTCTT S000462 

NODCON2GM site 2242 (+) CTCTT S000462 

NODCON2GM site 2259 (+) CTCTT S000462 

NODCON2GM site 2322 (+) CTCTT S000462 

NODCON2GM site 3 (-) CTCTT S000462 

NODCON2GM site 2363 (-) CTCTT S000462 

OSE1ROOTNODULE site 1269 (+) AAAGAT S000467 

OSE1ROOTNODULE site 652 (-) AAAGAT S000467 

OSE2ROOTNODULE site 203 (+) CTCTT S000468 

OSE2ROOTNODULE site 307 (+) CTCTT S000468 

OSE2ROOTNODULE site 1218 (+) CTCTT S000468 

OSE2ROOTNODULE site 1683 (+) CTCTT S000468 

OSE2ROOTNODULE site 2242 (+) CTCTT S000468 

OSE2ROOTNODULE site 2259 (+) CTCTT S000468 

OSE2ROOTNODULE site 2322 (+) CTCTT S000468 

OSE2ROOTNODULE site 3 (-) CTCTT S000468 

OSE2ROOTNODULE site 2363 (-) CTCTT S000468 

P1BS site 300 (+) GNATATNC S000459 

P1BS site 1208 (+) GNATATNC S000459 

P1BS site 2442 (+) GNATATNC S000459 

P1BS site 300 (-) GNATATNC S000459 

P1BS site 1208 (-) GNATATNC S000459 

P1BS site 2442 (-) GNATATNC S000459 

PALBOXAPC site 667 (-) CCGTCC S000137 

POLASIG1 site 678 (-) AATAAA S000080 

POLASIG1 site 941 (-) AATAAA S000080 

POLASIG1 site 945 (-) AATAAA S000080 

POLASIG1 site 957 (-) AATAAA S000080 

POLASIG1 site 1292 (-) AATAAA S000080 

POLASIG1 site 1379 (-) AATAAA S000080 

POLASIG1 site 1439 (-) AATAAA S000080 

POLASIG1 site 2174 (-) AATAAA S000080 



 

 

257 

 

POLASIG2 site 2232 (+) AATTAAA S000081 

POLASIG3 site 1072 (+) AATAAT S000088 

POLASIG3 site 1801 (+) AATAAT S000088 

POLASIG3 site 1009 (-) AATAAT S000088 

POLASIG3 site 1041 (-) AATAAT S000088 

POLLEN1LELAT52 site 402 (+) AGAAA S000245 

POLLEN1LELAT52 site 773 (+) AGAAA S000245 

POLLEN1LELAT52 site 1657 (+) AGAAA S000245 

POLLEN1LELAT52 site 1918 (+) AGAAA S000245 

POLLEN1LELAT52 site 2397 (+) AGAAA S000245 

POLLEN1LELAT52 site 437 (-) AGAAA S000245 

POLLEN1LELAT52 site 442 (-) AGAAA S000245 

POLLEN1LELAT52 site 969 (-) AGAAA S000245 

POLLEN1LELAT52 site 1236 (-) AGAAA S000245 

POLLEN1LELAT52 site 1355 (-) AGAAA S000245 

POLLEN1LELAT52 site 1627 (-) AGAAA S000245 

POLLEN1LELAT52 site 2002 (-) AGAAA S000245 

PREATPRODH site 2136 (+) ACTCAT S000450 

PREATPRODH site 1287 (-) ACTCAT S000450 

PREATPRODH site 2222 (-) ACTCAT S000450 

PREATPRODH site 2276 (-) ACTCAT S000450 

PRECONSCRHSP70A site 1188 (+) SCGAYNRNNNNNNNNNNNNNNNHD S000506 

PRECONSCRHSP70A site 2501 (+) SCGAYNRNNNNNNNNNNNNNNNHD S000506 

PRECONSCRHSP70A site 452 (-) SCGAYNRNNNNNNNNNNNNNNNHD S000506 

PRECONSCRHSP70A site 2081 (-) SCGAYNRNNNNNNNNNNNNNNNHD S000506 

PYRIMIDINEBOXHVEPB1 site 2292 (+) TTTTTTCC S000298 

PYRIMIDINEBOXOSRAMY1A site 434 (+) CCTTTT S000259 

QELEMENTZMZM13 site 905 (+) AGGTCA S000254 

RAV1AAT site 184 (+) CAACA S000314 

RAV1AAT site 814 (+) CAACA S000314 

RAV1AAT site 1157 (+) CAACA S000314 

RAV1AAT site 935 (-) CAACA S000314 

RAV1AAT site 1536 (-) CAACA S000314 

RAV1AAT site 1558 (-) CAACA S000314 

RAV1BAT site 1590 (+) CACCTG S000315 

RAV1BAT site 1785 (+) CACCTG S000315 

REALPHALGLHCB21 site 143 (+) AACCAA S000362 

REALPHALGLHCB21 site 1124 (+) AACCAA S000362 

REALPHALGLHCB21 site 631 (-) AACCAA S000362 

REBETALGLHCB21 site 710 (-) CGGATA S000363 

RHERPATEXPA7 site 908 (+) KCACGW S000512 

RHERPATEXPA7 site 1341 (+) KCACGW S000512 

RHERPATEXPA7 site 2373 (+) KCACGW S000512 

RHERPATEXPA7 site 1343 (-) KCACGW S000512 

RHERPATEXPA7 site 785 (-) KCACGW S000512 

RHERPATEXPA7 site 897 (-) KCACGW S000512 

RHERPATEXPA7 site 1458 (-) KCACGW S000512 
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ROOTMOTIFTAPOX1 site 540 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 2028 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 2128 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 2444 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 1209 (-) ATATT S000098 

ROOTMOTIFTAPOX1 site 2443 (-) ATATT S000098 

RYREPEATBNNAPA site 97 (+) CATGCA S000264 

RYREPEATBNNAPA site 951 (+) CATGCA S000264 

RYREPEATGMGY2 site 951 (+) CATGCAT S000105 

RYREPEATLEGUMINBOX site 97 (+) CATGCAY S000100 

RYREPEATLEGUMINBOX site 951 (+) CATGCAY S000100 

S1FBOXSORPS1L21 site 1134 (-) ATGGTA S000223 

S1FBOXSORPS1L21 site 1836 (-) ATGGTA S000223 

SBOXATRBCS site 25 (-) CACCTCCA S000500 

SEBFCONSSTPR10A site 1717 (+) YTGTCWC S000391 

SEBFCONSSTPR10A site 899 (-) YTGTCWC S000391 

SEBFCONSSTPR10A site 1823 (-) YTGTCWC S000391 

SEF3MOTIFGM site 2513 (+) AACCCA S000115 

SEF4MOTIFGM7S site 2130 (+) RTTTTTR S000103 

SEF4MOTIFGM7S site 1385 (+) RTTTTTR S000103 

SEF4MOTIFGM7S site 448 (-) RTTTTTR S000103 

SITEIIATCYTC site 150 (+) TGGGCY S000474 

SITEIIATCYTC site 1908 (+) TGGGCY S000474 

SITEIIATCYTC site 44 (-) TGGGCY S000474 

SITEIIATCYTC site 2057 (-) TGGGCY S000474 

SORLIP1AT site 1540 (+) GCCAC S000482 

SORLIP1AT site 1562 (+) GCCAC S000482 

SORLIP1AT site 1903 (+) GCCAC S000482 

SORLIP1AT site 2486 (+) GCCAC S000482 

SORLIP1AT site 7 (-) GCCAC S000482 

SORLIP1AT site 13 (-) GCCAC S000482 

SORLIP1AT site 78 (-) GCCAC S000482 

SORLIP1AT site 121 (-) GCCAC S000482 

SORLIP1AT site 2019 (-) GCCAC S000482 

SORLIP2AT site 43 (+) GGGCC S000483 

SORLIP2AT site 44 (-) GGGCC S000483 

SORLIP2AT site 1253 (-) GGGCC S000483 

SORLIP2AT site 2057 (-) GGGCC S000483 

SORLIP2AT site 2421 (-) GGGCC S000483 

SP8BFIBSP8BIB site 2341 (-) TACTATT S000184 

SREATMSD site 315 (+) TTATCC S000470 

SREATMSD site 709 (+) TTATCC S000470 

SURECOREATSULTR11 site 1246 (+) GAGAC S000499 

SURECOREATSULTR11 site 1525 (+) GAGAC S000499 

SURECOREATSULTR11 site 1823 (+) GAGAC S000499 

SURECOREATSULTR11 site 1719 (-) GAGAC S000499 

T/GBOXATPIN2 site 909 (-) AACGTG S000458 



 

 

259 

 

TAAAGSTKST1 site 193 (-) TAAAG S000387 

TAAAGSTKST1 site 225 (-) TAAAG S000387 

TAAAGSTKST1 site 549 (-) TAAAG S000387 

TAAAGSTKST1 site 2476 (-) TAAAG S000387 

TATABOX2 site 1442 (-) TATAAAT S000109 

TATABOX4 site 1432 (+) TATATAA S000111 

TATABOX4 site 724 (-) TATATAA S000111 

TATABOX5 site 679 (+) TTATTT S000203 

TATABOX5 site 942 (+) TTATTT S000203 

TATABOX5 site 966 (+) TTATTT S000203 

TATABOX5 site 1440 (+) TTATTT S000203 

TATABOX5 site 1071 (-) TTATTT S000203 

TATABOXOSPAL site 2478 (-) TATTTAA S000400 

TATCCAOSAMY site 316 (+) TATCCA S000403 

TBOXATGAPB site 1858 (-) ACTTTG S000383 

TRANSINITMONOCOTS site 1730 (-) RMNAUGGC S000202 

TRANSINITMONOCOTS site 2456 (-) RMNAUGGC S000202 

WBOXATNPR1 site 594 (+) TTGAC S000390 

WBOXATNPR1 site 1280 (+) TTGAC S000390 

WBOXATNPR1 site 2072 (+) TTGAC S000390 

WBOXATNPR1 site 2245 (+) TTGAC S000390 

WBOXATNPR1 site 2301 (+) TTGAC S000390 

WBOXHVISO1 site 515 (+) TGACT S000442 

WBOXHVISO1 site 1578 (+) TGACT S000442 

WBOXHVISO1 site 1750 (+) TGACT S000442 

WBOXHVISO1 site 2073 (+) TGACT S000442 

WBOXHVISO1 site 1861 (-) TGACT S000442 

WBOXHVISO1 site 2331 (-) TGACT S000442 

WBOXNTCHN48 site 1176 (+) CTGACY S000508 

WBOXNTCHN48 site 1749 (+) CTGACY S000508 

WBOXNTERF3 site 515 (+) TGACY S000457 

WBOXNTERF3 site 1177 (+) TGACY S000457 

WBOXNTERF3 site 1578 (+) TGACY S000457 

WBOXNTERF3 site 1750 (+) TGACY S000457 

WBOXNTERF3 site 1830 (+) TGACY S000457 

WBOXNTERF3 site 2073 (+) TGACY S000457 

WBOXNTERF3 site 1861 (-) TGACY S000457 

WBOXNTERF3 site 2331 (-) TGACY S000457 

WBOXNTERF3 site 906 (-) TGACY S000457 

WRKY71OS site 515 (+) TGAC S000447 

WRKY71OS site 595 (+) TGAC S000447 

WRKY71OS site 900 (+) TGAC S000447 

WRKY71OS site 1177 (+) TGAC S000447 

WRKY71OS site 1281 (+) TGAC S000447 

WRKY71OS site 1299 (+) TGAC S000447 

WRKY71OS site 1578 (+) TGAC S000447 

WRKY71OS site 1750 (+) TGAC S000447 
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WRKY71OS site 1830 (+) TGAC S000447 

WRKY71OS site 2024 (+) TGAC S000447 

WRKY71OS site 2073 (+) TGAC S000447 

WRKY71OS site 2206 (+) TGAC S000447 

WRKY71OS site 2246 (+) TGAC S000447 

WRKY71OS site 2302 (+) TGAC S000447 

WRKY71OS site 907 (-) TGAC S000447 

WRKY71OS site 1588 (-) TGAC S000447 

WRKY71OS site 1755 (-) TGAC S000447 

WRKY71OS site 1862 (-) TGAC S000447 

WRKY71OS site 2097 (-) TGAC S000447 

WRKY71OS site 2332 (-) TGAC S000447 

Legends: (+) sense sequence, (-) antisense sequence 
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>SbPPCK4pro - Sb06g022690  

Factor or Site Name   Location (Strand) Signal Sequence SITE # 

-10PEHVPSBD site 1524 (+) TATTCT S000392 

-10PEHVPSBD site 1431 (-) TATTCT S000392 

-300ELEMENT site 87 (+) TGHAAARK S000122 

ABRELATERD1 site 1466 (+) ACGTG S000414 

ACGTABOX site 629 (+) TACGTA S000130 

ACGTABOX site 919 (+) TACGTA S000130 

ACGTABOX site 629 (-) TACGTA S000130 

ACGTABOX site 919 (-) TACGTA S000130 

ACGTATERD1 site 630 (+) ACGT S000415 

ACGTATERD1 site 920 (+) ACGT S000415 

ACGTATERD1 site 1466 (+) ACGT S000415 

ACGTATERD1 site 1502 (+) ACGT S000415 

ACGTATERD1 site 630 (-) ACGT S000415 

ACGTATERD1 site 920 (-) ACGT S000415 

ACGTATERD1 site 1466 (-) ACGT S000415 

ACGTATERD1 site 1502 (-) ACGT S000415 

ACGTTBOX site 1501 (+) AACGTT S000132 

ACGTTBOX site 1501 (-) AACGTT S000132 

AMMORESIVDCRNIA1 site 274 (+) CGAACTT S000375 

AMYBOX1 site 782 (+) TAACARA S000020 

ANAERO2CONSENSUS site 606 (-) AGCAGC S000478 

ARR1AT site 99 (+) NGATT S000454 

ARR1AT site 224 (+) NGATT S000454 

ARR1AT site 268 (+) NGATT S000454 

ARR1AT site 765 (+) NGATT S000454 

ARR1AT site 153 (+) NGATT S000454 

ARR1AT site 254 (+) NGATT S000454 

ARR1AT site 1328 (+) NGATT S000454 

ARR1AT site 136 (+) NGATT S000454 

ARR1AT site 146 (+) NGATT S000454 

ARR1AT site 462 (+) NGATT S000454 

ARR1AT site 1121 (+) NGATT S000454 

ARR1AT site 17 (-) NGATT S000454 

ARR1AT site 241 (-) NGATT S000454 

ARR1AT site 952 (-) NGATT S000454 

ARR1AT site 1140 (-) NGATT S000454 

ARR1AT site 1323 (-) NGATT S000454 

ARR1AT site 1415 (-) NGATT S000454 

BIHD1OS site 1282 (+) TGTCA S000498 

BOXIINTPATPB site 1384 (+) ATAGAA S000296 

BOXIINTPATPB site 1402 (-) ATAGAA S000296 

CAATBOX1 site 378 (+) CAAT S000028 

CAATBOX1 site 479 (+) CAAT S000028 

CAATBOX1 site 558 (+) CAAT S000028 

CAATBOX1 site 1132 (+) CAAT S000028 

CAATBOX1 site 1290 (+) CAAT S000028 

CAATBOX1 site 101 (-) CAAT S000028 

CAATBOX1 site 256 (-) CAAT S000028 

CAATBOX1 site 442 (-) CAAT S000028 

CAATBOX1 site 464 (-) CAAT S000028 

CAATBOX1 site 494 (-) CAAT S000028 

CAATBOX1 site 560 (-) CAAT S000028 

CAATBOX1 site 1149 (-) CAAT S000028 

CAATBOX1 site 1330 (-) CAAT S000028 

CAATBOX1 site 1361 (-) CAAT S000028 

CACTFTPPCA1 site 345 (+) YACT S000449 

CACTFTPPCA1 site 363 (+) YACT S000449 

CACTFTPPCA1 site 937 (+) YACT S000449 

CACTFTPPCA1 site 1302 (+) YACT S000449 

CACTFTPPCA1 site 1567 (+) YACT S000449 
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CACTFTPPCA1 site 409 (+) YACT S000449 

CACTFTPPCA1 site 521 (+) YACT S000449 

CACTFTPPCA1 site 531 (+) YACT S000449 

CACTFTPPCA1 site 589 (+) YACT S000449 

CACTFTPPCA1 site 719 (+) YACT S000449 

CACTFTPPCA1 site 1259 (+) YACT S000449 

CACTFTPPCA1 site 1266 (+) YACT S000449 

CACTFTPPCA1 site 1273 (+) YACT S000449 

CACTFTPPCA1 site 1 (-) YACT S000449 

CACTFTPPCA1 site 92 (-) YACT S000449 

CACTFTPPCA1 site 312 (-) YACT S000449 

CACTFTPPCA1 site 330 (-) YACT S000449 

CACTFTPPCA1 site 529 (-) YACT S000449 

CACTFTPPCA1 site 692 (-) YACT S000449 

CACTFTPPCA1 site 713 (-) YACT S000449 

CACTFTPPCA1 site 907 (-) YACT S000449 

CACTFTPPCA1 site 1026 (-) YACT S000449 

CACTFTPPCA1 site 1051 (-) YACT S000449 

CACTFTPPCA1 site 1257 (-) YACT S000449 

CACTFTPPCA1 site 1271 (-) YACT S000449 

CACTFTPPCA1 site 1353 (-) YACT S000449 

CACTFTPPCA1 site 1493 (-) YACT S000449 

CARGCW8GAT site 830 (+) CWWWWWWWWG S000431 

CARGCW8GAT site 1143 (+) CWWWWWWWWG S000431 

CARGCW8GAT site 830 (-) CWWWWWWWWG S000431 

CARGCW8GAT site 1143 (-) CWWWWWWWWG S000431 

CATATGGMSAUR site 1074 (+) CATATG S000370 

CATATGGMSAUR site 1074 (-) CATATG S000370 

CBFHV site 509 (+) RYCGAC S000497 

CCAATBOX1 site 377 (+) CCAAT S000030 

CCAATBOX1 site 557 (+) CCAAT S000030 

CCAATBOX1 site 1131 (+) CCAAT S000030 

CCAATBOX1 site 464 (-) CCAAT S000030 

CCAATBOX1 site 494 (-) CCAAT S000030 

CGCGBOXAT site 1511 (+) VCGCGB S000501 

CGCGBOXAT site 1511 (-) VCGCGB S000501 

CIACADIANLELHC site 785 (+) CAANNNNATC S000252 

CPBCSPOR site 1318 (-) TATTAG S000491 

CURECORECR site 530 (+) GTAC S000493 

CURECORECR site 588 (+) GTAC S000493 

CURECORECR site 714 (+) GTAC S000493 

CURECORECR site 1258 (+) GTAC S000493 

CURECORECR site 1272 (+) GTAC S000493 

CURECORECR site 1494 (+) GTAC S000493 

CURECORECR site 530 (-) GTAC S000493 

CURECORECR site 588 (-) GTAC S000493 

CURECORECR site 714 (-) GTAC S000493 

CURECORECR site 1258 (-) GTAC S000493 

CURECORECR site 1272 (-) GTAC S000493 

CURECORECR site 1494 (-) GTAC S000493 

DOFCOREZM site 56 (+) AAAG S000265 

DOFCOREZM site 90 (+) AAAG S000265 

DOFCOREZM site 684 (+) AAAG S000265 

DOFCOREZM site 690 (+) AAAG S000265 

DOFCOREZM site 786 (+) AAAG S000265 

DOFCOREZM site 854 (+) AAAG S000265 

DOFCOREZM site 873 (+) AAAG S000265 

DOFCOREZM site 895 (+) AAAG S000265 

DOFCOREZM site 1024 (+) AAAG S000265 

DOFCOREZM site 1049 (+) AAAG S000265 

DOFCOREZM site 1110 (+) AAAG S000265 

DOFCOREZM site 1195 (+) AAAG S000265 

DOFCOREZM site 1222 (+) AAAG S000265 
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DOFCOREZM site 1392 (+) AAAG S000265 

DOFCOREZM site 1459 (+) AAAG S000265 

DOFCOREZM site 83 (-) AAAG S000265 

DOFCOREZM site 116 (-) AAAG S000265 

DOFCOREZM site 246 (-) AAAG S000265 

DOFCOREZM site 570 (-) AAAG S000265 

DOFCOREZM site 576 (-) AAAG S000265 

DOFCOREZM site 595 (-) AAAG S000265 

DOFCOREZM site 610 (-) AAAG S000265 

DOFCOREZM site 989 (-) AAAG S000265 

DOFCOREZM site 1167 (-) AAAG S000265 

DOFCOREZM site 1279 (-) AAAG S000265 

DOFCOREZM site 1304 (-) AAAG S000265 

DOFCOREZM site 1367 (-) AAAG S000265 

DPBFCOREDCDC3 site 1572 (-) ACACNNG S000292 

DRE2COREZMRAB17 site 509 (+) ACCGAC S000402 

DRECRTCOREAT site 509 (+) RCCGAC S000418 

E2FCONSENSUS site 1605 (-) WTTSSCSS S000476 

EBOXBNNAPA site 558 (+) CANNTG S000144 

EBOXBNNAPA site 1074 (+) CANNTG S000144 

EBOXBNNAPA site 558 (-) CANNTG S000144 

EBOXBNNAPA site 1074 (-) CANNTG S000144 

EECCRCAH1 site 147 (+) GANTTNC S000494 

EECCRCAH1 site 1161 (+) GANTTNC S000494 

EECCRCAH1 site 1579 (-) GANTTNC S000494 

ERELEE4 site 611 (-) AWTTCAAA S000037 

GAREAT site 524 (+) TAACAAR S000439 

GAREAT site 782 (+) TAACAAR S000439 

GATABOX site 170 (+) GATA S000039 

GATABOX site 216 (+) GATA S000039 

GATABOX site 414 (+) GATA S000039 

GATABOX site 639 (+) GATA S000039 

GATABOX site 646 (+) GATA S000039 

GATABOX site 656 (+) GATA S000039 

GATABOX site 738 (+) GATA S000039 

GATABOX site 789 (+) GATA S000039 

GATABOX site 839 (+) GATA S000039 

GATABOX site 968 (+) GATA S000039 

GATABOX site 1029 (+) GATA S000039 

GATABOX site 1062 (+) GATA S000039 

GATABOX site 1201 (+) GATA S000039 

GATABOX site 1395 (+) GATA S000039 

GATABOX site 284 (-) GATA S000039 

GATABOX site 573 (-) GATA S000039 

GATABOX site 598 (-) GATA S000039 

GATABOX site 791 (-) GATA S000039 

GATABOX site 827 (-) GATA S000039 

GATABOX site 1018 (-) GATA S000039 

GATABOX site 1187 (-) GATA S000039 

GATABOX site 1214 (-) GATA S000039 

GATABOX site 1297 (-) GATA S000039 

GT1CONSENSUS site 126 (+) GRWAAW S000198 

GT1CONSENSUS site 216 (+) GRWAAW S000198 

GT1CONSENSUS site 774 (+) GRWAAW S000198 

GT1CONSENSUS site 1062 (+) GRWAAW S000198 

GT1CONSENSUS site 1182 (+) GRWAAW S000198 

GT1CONSENSUS site 148 (-) GRWAAW S000198 

GT1CONSENSUS site 541 (-) GRWAAW S000198 

GT1CONSENSUS site 1345 (-) GRWAAW S000198 

GT1CONSENSUS site 111 (-) GRWAAW S000198 

GT1CONSENSUS site 571 (-) GRWAAW S000198 

GT1CONSENSUS site 596 (-) GRWAAW S000198 

GT1CONSENSUS site 1016 (-) GRWAAW S000198 



 

 

264 

 

GT1CONSENSUS site 1081 (-) GRWAAW S000198 

GT1CONSENSUS site 1368 (-) GRWAAW S000198 

GT1CONSENSUS site 1369 (-) GRWAAW S000198 

GT1GMSCAM4 site 111 (-) GAAAAA S000453 

GT1GMSCAM4 site 1081 (-) GAAAAA S000453 

GT1GMSCAM4 site 1368 (-) GAAAAA S000453 

GTGANTG10 site 461 (+) GTGA S000378 

GTGANTG10 site 693 (+) GTGA S000378 

GTGANTG10 site 1027 (+) GTGA S000378 

GTGANTG10 site 1120 (+) GTGA S000378 

GTGANTG10 site 344 (-) GTGA S000378 

GTGANTG10 site 796 (-) GTGA S000378 

GTGANTG10 site 1301 (-) GTGA S000378 

IBOX site 170 (+) GATAAG S000124 

IBOXCORE site 170 (+) GATAA S000199 

IBOXCORE site 216 (+) GATAA S000199 

IBOXCORE site 1062 (+) GATAA S000199 

IBOXCORE site 572 (-) GATAA S000199 

IBOXCORE site 597 (-) GATAA S000199 

IBOXCORE site 1017 (-) GATAA S000199 

INRNTPSADB site 1300 (+) YTCANTYY S000395 

INRNTPSADB site 343 (+) YTCANTYY S000395 

INRNTPSADB site 99 (-) YTCANTYY S000395 

INRNTPSADB site 121 (-) YTCANTYY S000395 

INRNTPSADB site 1310 (-) YTCANTYY S000395 

LEAFYATAG site 377 (+) CCAATGT S000432 

LECPLEACS2 site 813 (+) TAAAATAT S000465 

LECPLEACS2 site 1406 (-) TAAAATAT S000465 

LTREATLTI78 site 509 (+) ACCGACA S000157 

LTRECOREATCOR15 site 510 (+) CCGAC S000153 

LTRECOREATCOR15 site 1556 (-) CCGAC S000153 

MARABOX1 site 1473 (-) AATAAAYAAA S000063 

MARTBOX site 726 (+) TTWTWTTWTT S000067 

MYB1AT site 197 (+) WAACCA S000408 

MYB1AT site 1078 (-) WAACCA S000408 

MYB26PS site 982 (-) GTTAGGTT S000182 

MYB2AT site 70 (+) TAACTG S000177 

MYB2AT site 1419 (-) TAACTG S000177 

MYB2CONSENSUSAT site 70 (+) YAACKG S000409 

MYB2CONSENSUSAT site 1419 (-) YAACKG S000409 

MYBCORE site 1419 (+) CNGTTR S000176 

MYBCORE site 1543 (+) CNGTTR S000176 

MYBCORE site 70 (-) CNGTTR S000176 

MYBCOREATCYCB1 site 1599 (+) AACGG S000502 

MYBCOREATCYCB1 site 545 (-) AACGG S000502 

MYBGAHV site 782 (+) TAACAAA S000181 

MYBPLANT site 982 (+) MACCWAMC S000167 

MYBST1 site 598 (-) GGATA S000180 

MYCCONSENSUSAT site 558 (+) CANNTG S000407 

MYCCONSENSUSAT site 1074 (+) CANNTG S000407 

MYCCONSENSUSAT site 558 (-) CANNTG S000407 

MYCCONSENSUSAT site 1074 (-) CANNTG S000407 

NODCON1GM site 786 (+) AAAGAT S000461 

NODCON1GM site 1392 (+) AAAGAT S000461 

NODCON1GM site 574 (-) AAAGAT S000461 

NODCON2GM site 81 (+) CTCTT S000462 

OCTAMERMOTIFTAH3H4 site 1512 (+) CGCGGATC S000076 

OSE1ROOTNODULE site 786 (+) AAAGAT S000467 

OSE1ROOTNODULE site 1392 (+) AAAGAT S000467 

OSE1ROOTNODULE site 574 (-) AAAGAT S000467 

OSE2ROOTNODULE site 81 (+) CTCTT S000468 

P1BS site 1521 (+) GNATATNC S000459 

P1BS site 1521 (-) GNATATNC S000459 
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POLASIG1 site 891 (+) AATAAA S000080 

POLASIG1 site 1389 (+) AATAAA S000080 

POLASIG1 site 1548 (+) AATAAA S000080 

POLASIG1 site 727 (-) AATAAA S000080 

POLASIG1 site 806 (-) AATAAA S000080 

POLASIG1 site 1473 (-) AATAAA S000080 

POLASIG1 site 1477 (-) AATAAA S000080 

POLASIG3 site 129 (+) AATAAT S000088 

POLASIG3 site 1320 (+) AATAAT S000088 

POLASIG3 site 730 (-) AATAAT S000088 

POLLEN1LELAT52 site 773 (+) AGAAA S000245 

POLLEN1LELAT52 site 1192 (+) AGAAA S000245 

POLLEN1LELAT52 site 1219 (+) AGAAA S000245 

POLLEN1LELAT52 site 1386 (+) AGAAA S000245 

POLLEN1LELAT52 site 1592 (+) AGAAA S000245 

POLLEN1LELAT52 site 113 (-) AGAAA S000245 

POLLEN1LELAT52 site 578 (-) AGAAA S000245 

POLLEN1LELAT52 site 1347 (-) AGAAA S000245 

PREATPRODH site 327 (-) ACTCAT S000450 

PYRIMIDINEBOXOSRAMY1A site 1458 (-) CCTTTT S000259 

RAV1AAT site 50 (+) CAACA S000314 

RAV1AAT site 1100 (+) CAACA S000314 

RAV1AAT site 859 (-) CAACA S000314 

RAV1AAT site 867 (-) CAACA S000314 

REALPHALGLHCB21 site 188 (-) AACCAA S000362 

RHERPATEXPA7 site 1118 (-) KCACGW S000512 

ROOTMOTIFTAPOX1 site 386 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 415 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 755 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 778 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 819 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 844 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 1013 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 1038 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 1069 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 1134 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 1147 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 1406 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 1523 (+) ATATT S000098 

ROOTMOTIFTAPOX1 site 777 (-) ATATT S000098 

ROOTMOTIFTAPOX1 site 816 (-) ATATT S000098 

ROOTMOTIFTAPOX1 site 825 (-) ATATT S000098 

ROOTMOTIFTAPOX1 site 1012 (-) ATATT S000098 

ROOTMOTIFTAPOX1 site 1066 (-) ATATT S000098 

ROOTMOTIFTAPOX1 site 1133 (-) ATATT S000098 

ROOTMOTIFTAPOX1 site 1146 (-) ATATT S000098 

ROOTMOTIFTAPOX1 site 1185 (-) ATATT S000098 

ROOTMOTIFTAPOX1 site 1291 (-) ATATT S000098 

ROOTMOTIFTAPOX1 site 1433 (-) ATATT S000098 

ROOTMOTIFTAPOX1 site 1522 (-) ATATT S000098 

SEF1MOTIF site 819 (+) ATATTTAWW S000006 

SEF1MOTIF site 1134 (+) ATATTTAWW S000006 

SEF4MOTIFGM7S site 356 (+) RTTTTTR S000103 

SEF4MOTIFGM7S site 388 (+) RTTTTTR S000103 

SEF4MOTIFGM7S site 724 (+) RTTTTTR S000103 

SEF4MOTIFGM7S site 1001 (+) RTTTTTR S000103 

SEF4MOTIFGM7S site 1040 (+) RTTTTTR S000103 

SEF4MOTIFGM7S site 1054 (+) RTTTTTR S000103 

SEF4MOTIFGM7S site 1376 (-) RTTTTTR S000103 

SEF4MOTIFGM7S site 1008 (-) RTTTTTR S000103 

SEF4MOTIFGM7S site 1308 (-) RTTTTTR S000103 

SORLIP1AT site 77 (-) GCCAC S000482 

SREATMSD site 597 (+) TTATCC S000470 
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SURECOREATSULTR11 site 208 (+) GAGAC S000499 

SURECOREATSULTR11 site 1463 (+) GAGAC S000499 

SURECOREATSULTR11 site 974 (-) GAGAC S000499 

SURECOREATSULTR11 site 1583 (-) GAGAC S000499 

TAAAGSTKST1 site 1391 (+) TAAAG S000387 

TAAAGSTKST1 site 570 (-) TAAAG S000387 

TAAAGSTKST1 site 595 (-) TAAAG S000387 

TATABOX2 site 1089 (-) TATAAAT S000109 

TATABOX2 site 1123 (-) TATAAAT S000109 

TATABOX3 site 888 (-) TATTAAT S000110 

TATABOX4 site 393 (+) TATATAA S000111 

TATABOX4 site 1453 (+) TATATAA S000111 

TATABOX4 site 392 (-) TATATAA S000111 

TATABOX5 site 731 (+) TTATTT S000203 

TATABOX5 site 999 (+) TTATTT S000203 

TATABOX5 site 1474 (+) TTATTT S000203 

TATABOX5 site 1478 (+) TTATTT S000203 

TATABOX5 site 39 (-) TTATTT S000203 

TATABOX5 site 128 (-) TTATTT S000203 

TATABOX5 site 219 (-) TTATTT S000203 

TATABOX5 site 1388 (-) TTATTT S000203 

TATABOXOSPAL site 820 (+) TATTTAA S000400 

TATABOXOSPAL site 831 (+) TATTTAA S000400 

TATABOXOSPAL site 1135 (+) TATTTAA S000400 

TATAPVTRNALEU site 391 (+) TTTATATA S000340 

TATAPVTRNALEU site 393 (-) TTTATATA S000340 

TATAPVTRNALEU site 1453 (-) TTTATATA S000340 

TBOXATGAPB site 988 (+) ACTTTG S000383 

TBOXATGAPB site 689 (-) ACTTTG S000383 

TBOXATGAPB site 853 (-) ACTTTG S000383 

WBBOXPCWRKY1 site 758 (+) TTTGACY S000310 

WBBOXPCWRKY1 site 990 (+) TTTGACY S000310 

WBBOXPCWRKY1 site 686 (-) TTTGACY S000310 

WBBOXPCWRKY1 site 1224 (-) TTTGACY S000310 

WBOXATNPR1 site 759 (+) TTGAC S000390 

WBOXATNPR1 site 861 (+) TTGAC S000390 

WBOXATNPR1 site 991 (+) TTGAC S000390 

WBOXATNPR1 site 687 (-) TTGAC S000390 

WBOXATNPR1 site 1225 (-) TTGAC S000390 

WBOXHVISO1 site 694 (+) TGACT S000442 

WBOXHVISO1 site 760 (+) TGACT S000442 

WBOXHVISO1 site 862 (+) TGACT S000442 

WBOXHVISO1 site 992 (+) TGACT S000442 

WBOXHVISO1 site 1232 (+) TGACT S000442 

WBOXHVISO1 site 686 (-) TGACT S000442 

WBOXHVISO1 site 1224 (-) TGACT S000442 

WBOXNTERF3 site 694 (+) TGACY S000457 

WBOXNTERF3 site 760 (+) TGACY S000457 

WBOXNTERF3 site 862 (+) TGACY S000457 

WBOXNTERF3 site 992 (+) TGACY S000457 

WBOXNTERF3 site 1232 (+) TGACY S000457 

WBOXNTERF3 site 686 (-) TGACY S000457 

WBOXNTERF3 site 1224 (-) TGACY S000457 

WRKY71OS site 694 (+) TGAC S000447 

WRKY71OS site 760 (+) TGAC S000447 

WRKY71OS site 862 (+) TGAC S000447 

WRKY71OS site 992 (+) TGAC S000447 

WRKY71OS site 1232 (+) TGAC S000447 

WRKY71OS site 687 (-) TGAC S000447 

WRKY71OS site 1225 (-) TGAC S000447 

WRKY71OS site 1283 (-) TGAC S000447 

Legends: (+) sense sequence, (-) antisense sequence 
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