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Abstract 

Plant non-specific lipid transfer proteins (nsLTPs) constitute a large protein family found in all 

land plants. NsLTPs are involved in a wide range of biological processes, however, only few 

members have been functionally characterised. The aim of this project was to investigate the 

biological function of TaMs1, a wheat glycosylphosphatidylinositol (GPI)-anchored nsLTP. 

TaMs1 was identified as a dominant wheat fertility gene necessary for pollen exine 

development and proposed for use in the efficient bulking of male-sterile lines required for 

hybrid wheat seed production. Additionally, we identified and analysed nsLTP members in 

bread wheat on a genome-wide scale, providing a valuable resource aimed at elucidating the 

function of these genes in wheat development. 

Firstly, to investigate the biological function of TaMs1, we conducted expression analysis of 

its three homeoalleles (A, B, and D sub-genomes) on a series of wheat tissues collected at 

different developmental stages. TaMs1 transcripts were detected exclusively in anthers 

during early microspore development, and we only observed expression of the B-genome-

derived TaMs1 (Chapter 3). Additionally, we observed that previously reported genes deemed 

necessary for pollen exine formation were not differentially regulated in ms1 deletion mutants 

(ms1c, cv. Cornerstone) relative to Wild-Type, suggesting an independent function for TaMs1 

from these genes during pollen development. Moreover, we showed that the encoded protein 

TaMs1 is targeted to the plasma membrane.  

For a commercially viable hybrid wheat production platform, complete penetrance of the 

ms1-induced male sterility is critical. Here, we observed male sterility penetrance to be 

variable depending upon ms1 mutation type and genotypic background (Chapter 5). The single 

nucleotide polymorphism (SNP mutant) ms1d (cv. Chris), showed near-complete male sterility 

in various backgrounds, whilst partial to full fertility (incomplete penetrance) was observed 

for the homozygous ms1c deletion mutant. To identify possible loci involved with this 

incomplete penetrance, we used a genotyping-by-sequencing (GbS)-SNP-based linkage map 

followed by analysis of quantitative trait loci (QTL) for selfed-seed set in the homozygous 

mutant ms1c. Two QTLs, on chromosome 4AL and 2BS respectively, were identified to be 

associated with selfed-seed set. The 4AL QTL spans 36 cM and contains three nsLTPs, including 

the TaMs1-A homeologue, whereas the 2BS QTL spans 42.5 cM and contains four nsLTPs.  
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Finally, to study the evolution of nsLTPs we conducted a genome-wide identification of this 

gene family in wheat (Chapter 4). A total of 461 putative nsLTPs were identified from the 

wheat genome (TaLTPs) (cv. Chinese Spring). The evolutionary relationships of the retrieved 

TaLTPs with rice and A.thaliana nsLTPs revealed an expansion of this family in the wheat 

genome, emerging mainly from tandem duplications. We showed that wheat nsLTP transcripts 

were detected in most tissues and stages of wheat development, which is in accordance with 

the diverse reported roles of this gene family. We further refined the expression profile of 

anther-expressed nsLTPs to provide additional male fertility gene sequences that can be used 

for the generation of alternative male-sterile wheat mutants. 

The present work contributes towards an understanding of the biological role for TaMs1 in 

male fertility, providing valuable information to help the development of large-scale and cost-

effective multiplication of ms1 male-steriles. Furthermore, this project provides groundwork 

for future fundamental research in wheat focussing on the role of nsLTPs in wheat 

development.  
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Chapter 1  

General introduction 

1.1 Context of the thesis 

The 20th century has seen spectacular technological advances and scientific discoveries, which 

have resulted in an outstanding increase in agriculture productivity. The “green revolution” 

led to substantially higher crop yields resulting in enough food produced to meet population 

demand. However, considering the earth’s rapid increase in human population growth, global 

food security remains a central challenge of the 21st century and much needs to be done:  

 To date, around two billion people are food insecure according to the FAO’s food security 
definition (Wheeler and Braun, 2013). 

 In 2014-16, 797 million people were unable to acquire sufficient food to meet the 
necessary dietary energy requirements, representing 11% of the worldwide population 
(FAO et al., 2015). 

 Nearly half of all deaths in children under 5 are attributable to undernutrition (UNICEF et 
al., 2016). 

 In 2016, stunting (low height for age) affected 22.9 % of children under 5 due to a lack of 
food, representing a total of 154.8 million children. One in two stunted children are living 
in South Asia and one in three in sub-Saharan Africa (UNICEF et al., 2016). 

 Additionally, 52 million children under the age of five exhibit wasting (low weight for 
height) of which 17 million were severely wasted (UNICEF et al., 2016). 

 Food insecurity and starvation often cause more deaths than direct violence (Liu, 2017). 
Between 2007 and 2012, an estimated 70,000 people lost their life due to conflicts and 
terrorism (GDAVD, 2015). In contrast, starvation caused 250,000 death in Somalia alone 
between 2010 and 2012 (FAO, 2013). 

 

Regrettably, current and future projected trends are not favourable towards solving these 

issues. Firstly, population growth is expected to result in large increases in staple food 

demands. Secondly, we will be confronted by a likely rise in the occurrence of natural 

disasters, as new records in average temperature have been beaten consecutively in the years 

2014, 2015 and 2016 (Earth Observatory, 2016). This rising temperature and multiplication of 

climate-related disasters will increasingly jeopardize food security (FAO, 2015). As a result, 

climate change is projected to put an additional 120 million people at risk of 

undernourishment by 2050 (Liu, 2017). To tackle such issues, increasing the current crop yield 

gain and yield stability will provide an important part of the solution towards sustainable food 

security.  
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1.2 Structure of the thesis 

The thesis presented consists of six chapters, including a series of three papers (Figure 1). Two 

manuscripts have been submitted, and the remaining chapter has been written in manuscript 

format. Chapter 1 (this chapter) provides a broad overview of the thesis background, and 

research objectives are briefly discussed. Chapter 2 provides a comprehensive review of the 

literature for the work presented, giving support for the research objectives. Chapter 3, 4 and 

5 are three experimental papers following the standard manuscript format that includes: 

Abstract, Introduction, Materials and Methods, Results, Discussion and References. The thesis 

will conclude in Chapter 6, which provides a general discussion of the findings reported in this 

thesis, summary of contributions of knowledge and considerations for future research 

directions.  

 

This thesis also contain one appendix: 

Tucker, E. J., Baumann, U., Kouidri, A., Suchecki, R., Baes, M., Garcia, M., Okada, T., Dong, C., 

Wu, Y., Sandhu, A., Singh, M., Langridge, P., Wolters, P., Albertsen, M. C., Cigan, A. M., & 

Whitford, R. (2017). Molecular identification of the wheat male fertility gene Ms1 and its 

prospects for hybrid breeding. Nature Communications, 8(1), 869.  

The data reported in this manuscript served as fundamentals for designing this PhD research 

project in wheat. The experimental data was in part generated and prepared for publication 

during the course of the PhD candidature. 
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Figure 1 | Schematic structure of the thesis.
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Chapter 2 

 Literature review 

2.1 Increasing cereal production under a changing climate  

2.1.1 Production and economic importance of wheat 

The cultivation of bread wheat (Triticum aestivum L.) started nearly 10,000 years ago in the 

fertile crescent, which stretches throughout the middle east an includes countries now known 

as Iraq, Jordan, Israel, Palestine, Egypt, Turkey and Iran (Brown et al., 2009). To date, wheat is 

cultivated in 128 countries and is considered as one of the most important staple crops for 

human consumption. Wheat accounts for 11 % of the total agricultural output with about 750 

million of tonnes produced in 2016 (Liu, 2017) and it is the most widely cultivated plant, 

representing 16 % of the total area under cultivation. In addition, wheat is the most traded 

commodity with 23 % of the total production exported (160 million tonnes) compared to 12 

% for maize and 5 % for rice (Liu, 2017). As a consequence, wheat availability and price 

fluctuation could have a large impact on food security. The importance of wheat also relates 

to its nutritional value, providing a total 20 % of daily protein and food calories.  

Figure 1 | Comparison of major crop production and cultivated area in 2016. Data from 
FAOSTAT, 2017. 

 

2.1.2 Climate change is predicted to negatively affect food production 

The world population is projected to reach 9.7 billion by 2050 (Alexandratos and Bruinsma, 

2012). Accordingly, global demand for food, feed and biofuel, is predicted to increase by 50 % 
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from 2012 to 2050 (FAOSTAT, 2017). To meet this demand, agricultural output would need to 

more than double by 2050 in sub-Saharan and South Asia (Alexandratos and Bruinsma, 2012; 

FAOSTAT, 2017). In the rest of the world, an increase of over 30 % to the 2017 level would be 

required. However, in the past 40 years, climate change has affected crop production 

counteracting a portion of the yield gain increase arising from genetic progress and technology 

(Lobell et al., 2011). For instance, in Australia, climate trends are suggested to account for 

stalled wheat yields since 1990 (Hochman et al., 2017). In addition, climate change is predicted 

to increase the frequency of extreme climatic events such as drought, heat, flood and frost 

(Coumou and Rahmstorf, 2012). Such extreme weather disasters were shown to significantly 

reduce cereal production by 9 - 10 % (Lesk et al., 2016). Across the United States of America 

(USA), maize yields are predicted to decline by 20 % to 40 % by 2050 (Leng and Huang, 2017). 

For wheat, mean yields are also projected to decrease under climate change, with global 

wheat yield predicted to decline between 4.1 % and 6.4 % for each degree of further 

temperature increase (Asseng et al., 2015; Liu et al., 2016). Studies looking at the impact of 

climate change on agriculture outputs were combined by Porter (2014) in a meta-analysis of 

1090 studies. This meta-analysis, focussing predominantly on wheat, maize, rice and soybeans 

yields under different climate trend predictions, led to the conclusion that there will be a 

significant fall in global yield over the long term (Figure 2). 

Figure 2 | Projected changes in crop yields owing to climate change (Porter, 2014; FAOSTAT, 
2017). 
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2.1.3 Increasing crop yield would require improvement in breeding and selection 

technologies 

Since the introduction of the Green Revolution crops in the 1960’s, cereal yield has been boosted, 

and total cereal production has, on average, achieved a linear increase from 1 billion to 2.5 billion 

tonnes (FAOSTAT, 2017). This gradual increase of the total crop production is due to important 

agriculture innovations combining: (i) extension of the land water supply system; (ii) extensive use 

of fertilizers; (iii) adoption of modern improved varieties through the development of breeding 

technologies. However, agronomic practices to improve yield such as fertilizers and water inputs 

are limited and the amount of land that can be devoted to agriculture is restricted. Consequently, 

from now on, the best approach to increase yield is likely to rely on the improvement of breeding 

and selection technologies. 

In wheat, over the past 60 years, five conventional methods of wheat breeding have 

consistently contributed to a steady rate of 1% yield gain increase per year (Fischer et al., 

2014). These breeding techniques, affected by the inbreeding nature of wheat, include: 

pedigree selection, single seed descent, doubled haploid (DH), bulk selection and backcross 

breeding (Bentley and Mackay, 2017). However, with the reported stagnation of wheat yield 

gain and the projected negative impact of a changing climate on global production, there is an 

urgent need to develop new breeding techniques to rapidly increase wheat’s yield potential, 

improve its yield stability and increase the sustainability of its production systems. New 

promising breeding techniques with the potential to increase the rate of yield gain in wheat 

have been proposed. These include, marker assisted selection (MAS) and genomic selection 

(GS), genetic engineering, genome editing, mutation breeding, and F1 hybrid breeding 

(Bentley and Mackay, 2017).  Here, we will focus on the potential of hybrid wheat breeding 

for improving the rates of genetic gain and therefore yield.  

 

2.2 Hybrid wheat breeding 

2.2.1 Heterosis 

Heterosis or outbreeding performance is the improvement of agronomical characteristics of 

the offspring relative to both parents (Shull, 1908). Heterosis refers to the phenomenon in 

which the offspring shows better yield, biotic and abiotic stress resistance than either parent. 

This is in part due to superior combinations of parental alleles. The extent of the heterotic 

effect is related to the genetic divergence between the two parents. Generally, the more 
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divergent the parents are genetically, the greater the heterotic effect (Reif et al., 2005). This 

effect is important in the F1 generation and decreases in subsequent generations. This 

phenomenon is known as inbreeding depression. 

The exploitation of heterosis has resulted in important economic benefits for many crops. 

Over half of the production from major crops is derived from hybrid varieties, including rice, 

maize, sorghum, rapeseed and sunflower (Martín et al., 2010). In the USA and China, hybrid 

maize accounts for more than 95% of the total maize produced (Chen and Liu, 2014; USDA, 

2018). Yield improvement associated with heterosis was estimated to be 55% in rice, 11% in 

barley, 68 % in foxtail millet, 263 % in tomato and 200 % in brassica oil crops (Fu et al., 1990; 

Siles et al., 2004; Jain et al., 2007; Longin et al., 2012; Mühleisen et al., 2014). In wheat, 

estimates of heterotic yield gain range from 3.5 % to 15 % (Longin et al., 2012). Over the past 

century modern plant breeding has restricted cultivated wheat’s genetic diversity (Fu and 

Somers, 2009). The ability to capture heterosis will require the creation of genetically 

divergent groups, also known as heterotic groups. 

2.2.2 Hybrid breeding systems 

2.2.2.1 Prerequisites 

Commercial hybrid seed production has several prerequisites. Firstly, yield gains through 

hybrid breeding necessitate a panel of genetically diverse parental lines (Fisher, 1972). These 

genetically diverse lines that underpin the heterotic effect must first be evaluated, with 

optimal combinations thereof requiring field testing. 

In order to produce the hybrid seed, effective pollination control is required. Cost-effective 

production systems for hybrid seed need to prevent unwanted self-pollination with no 

deleterious effect on plant growth or vigor, more 

specifically impairing the male organs of the mother line 

without affecting either the female organs or seed 

development.  Wheat, however, is a strong self-pollinator 

with male (anther, pollen) and female reproductive 

organs (stigma, ovary) being small and co-localized within 

one floret (Figure 3). As a consequence, hand 

emasculation is highly impractical for commercial 

production of hybrid wheat seed. 
Figure 3 | Wheat reproductive organs. 
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In addition, when seeds are the end use product (e.g. all cereals), the fertility of sterile plants 

must be fully restored in order to exploit the optimal yield potential in the hybrid progeny. For 

this purpose, male sterility must be counteracted by fertility restorer (Rf) genes. Rfs should 

ideally possess the following characteristics: 

(i) Completely restore fertility to male steriles in a wide range of genetic backgrounds:  

- Seed yield derived from F1 plants can be compromised if the Rf(s) only partially restore 

fertility; an efficiency of 100% fertility restoration is required when using sterility 

inducing systems, to make it both cost effective and efficient.  

- The system must work across all wheat germplasm. 

(ii) Be non-conditional: a conditional fertility restorer gene can restrict the use of sterility 

systems to geographical regions in which there is predictable day length and/or temperature 

variations. Non-conditional Rfs permit hybrid breeding in all environments.  

Several approaches have been successfully applied for hybrid wheat breeding and these are 

described in more detail below.   

2.2.2.2 Cytoplasmic Male Sterility (CMS) 

CMS is a maternally inherited trait resulting from the conflict between nuclear and 

mitochondrial encoded genomes. In wheat, CMS is mostly based on the sterilizing ability of 

the Triticum timopheevii Zhuk. cytoplasm (Wilson and Ross, 1962). The sterilizing cytoplasm 

was transferred from T. timopheevii to T. aestivum via backcrossing and resulted in male-

sterile T. aestivum cyt. T. timopheevii alloplasmic lines.  

However, despite the development of this system across various wheat germplasms, no 

optimum CMS system for hybrid seed production was successfully established in wheat 

(Whitford et al., 2013). This led to the search for additional cytoplasm – fertility restorer gene 

systems, aside from T. timopheevi, that could also be used to induce male sterility in wheat. 

Among them, they include Rfv1 gene for Aegilops kotschyi (Mukai and Tsunewaki, 1979), Rfm1 

for Aegilops mutica and Rfn1 for Aegilops uniaristata (Tsujimoto and Tsunewaki, 1984).  

In all three cytoplasms male sterility was observed when the normal bread wheat 

chromosome 1BS was replaced with 1RS (1RS.1BL translocation) (cv. Salmon). However, 

1RS.1BL translocation affected negatively on wheat quality (Mukai and Tsunewaki, 1979). The 

bread wheat landrace Chinese Spring was reported to contain a “Restoration of fertility in 
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multiple CMS systems” (Rfmulti) locus, which contains Rf genes for these three cytoplasms 

clustered within a 2.9 cM interval of chromosome 1BS (Tsunewaki, 2015). This cluster of Rf 

genes enabled engineering the Rfmulti on 1BS with a 2.8cM insert derived from 1RS. This 

faciliates the development of wheat hybrids without being penalised in terms of baking quality 

based on the presence of the entire 1RS arm (Hohn and Lukaszewski, 2016). Additionally, a 

system that results from the incompatibility between T. aestivum cytoplasm and the 

cytoplasmic genome of the wild barley, Hordeum chilense Roem. et Schultz. was reported and 

termed the msH1 CMS system (Castillo et al., 2015). 

Towards large-scale commercial deployment of wheat hybrids, this approach requires 

significant improvement especially in terms of fertility restoration. Current methods do not 

allow the production of fully fertile wheat across all genetic backgrounds, given that CMS-

based fertility restorers can be restricted to specific germplasm. Another problem associated 

with the deployment of CMS is the negative effects on plant vigour and yield derived from the 

“alien” cytoplasm. 

 

2.2.2.3 Chemical Hybridizing Agent (CHA) 

CHA refers to a group of chemicals able to induce male sterility in plants. Several chemicals 

have shown gametocidal activity, these include auxins/anti-auxins (Hoagland et al., 1953; 

Porter and Wiese, 1961; Rowell and Miller, 1971), arsenicals and halogenated aliphatic acids 

(Roux and Chirinian, 1959). Most of the chemical agents have shown strong phytotoxic effects. 

Consequently, in Europe, sintofen (CROISOR®100) produced by Saaten Union Research 

(Germany) is the only deregulated chemical currently approved for use in commercial hybrid 

wheat seed production. More recently, a pyridazinecarboxylic acid compound called SQ-1 was 

reported to be an efficient chemical hybridising agent for inducing wheat male sterility, 

attracting interest for hybrid seed production, mainly in China (Liu et al., 2018; Wang et al., 

2018).  

The use of CHAs allows a large number of parent combinations to be tested for hybrid seed 

production. This system also simplifies seed production given that it does not require breeding 

and use of a maintainer line for female parent propagation, or the identification and tracking 

of fertility restorer genes in the male parent. However, CHA-based systems have several 
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drawbacks, such as (i) phytotoxicity (ii) difficulties in field application, due to rain, heat and 

wind events that can reduce the chemical agent’s efficacy and (iii) potential reduction of seed 

set in the treated female parent. 

 

2.2.2.4 Environment-Sensitive Genetic Male Sterility (EGMS) 

The term EGMS refers to the pollen fertility affected by either temperature (thermosensitive 

genetic male sterility, TGMS), or day length (photoperiod-sensitive genetic male sterility, 

PGMS), or both (photothermal-sensitive genetic male sterility, PTGMS). The first reported case 

of EGMS was identified in pepper, which showed male sterility under greenhouse conditions 

but restored fertility in the field (Martin and Grawford, 1951). Subsequently, EGMS was 

reported in several species, including wheat (Fisher, 1972), maize (Duvick, 1966), barley (Batch 

and Morgan, 1974), tomato (Rick and Boynton, 1967) and in rice (Cheng et al., 2007). In 

practice, rice EGMS systems have been problematic in terms of stability of the male-sterile 

phenotype or incomplete restoration of fertility to the F1 progenies. In wheat, TGMS line 

BS366 is reported to exhibit aberrant cytokinesis during meiosis under low temperature (Xu 

et al., 2013). The sterility of BS366 under cold stress was determined to result from an 

upregulation of TaPaO1, a pheophorbide a oxygenase (PaO) encoding gene that is involved in 

chlorophyll degradation (Yuan et al., 2018). In contrast to CMS, EGMS systems can take 

advantage of a wider range of germplasm, which provides potential for greater development 

and exploitation of heterotic pools. However, EGMS sterility expression is restricted to specific 

regions and seasons (Huang et al., 2014).  

 

2.2.2.5 Nuclear Male Sterility (NMS) 

Nuclear Male Sterility involves nuclear mutations that impair pollen and anther development 

but do not affect female reproductive development. NMS is often monogenic recessive and 

found in many crop species including maize, tomato, sorghum, barley, rice and wheat (Kaul, 

1988). NMS-based systems exploit these recessive mutations in the development of 

maintainer lines. One such NMS-based system uses a maintainer line which is completely male 

fertile but has the capacity to produce 100% male-sterile progenies when used as a pollinator 

of male-sterile plants (Perez-Prat and van Lookeren Campagne, 2002). Such a method was first 

described by Driscoll, 1972 who outlined a fertility control system based on a fertility restoring 
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alien addition chromosome.  A maintainer line containing this alien chromosome is used for 

up-scaling production of male-sterile female inbred parents. This was first called the XYZ 

system for hybrid wheat breeding. Subsequently, alternative names for such a system have 

been proposed: 

 4E-ms system 

The principle of XYZ system was realized in 2006 with the development of the 4E-ms system 

(Zhou et al., 2006). This approach simplified the selection of male-sterile populations by 

cytogenetic-chromosomal manipulation. In this system the Lanzhou (LZ) male sterile mutant 

(ms1g) is complemented by the presence of an additional 4E chromosome derived from 

Agropyron elongatum spp ruthenicum. Generation of this stock was achieved by a cross 

between the LZ male-sterile mutant and a 4E disomic addition line male. 

The most important improvement comes from the use of 

a marker gene because the 4E chromosome possesses 

both a fertility restorer and a visual marker, blue 

aleurone, which causes the seeds to appear blue in colour 

(Figure 5). The blue aleurone 1 (Ba1) trait allows easy seed 

selection depending upon dose whereby increased 

addition in chromosome number induces a deeper blue 

hue. So, 4E disomic addition line (2n=44) seeds are deep 

blue, 4E monosomic addition lines (2n=43) seeds are light 

blue and LZ (2n=42) seeds are white. 

 

For a commercially-viable application of this system, the recessive male-sterile mutant must 

have 100% phenotypic penetrance, otherwise selfed female inbred progenies known as 

“rouges” could reduce hybrid seed purity and therefore compromise hybrid yield. However, 

the major drawback to this system is the unknown linkage between the fertility restorer locus 

and the marker gene, with a possibility of meiotic instability of the 4E-monosomic addition 

that could result in chromosome breakage at the centromere. While Ba1 was mapped on 

distal region of the long arm of chromosome 4E, the position of the fertility restorer locus 

DBGMF WGMS LBGMF 

Figure 5 | Blue aleurone trait used in 
the 4E-ms system. (Zhou et al, 2006) 
Left, DBGMF: Deep Blue Grain Male 
Fertile; middle, WGWS: White Grain 
Male Sterile; right, LBGMF: Light Blue 
Male Fertile. 
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remains to be identified. Therefore, systems using genetic male sterility complemented by 

alien chromosome(s) might not be ideal for commercial seed production. 

 Genetically modified (GM) plants 

An alternative solution for propagating male-sterile lines using maintainer lines is described 

by Wu et al., 2016 (Figure 6). These authors propose a system which introduces a genetic 

construct (Ms:P:S) into a male sterile plant (ms/ms). The transgenic maintainer locus (SPT 

transgene, Ms:P:S) includes three components: 

 A fertility restorer gene that can render the male sterile mutant plant male fertile (Ms) 

 Two genes linked to the fertility restorer gene 

o A screenable marker gene, which permits easy visual selection of seeds (S).  

o A pollination disruption gene, that prevents the inheritance of the transgene (P) 

 

The plant containing the GM event is called the “SPT maintainer” (ms/ms; Ms:P:S). Its use for 

propagating male sterile plants is described in Figure 6.  

 

Figure 6 | Propagation of male-sterile (ms) plants. Ms, male fertility gene; P, pollination 
disruption gene; S, seed screenable marker gene; SPT, Seed Production Technology (Wu et al., 
2016).  

The system is based on a GM event whereby a fertility restorer gene is physically linked on the 

same construct as a pollen lethality gene. The maintainer line contains the SPT construct to a 

hemizygous state. Consequently, 50 % of the produced pollen grains would lack the SPT 

construct and therefore be fertile, while 50 % would be non-viable as they contain the 
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pollination disruption gene. This effectively prevents the transmission of the STP construct to 

progenies via pollen. A cross between male sterile female plants (ms/ms) and pollen lethality 

gene-containing maintainer plants (ms/ms; Ms:P:S) produce 100% male-sterile progenies. In 

parallel, the multiplication of SPT maintainer lines is based on the presence of a visual marker 

linked to the fertility restorer gene. Visual marker-based maintainer lines produce both viable 

(ms/ms) and non-viable (ms/ms; Ms:P:S) pollen grains. Progenies resulting from self-

pollination segregate 1:1 for the SPT transgene (Ms:P:S) due to viable transmission of the 

transgene via female gametes, with seeds carrying the transgene being coloured. Seed sorting 

facilitates separation of non-coloured non-transgenic male sterile seed as well as the SPT 

maintainer line seed stock. 

NMS mutants and their respective fertility restorers are important components for developing 

such a transgenic construct driven non-GM fertility control system. The major limitations 

towards the development of such a system in wheat are isolation of gene sequences capable 

of completely restoring fertility to a homozygous recessive male-sterile mutant. 

 

2.2.3 Wheat genic male sterility loci 

2.2.3.1 Candidate male sterile mutants   

As previously mentioned, for agronomic utilization of a NMS-based fertility control system, 

the fertility restorer should be non-conditional, dominant and be able to fully restore fertility 

to a completely penetrant homozygous recessive male sterile mutant. In the literature, several 

loci have been described in wheat that are essential for male fertility (Whitford et al., 2013). 

Only two of these loci meet most of the requirements for developing an NMS-based fertility 

control system. These are Ms1 (see Table 1 for references and description of the mutant 

alleles generated to date) and Ms5 (Klindworth et al., 2002). 

Research to date indicates that the male-sterility phenotype resulting from the ms5 (3AL) 

mutation is unlikely to be completely penetrant across a range of genetic backgrounds 

(Pallotta et al., unpublished data), indicating that Ms5 may not be an ideal candidate for 

developing a NMS-based fertility control system. For this reason, ms1 (4BS), a more penetrant 

recessive non-conditional male sterility locus represents a better candidate for developing a 

NMS-based wheat fertility control system. However, a thorough assessment of the degree of 

ms1 male sterility penetrance across broad germplasm is needed. 
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Driscoll, 1984). This phenotypic distortion may indicate that the ms1c mutant phenotype is 

not fully penetrant.  One hypothesis to explain this incomplete penetrance could be that the 

ms1c mutation is complemented by a “modifier gene” that is present at Ms1 homoeloci (4AL 

or 4DS) or at another position in the genome. This incomplete sterility penetrance can be a 

major drawback toward the deployment of a commercially-viable hybrid seed production 

platform and knowledge of its genetic basis may assist in identifying alternative strategies for 

ensuring fully penetrant sterility.  

 

2.2.3.3 TaMs1: a putative non-specific Lipid Transfer Protein (nsLTP) 

Tucker et al. (2017) first reported the identification of TaMs1. Using a map-based cloning 

approach that included the ms1b and ms1c deletion mutants that carry deletions differing in 

size and a biparental F2 mapping population involving an EMS-derived mutant (ms1d x 

Gladius), TaMs1 was located to a 251 Kb region predicted to contain 10 genes.  Among those 

predicted genes, a putative GPI-anchored Lipid Transfer Protein (TaLTPg) was identified as a 

strong candidate based on tissue-specific expression data and functional annotation. 

Sequence analysis of the candidate gene across an EMS-derived mutant allele series (ms1d, 

ms1e, ms1f and ms1h) revealed critical point mutations in the coding region for each of the 

mutant alleles. Further, TaMs1 was shown by transgenic complementation to fully restore 

male fertility to ms1d.  

The identification of TaLTPg as TaMs1 was also reported by Wang et al. (2017) who, similarly, 

used a positional cloning approach to determine the TaMs1 gene sequence.  In this study the 

authors generated 10 additional ms1 alleles using an EMS-mutagenized population of cv. 

Ningchun. These include four stop-codon mutant alleles (ms1h, ms1l, ms1m, ms1q), three 

non-synonymous mutations within the predicted lipid binding domain (ms1n, ms1o, ms1p), 

two splice-site mutants (ms1i and ms1k) and one non-synonymous mutation at C-terminal 

region of TaMs1 (S195F) predicted to affect the site of GPI-anchor addition (Chapter 3). 

Taken together, these findings strongly suggest that the identified TaLTPg gene sequence is 

the male fertility gene sequence for Ms1. 
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2.2.4 Non-specific Lipid Transfer Proteins (nsLTPs) 

nsLTPs consist of a large gene family present across all plant species, with 79 members in A. 

thaliana, 58 in sorghum, 63 in Brassica, 91 in cotton, 77 in rice, 63 in maize and 156 in wheat 

(Boutrot et al., 2008; Li et al., 2014, 2016; Wei and Zhong, 2014).  

2.2.4.1 Structural characterization of plant nsLTPs 

Plant nsLTPs are small (7-10 kDa), stable proteins with a highly conserved consensus motif of 

8 cysteines (8CM) of the general form C–Xn–C–Xn–CC–Xn–CXC–Xn–C–Xn–C, whereby “X” 

denotes any amino acid and n denotes any number of amino acids (Figure 7). These eight 

cysteines are cross-linked by four disulfide bonds, thus resulting in resistance of nsLTPs to high 

temperature and denaturing agents (Lindorff-Larsen and Winther, 2001). This inter-

connectivity stabilizes the tertiary structure and forms a hydrophobic cavity, capable of 

binding a broad range of lipidic compounds in vitro. Such activity facilitates lipid transport 

between inter-cellular membranes (Vergnolle et al., 1992). Most nsLTPs possess an N-terminal 

signal peptide of 20-30 amino acids that target the protein to the secretory pathway (Figure 

7) (Petersen et al., 2011).   

Figure 7: The amino acid sequence of TaMs1. Amino acids highlighted in purple are the N-

terminal signal peptide. The eight cysteines are represented in yellow. The pro-peptide GPI-

anchored domain is shown in red.  

Moreover, some nsLTPs such as TaMs1, possess an additional membrane-anchoring signal at 

the C-terminal region (Figure 7) (Eisenhaber et al., 2003). The C-terminal signal sequence 

possesses an attachment/cleavage site (termed omega site), which is subject to post-

translational modification whereby glycosylphosphatidylinositol (GPI) is transferred onto the 

C-terminal end of the protein (GPI-anchor). GPI-anchored proteins are therefore able to attach 

to the cell plasma membrane by integration of the phosphatidylinositol moiety within the 

plasma membrane (Paulick and Bertozzi, 2008) (Figure 8). The protein can be released from 

the anchor by cleavage from phospholipase C activity (Paulick and Bertozzi, 2008).  
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         Figure 8 | A nsLTPg tethered to the plasma membrane via a GPI-anchor.  

 

2.2.4.2 Classification and nomenclature of nsLTPs 

nsLTPs were initially classified into two types based on their molecular mass, whereby nsLTP1 

are 9 kDa and nsLTP2 are 7 kDa (Kalla et al., 1994). However, after the identification of nsLTPs 

with molecular masses that differ from the proposed 7 kDa and 9 kDa, a novel classification 

dividing nsLTPs into 11 types (I, II, III, IV, V, VI, VII, VIII, IX, X, and Y) based on sequence similarity 

was proposed (Boutrot et al., 2008; Liu et al., 2010). Nevertheless, this classification was 

shown to be unsuitable for categorizing nsLTPs from early diverging plants (Edstam et al., 

2011) and therefore a third classification system was introduced. This system categorized 

nsLTPs into five major types (LTP1, LTP2, LTPc, LTPd and LTPg) and four minor types that have 

few members (LTPe, LTPf, LTPh, LTPj, LTPk) (Edstam et al., 2011). Here the classification is 

based on the intron-exon pattern, which is suggested to carry the imprint of the evolution of 

the gene family (Del Campo et al., 2013). This system also considers sequence similarity and 

the presence or absence of a GPI-anchor pro-peptide.  
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2.2.4.3 Function of nsLTPs 

nsLTPs are part of the very large class of pathogenesis- related (PR) proteins constituting the 

PR-14 family (Sels et al., 2008). A. thaliana DIR1 was the first nsLTP reported to be involved in 

disease resistance. DIR1 functions in systemic resistance signalling against Pseudomonas 

syringe (Maldonado et al., 2002). A related function was found for the A. thaliana nsLTP 

AZELAIC ACID INDUCED 1 (AZL1), with azi1 resulting in the loss of signal translocation of 

systemic acquired resistance (SAR) triggered by pathogen infections (Jung et al., 2009). 

Additionally, wheat nsLTPs were shown to have an anti-fungal activity toward wheat and non-

wheat pathogens in vitro (Sun et al., 2008). A similar anti-fungal effect was shown for rice 

LTP110 (Ge et al., 2003). Because no correlation was observed between the toxicity of nsLTPs 

and their ability to bind and transport lipids, one could speculate that that nsLTPs inhibitory 

effects result from an alteration of the pathogen membrane permeability. 

nsLTPs are also reported to be involved in cuticular wax accumulation. In A. thaliana, a knock-

down mutant line for AtLTPG1 resulted in reduced wax accumulation of the stem surface 

(Figure 9a) (Debono et al., 2009). AtLTPG2, of the same nsLTP class, was reported to 

functionally overlap AtLTPG1; with a double mutant Atltpg1/Atltpg2 having a significantly 

lower cuticular wax load than each single mutant. In Brassica napus, overexpression of 

BnLTP1, caused in a decrease of cuticle wax on the leaf surface (Liu et al., 2014). Other than 

being important for wax deposition, some evidence suggests nsLTPs are also involved in root 

suberin synthesis (Figure 9b) (Edstam et al., 2013).  

Additionally, nsLTPs were reported to be necessary for pollen development. In rice, the nsLTP 

OsC6, an anther-specific gene, was shown to be required for postmeiotic anther development 

(Zhang et al., 2010). More evidence of nsLTP function for pollen development was studied in 

planta, using anther-specific genes from A. thaliana (At5g62080 and At5g07230) (Figure 9c) 

(Huang et al., 2013). These AtLTPs were shown to be secreted from the tapetum to become 

constituents of developing microspores. More recently, wheat TaMs1 encoding a nsLTPg was 

demonstrated to be necessary for pollen exine formation and male fertility (Tucker et al., 

2017; Wang et al., 2017).  
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Figure 9 | A schematic model of nsLTP function for (a) cuticle, (b) root suberin synthesis and 
(c) pollen formation. (Image modified from (Salminen et al., 2016). 
 

2.3 Aims of the thesis 

The main aim of this study was to achieve a deeper understanding of the function of TaLTPs 

for wheat growth and development. In addition, TaMs1 function in wheat male fertility was 

investigated further. Such knowledge could provide valuable information towards the 

development of a large-scale and cost-effective hybrid wheat seed production platform. 

Therefore, a number of experiments were conducted with the following objectives:  

1. To understand the biological role of TaMs1 for pollen exine development. 

2. To investigate the variability of ms1-induced male sterility penetrance and identify 

candidate genes for ms1c incomplete sterility penetrance. 

3. To identify, analyse and study the evolution of all nsLTPs within the wheat genome (cv. 

Chinese Spring).  

4. To identify additional wheat nsLTPs involved in pollen and anther development.  
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3.1 Abstract  

Background 
In flowering plants, lipid biosynthesis and transport within anthers is essential for male 

reproductive success. TaMs1, a dominant wheat fertility gene located on chromosome 4BS, 

has been previously fine mapped and identified to encode a glycosylphosphatidylinositol 

(GPI)-anchored non-specific lipid transfer protein (nsLTP). Although this gene is critical for 

pollen exine development, details of its function remains poorly understood. 

Results 
In this study, we report that TaMs1 is only expressed from the B sub-genome, with highest 

transcript abundance detected in anthers containing microspores undergoing pre-meiosis 

through to meiosis. β-glucuronidase transcriptional fusions further revealed that TaMs1 is 

expressed throughout all anther cell-types. TaMs1 was identified to be expressed at an earlier 

stage of anther development relative to genes reported to be necessary for sporopollenin 

precursor biosynthesis. In anthers missing a functional TaMs1 (ms1c deletion mutant), these 

same genes were not observed to be mis-regulated, indicating an independent function for 
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TaMs1 in pollen development. Exogenous hormone treatments on GUS reporter lines suggest 

that TaMs1 expression is increased by both indole-3-acetic acid (IAA) and abscisic acid (ABA). 

Translational fusion constructs showed that TaMs1 is targeted to the plasma membrane.  

Conclusions 
In summary, TaMs1 is a wheat fertility gene, expressed early in anther development and 

encodes a GPI-LTP targeted to the plasma membrane. The work presented provides a new 

insight into the process of wheat pollen development. 

3.2 Introduction 

Wheat (Triticum aestivum L.) is one of the most staple food crops and accounts for 20% of 

human daily protein and food calories (FAOSTAT, 2017). The demand for wheat is predicted 

to increase 60 % by 2050 compared with 2010. Thus, an increase of the global yield gain from 

the current rate of 1 % (2001-2010) to 1.6 % per year (2010-2050) is required. Male 

reproductive development is a key factor for grain yield. Pollen grains are encapsulated by a 

complex multiple-layered cell wall termed exine, which forms a physical barrier against a 

variety of biotic and abiotic stresses (Ariizumi and Toriyama, 2011). Pollen exine mainly 

consists of sporopollenin, a highly resistant biopolymer providing a rigid exoskeleton, which 

in grass species is additionally covered by tryphine, a mixture of phenolic, protein and fatty 

acid derivatives (Scott et al., 2004; Blackmore et al., 2007). 

The highly recalcitrant nature of sporopollenin to chemical degradation has proven a great 

challenge in unravelling its biochemical composition. However, the underlying genetics of 

pollen wall development has been intensively investigated through the use of exine-defective 

mutants in model plants such as Arabidopsis and rice among other species (Ariizumi and 

Toriyama, 2011). These genetic analyses indicate that sporopollenin biosynthesis consists of 

three conserved metabolic pathways and transport processes. The first of these involves 
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production of waxes and various lipid-based compounds from precursors including 

phospholipids, fatty acids and alcohols. This pathway includes fatty acid hydroxylases such 

CYP703A3 (Morant et al., 2007; Aya et al., 2009) and CYP704B2 (Li et al., 2010) from the 

conserved P450 gene family. Additionally, MALE STERILITY 2 (MS2) from Arabidopsis (de 

Azevedo Souza et al., 2009) and its rice orthologue DEFECTIVE IN POLLEN WALL (DPW) (Shi et 

al., 2011a) encode fatty acid reductases which have been shown to be essential for pollen 

exine formation. 

The second conserved pathway involves phenolic compound biosynthesis, an important 

component of exine and tryphine (Quilichini et al., 2015). Phenolics are synthesized from fatty 

acid substrates by fatty-acyl-CoA synthetases (ACOS5) (de Azevedo Souza et al., 2009), 

polyketide synthetases (OsPKS1) and tetraketide α-pyrone reductases (TKPR) (Grienenberger 

et al., 2010). 

The third conserved pathway involves polysaccharide metabolism whereby the timing of 

callose biosynthesis and degradation facilitates pollen coat formation (Hird et al., 1993; Wang 

et al., 2012). 

Newly synthesized sporopollenin precursors are then translocated from the tapetal cell layer 

to developing microspores. How sporopollenin precursors are allocated for pollen coat 

formation remains unclear. Studies reveal ABCG15, encoding an ATP-binding cassette (ABC) 

transport protein, in addition to non-specific lipid transfer proteins, play roles in sporopollenin 

precursor transport (Qin et al., 2013). Additionally, it was shown that A. thaliana type III-LTPs 

allocate and incorporate lipidic compounds to the pollen wall (Huang et al., 2013). More 

recently, a wheat gene termed TaMs1 encoding a glycosylphophatidylinositol (GPI) Lipid 

Transfer Protein was demonstrated to be required for wheat male fertility (Tucker et al., 

2017).  
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Members of the non-specific lipid transfer protein (nsLTP) gene family have been identified in 

most plant species. They exhibit a range of expression patterns across different 

developmental stages. This is reflected by their potential involvement in numerous biological 

processes, including cutin biosynthesis (Sterk et al., 1991), pathogen defense response (Isaac 

Kirubakaran et al., 2008), long distance signaling (Maldonado et al., 2002; Lascombe et al., 

2008), seed maturation (Thoma et al., 1994), and pollen tube adhesion (Park et al., 2000). 

nsLTPs have the ability to shuttle lipids between membranes in vitro (Kader, 1975). They are 

part of a plant specific prolamin superfamily, identifiable by an eight conserved cysteine motif 

(8CM) backbone, low molecular mass and 4 to 5 alpha-helices (Shin et al., 1995; Gomar et al., 

1996). The conserved cysteine domain has the following pattern: C-Xn-C-Xn-CC-Xn-CXC-Xn-C-

Xn-C, with cysteine residues required for the formation of four disulphide bridges (José-

Estanyol et al., 2004). In this context the disulfide bridges stabilize a hydrophobic cavity with 

the ability to bind various lipids and other hydrophobic compounds in vitro (Zachowski et al., 

1998). Most nsLTPs also possess an N-terminal signal peptide targeting the proteins to the 

apoplastic space via the vesicular secretory pathway. nsLTPs can also contain a conserved C-

terminal motif subject to post-translational modification. This motif is recognised by 

glycophosphatidylinositol (GPI) transamidases in the lumen of the endoplasmic reticulum (ER) 

whereby it is cleaved and replaced by a GPI moiety. This GPI moiety anchors the protein to 

the extracellular side of the plasma membrane. GPI-anchored nsLTPs can be released from 

the membrane by specific phospholipases that cleave the GPI molecule (Paulick and Bertozzi, 

2008).  

Genome wide analysis of nsLTPs in rice and Arabidopsis reported 77 and 79 nsLTPs, 

respectively (Wei and Zhong, 2014). In wheat 156 putative nsLTPs were retrieved by EST data 

mining (Boutrot et al., 2008). nsLTPs are categorized into at least nine types, distinguished 
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based on intron position, inter-cysteine spacing and the presence of a GPI-anchor motif 

(Boutrot et al., 2008; Edstam et al., 2011). Among the nine reported types, GPI-anchored 

nsLTPs, type G, are the most represented in rice and Arabidopsis (Wei and Zhong, 2014). 

In this study, we - investigated the biological function of TaMs1 during pollen exine formation. 

We report evidence for spatio-temporally restricted expression of TaMs1 in anthers 

undergoing microsporogenesis. TaMs1 is shown to be expressed earlier than many genes 

required for sporopollenin-biosynthesis. Finally, we demonstrate the importance of both 

signal peptide and pro-peptide GPI anchor for TaMs1 subcellular localization as indicative of a 

role in lipidic transport. Our results provide new insights into mechanisms of pollen 

development. 

3.3 Materials and Methods 

3.3.1 Plant materials and growth conditions  

Wheat cultivars Chris and Chris-EMS mutagenized lines FS2 (ms1d) were used for cytological 

examination and expression profiling (Sasakuma et al., 1978). Plants were sown at 5 to 6 plants 

per 6 L (8 inches diameter) pot containing soil mix. The soil mix consisted of 75 % (v/v) Coco 

Peat, 25 % (v/v) nursery cutting sand (sharp), 750 mg/L CaSO4.2H2O (gypsum) 750 mg/L 

Ca(H2PO4)2.H20 (superphosphate), 1.9 g/L FeSO4, 125 mg/L FeEDTA, 1.9 g/L Ca(NO3), 2.750 

mg/L Scotts Micromax micronutrients, and 2.5 g/L Osmocote Plus slow release fertilizer 

(16:3:9) (Scotts Australia Pty. Ltd.). pH was adjusted to between 6.0 and 6.5 using 2 parts 

agricultural lime to 1 part hydrated lime. Potted plants were grown either in controlled 

environment growth rooms at 23 °C (day) and 16 °C (night) or similarly temperature 

moderated glasshouses in which photoperiod was extended using 400 W high pressure 

sodium lamps in combination with metal halide lamps to 12 hours over winter months.  
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3.3.2 Expression analysis by qRT-PCR 

Total RNA was isolated using ISOLATE II RNA Mini Kit (Bioline, Sydney, Australia) from wheat 

tissues: roots, shoot and glume, lemma, palea, pistil, and anthers containing microspores from 

pre-meiosis to maturity. Quantitative real-time PCR was perform according to Burton et al., 

(2004) using the primer combinations shown in Additional File 1. Anthers containing 

developing microspores were staged by acetocarmine staining. 0.6 μg of RNA was used to 

synthesise oligo(dT)-primed first strand cDNA using the superscript IV reverse transcriptase 

(Thermo Fisher Scientific, Melbourne, Australia). 2 μL of the RT product diluted 1:20 was then 

used as template for conventional and quantitative real-time PCR. TaGAPdH, TaActin and 

Ta14-3-3 were used as reference genes.  

 

3.3.3 Histochemical GUS staining and cytological examination 

The construct pTOOL36-TaMs1::gusplus (Tucker et al., 2017) was transformed into wheat (cv. 

Fielder) using Agrobacterium tumefaciens according to Ismagul et al., (2014). GUS activity in 

transgenic lines from leaves, roots and anthers containing microspores at pre-meiosis to 

maturity were analysed by histochemical staining using 5-Bromo-4-chloro-3-indolyl-beta-D-

glucuronic acid (Gold Biotechnology, Inc). Samples were incubated in a 1 mM X-Gluc solution 

in 100 mM sodium phosphate, pH 7.0, 10 mM sodium ethylenediaminetetraacetate, 2 mM 

FeK3(CN)6, 2 mM K4Fe(CN)6 and 0.1 % Triton X-100. After vacuum infiltration at 2600 Pa for 20 

min, samples were incubated 72 hours at 37 °C. 

Samples were incubated in fixative solution of 4 % sucrose, 1x PBS, 4 % paraformaldehyde, 

0.25 % glutaraldehyde, at 4 °C overnight. Samples were subsequently dehydrated in an 

ethanol series of increasing concentration (30 %, 50 %, 70 %, 85 %, 90 %, 95 % and 100 %). 

Tissues were then embedded in Technovit® resin, microtome sectioned at 8-14 µm, counter-
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stained with ruthenium red and then mounted in DPX solution (Sigma, St. Louis, MO). Sections 

were observed using standard light microscopy on a LEICA DM1000 microscope coupled with 

a CCD camera. The precipitated product from the β-glucuronidase reaction appears blue 

under bright field and pink under dark field. 

3.3.4 Promoter analysis 

NewPLACE (Higo et al., 1999), an online database of plant cis-acting regulatory DNA 

elements (cis-element) was used to identify putative cis-elements in the promoter regions of 

TaMs1 and its homeologues.  

3.3.5 Hormone and drought response assays 

Plants were treated with indole-3-acetic acid (IAA) (PytoTechnology Lab., Lenexa, USA) and 

abscisic acid (ABA) (Sigma-Aldrich, Sidney, Australia). Hormone stock solutions were made 

with 100 % ethanol. Wheat tillers were collected and dipped in hormone solutions for 9 hours 

containing either 100 μM IAA or 100 μM ABA, to a final concentration of 0.05 % ethanol. A 

0.05 % ethanol solution was used as a control treatment. For the drought treatment, plants 

were well watered until the stage of flag leaf emergence and water withheld until wilting. 

After sample collection, plants were re-watered. The effects of the cyclic drought treatment 

was assessed from the percentage of fertility of three spikes from well-watered and treated 

plants calculated according to Tucker et al. (2017). 

GUS activity in anthers from treated transgenic lines was analyzed by histochemical staining 

using X-gluc as previously described. Anthers containing developing microspores were staged 

by acetocarmine staining. Six spikes were used for each treatments.  

3.3.6 Amino-acid sequence analysis 

TaMs1 amino acid sequence were tested for the presence of a putative signal peptide 

using SignalP 4.1 (Nielsen, 2017). Additionally, the presence of a GPI-anchor domain was 
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predicted using big-PI plant predictor (Eisenhaber et al., 2003), PredGPI (Pierleoni et al., 2008) 

and GPI-SOM (Fankhauser and Mäser, 2005).  

3.3.7 Subcellular localization of TaMs1 

The fusion construct mCherry-TaMs1 was synthetized by GeneScript® and inserted between 

the BamHI and KpnI sites of pUC57-Kan to generate pUC57-mCh-TaMs1. TaMs1 coding 

sequence from wheat cv. Chris was used as template and the mCherry reporter was inserted 

between Q24 and P25 of the TaMs1 protein. pUC57-mCh-TaMs1 was digested by BamHI/KpnI 

and the fragment containing mCh-TaMs1 was inverted and inserted between the maize 

ubiquitin promoter (ZmUbi) and RuBisCo terminator resulting in pZmUbipro::mCh-TaMs1. The 

constructed pZmUbipro::mCh-TaMs1 was used for transient expression in epidermal onion 

cells as well as wheat protoplasts according to Bart et al., 2006 and Shan et al., 2014. 

pZmUbipro::mCh was used as a transformation control. Confocal images were captured with 

a Nikon A1R laser scanning microscope (Nikon Instruments Inc, U.S.) coupled to a DS-Ri1 CCD 

camera. A 488 nm laser was used for GFP fluorescence (excitation: 488.0 nm; emission: 525.0 

nm) detection and the 561 nm laser for RFP fluorescence (excitation: 561.1 nm; emission: 595 

nm) detection. Plasmolysis was performed using 0.8 M mannitol.  

3.4 Results 

3.4.1 TaMs1 is an anther-specific gene expressed early during anther development  

TaMs1 transcripts were not detected in pistils, shoots, roots, glume, lemma or palea, however, 

transcripts were enriched in anther tissues with their abundance peaking when microspores 

were at pre- to early meiosis to meiosis, stage (st) 2 to 4 (Fig. 1a). TaMs1 expression decreased 

significantly in anthers containing uninucleate microspores (st 5 and 6). Additionally, only the 

B homeologue was detected, indicating only this sub-genome is transcribed. 
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Figure 1 | TaMs1 expression is anther-specific and predominantly within pre-meiotic to 
meiotic microspores. qRT-PCR expression profiling of TaMs1 and its homeologues (a) in 
anthers containing pre-meiotic microspores to mature pollen, pistil, shoots, roots, glume, 
lemma and palea. St1, Spike white anthers; St2, archesporial cells; St3, pre-meiotic pollen 
mother cells; St4, meiotic microspores; St5, early uninucleate; St6, late uninucleate; St7, 
binucleate; St8, mature pollen. Error bars reflect standard error of three independent tissue 
replicates (n=3). GUS activity in whole mount tissue samples (b-d), transverse section of floret 
(e) and anthers (f-k) in transgenics expressing TaMs1::gusplus. Scale bars: b-d, 100 μm; d, 200 
μm; e-j, 50 μm. 

 

Furthermore, analyses of TaMs1 promoter activity in transgenic wheat cv. Fielder were 

performed using TaMs1::gusplus transcriptional fusion constructs. Similar to the qRT-PCR 

results, GUS activity was observed exclusively in anthers containing microspores at pre-

meiosis (st 3) till meiosis (st 4) (Fig. 1b to 1g). Transverse sections of anthers containing pre-

meiotic microspores (st 3) revealed GUS activity predominantly in Pollen Mother Cells (PMCs) 
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with weak detection in all other anther cell types (Fig. 1f). Whereas, in anthers containing early 

meiotic microspores (st 4), high GUS activity was detected both in microspores and tapetal 

cells, and to a lesser extent in other tissues of the anther (Fig. 1g). No GUS activity was 

detected in anther transverse sections from uninucleate microspores to pollen maturity (st 5 

to 8) (Fig. 1h to 1k).  

 

3.4.2 Effect of exogenous hormones on TaMs1 expression 

To investigate the regulation of TaMs1 present on chromosome 4B, we identified in silico 

putative cis-regulatory elements in the 2 kb the promoter region of TaMs1 and its 

homeologues (Fig. 2). Two types of cis-elements related to pollen specific expression, GTGA 

motif and POLLEN1LELAT52 (Zhou, 1999), were detected using the newPLACE tool (Higo et al., 

1999). All three homeologues contained putative GTGA motif and POLLEN1LELAT52 elements 

in their promoter regions. The GTGA motif was enriched in the TaMs1-A promoter region with 

16 occurrences, while 11 and five occurrences were identified in TaMs1-D and TaMs1-B, 

respectively. TaMs1-A and TaMs1-B contained respectively 12 and ten copies of 

POLLEN1LELAT52 element, while only four copies were identified in TaMs1-D promoter 

region.  

Two hormone responsive elements were identified in TaMs1-B promoter region, including 

two GCCCORE-boxes, a jasmonate/ethylene responsive element, located at -103 bps and -155 

bps from the start codon, and ABREOSRAB21, an ABA responsive element activator of 

transcription (Busk, 1998), at -234 bps. Interestingly, the ABREOSRAB21 was identified only on 

TaMs1-B promoter region. In addition, TaMs1-D promoter region contained only one putative 

GCCCORE element located at -237 bps and none were identified in the TaMs1-A promoter 

region.  
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Figure 2 | Distribution of some cis-acting elements in the promoter sequence of TaMs1 and 
its homeologues. Selected pollen specific and hormone responsive cis-acting were retrieved 
in 2 kb TaMs1 and its homeologues promoter sequences. The three homeologue promoter 
regions were annotated after sequence alignments. Start codons and putative GTGA motifs, 
ABREOSRAB21 and GCCCORE, TATA-boxes, POLLEN1LELAT52 cis-elements are represented by 
the different symbol as indicated. Numbering is from the first base of translations start site 
(+1). 

 

 

Because the distribution of hormone response cis-elements in TaMs1 promoter region 

differed relative to its homeologues, we first investigated the effects of exogenous hormones 

on TaMs1 expression using TaMs1::gusplus lines. Differences in GUS activity between 

treatments was determined by altering staining time. Firstly, blue color saturation for the 

untreated TaMs1::gusplus line was found to occur at approximately 72 h, therefore GUS 

staining for treatments was stopped when differences between these and the control were 
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first observed. This typically occurred at approximately 48 hours of GUS staining. 

TaMs1::gusplus anthers containing pre-meiotic and meiotic microspores were more intensely 

stained after nine hours of indole-3-acetic acid (IAA) and abscisic acid (ABA) treatment relative 

to mock treated controls (Fig. 3), suggesting TaMs1 is transcriptionally activated by these 

hormones. No differences in GUS activity were observed in response to jasmonic acid (JA) and 

gibberellic acid (GA3) treatments (data not shown).  

Figure 3 | TaMs1 promoter activity in response to exogenous IAA and ABA treatment. GUS 
activity in whole mount anther samples in transgenic expressing TaMs1::gusplus in response 
to hormonal treatment using IAA and ABA. St3, pre-meiotic pollen mother cells; St4, meiotic 
microspores. Scale bars: 100 μm. 
 

3.4.3 TaLTPG1 is expressed earlier than other genes deemed necessary for pollen 

exine formation  

TaMs1 is expressed within anthers containing sporogenous cells (stage 2), an early stage of 

anther development (Fig. 1f). To better understand TaMs1’s function, we investigated the 

timing of its expression relative to wheat orthologues of rice sporopollenin-biosynthetic genes 

such as TaABCG15, TaCYP703A3, TaCYP704B2, TaDPW and TaPSK1 (Morant et al., 2007; Aya 
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et al., 2009; Li et al., 2010) (Fig. 4). Transcripts for each of these genes were preferentially 

detected in anther samples containing meiotic to uni-nucleate microspores (stage 4 and 5). 

Figure 4 | Sporopollenin biosynthetic genes TaABCG15, TaCYP703A3, TaCYP704B2, TaDPW 
and TaPSK1, are expressed in anthers after TaMs1. qRT-PCR expression profile of TaABCG15, 
TaCYP703A3, TaCYP704B2, TaDPW and TaPSK1 in anthers containing pre-meiotic microspores 
to mature pollen, pistil, shoot, root, glume, lemma and palea. St1, Spike white anthers; St2, 
archesporial cells; St3, pre-meiotic pollen mother cells; St4, meiotic microspores; St5, early 
uninucleate; St6, late uninucleate; St7, binucleate; St8, mature pollen. Error bars reflect 
standard error of three independent tissue replicates (n=3).  

 

3.4.4 TaMs1 knock-out does not affect the expression level of genes involved in 

anthers and pollen wall development at meiosis stage.  

Inter-dependent regulatory relationships of genes during male reproductive development 

have been reported in rice amongst other species. For example, rice mutants for genes 

deemed necessary for pollen formation typically show differential expression patterns for 

many genes identified to be involved in pollen exine formation (Lin et al., 2017). We aimed to 

determine if this holds true in wheat, by examining gene expression profiles, in Wild Type (WT) 

versus ms1 anthers, for 20 putative wheat orthologues to rice sporopollenin biosynthetic 

genes reported to be necessary for male fertility. Genes were identified firstly based on 

reports of male sterility mutations in rice, and then based on whether they had been 
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functionally characterized and shown to be essential for anther development and pollen wall 

formation (Fig. 5; Additional File 2; Fig. 6). 

 

Figure 5 | Current model of pollen development and metabolic network of exine formation 
in rice and Arabidopsis. (Adapted from Ariizumi and Toriyama (2011) and Zhang et al. (2016) 
with modification (License number: 4286200743277 and 4286240859506). For full names of 
the genes/enzymes refer to Additional file 2.  
 

Surprisingly, none of the selected genes displayed abnormal expression in ms1 anthers 

containing meiotic microspores (stage 4), with the exception of TaMs1 (Fig. 6). In ms1 anthers 

containing uni-nucleate microspores (stage 5), only UNDEVELOPED TAPETUM1 (TaUDT1) was 

significantly down-regulated relative to WT. However, its expression was not altered across 

other stages of pollen development. No significant difference in gene expression could be 

observed for the other sporopollenin biosynthetic genes at this stage. The rice UDT1, a bHLH 

transcription factor, has been reported to be critical for early tapetum development and PMC 
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meiosis (Jung, 2005). At stage 6 and 7, expression levels of sporopollenin biosynthetic genes 

were not affected by the Tams1 mutation. 

Taken together, TaMs1’s expression relative to the 20 putative wheat orthologues to 

sporopollenin biosynthetic genes, would suggest that the TaMs1 protein’s production 

proceeds the availability of sporopollenin precursors. 

 

Figure 6 | Expression analysis of genes related to anther and pollen wall synthesis between 
Wild-Type and ms1. Expression value indicates log2 FPKM from RNA-seq data. The color bar 
represents the relative signal intensity value, red indicates higher while blue represents lower 
expression and black indicates no expression detected. Stage 4, meiotic microspores; Stage 5, 
early uninucleate; Stage 6, late uninucleate. Stage 7, binucleate. Hierarchical clustering of 
samples was obtained using McQuitty correlation. Green squares denote the values 
significantly different between WT and ms1 (P < 0.05) by t-test analysis. 
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3.4.5 TaMs1 protein is localized to the plasma membrane 

Computational analysis of TaMs1 primary polypeptide predicts the presence of (i) an N-

terminal signal secretory peptide (SP) 23 amino acids in length that is expected to target the 

mature protein to the secretory pathway, (ii) followed by an eight cysteine motif characteristic 

of LTPs’ lipid binding domain (LBD) consensus, (iii) and a C-terminal transmembrane domain 

that is predicted to be post-translationally cleaved and replaced with a GPI-anchor (Fig. 7a). 

The TaMs1 protein defined by its three putative motifs, SP-LBD-GPI, is predicted to be 

secreted via the vesicular pathway and tethered to the extracellular side of the plasma 

membrane by a GPI moiety. In order to confirm TaMs1’s sub-cellular localization in vivo, 

TaMs1 was fused with mCherry (mCh) and transiently expressed in onion epidermal cells.  

Free mCh Fluorescence was observed to be diffuse within the cytoplasm (Fig. 7b). mCh-TaMs1 

signal was observed at the cell periphery and co-localized with the PIP2A-GFP plasma 

membrane marker (Nelson et al., 2006) (Fig. 7c). This co-localization was confirmed in 

plasmolysed epidermal onion cells which allows the distinction between the plasma 

membrane and cell wall. 

The requirement for each of the putative TaMs1 motifs (SP-LBD-GPI) for secretion and cell 

surface tethering was also demonstrated using truncated translation fusions transiently 

expressed in onion epidermal cells. We first tested the function of the N-terminal signal 

peptide (SP) using Ms1_SP. Ms1_SP fluorescence accumulated in the apoplast (Fig. 7d). This 

suggests that TaMs1 is targeted to the secretory pathway by the presence of the N-terminal 

signal peptide. 

Finally, we studied the function of the pro-peptide GPI-anchor using Ms1∆LBD and Ms1∆GPI. 

Onion cells co-transformed with TaMs1 lacking the LBD and the plasma membrane intrinsic 

protein 2A- (PIP2A-GFP) plasma membrane marker expressed fluorescence only at the outer 
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surface of the plasma-membrane (Fig. 7e). Post plasmolysis treatment, RFP signal was 

detected both at the retracted cell membrane and on Hechtian strands which form a 

membrane-cell-wall continuum. In the absence of the pro-peptide GPI-anchor, Ms1∆LBD 

fluorescence was co-localized with the plasma membrane marker pre- and post-plasmolysis 

(Fig. 7f). Surprisingly, we additionally observed fluorescence within the cytosol. We interpret 

these findings to mean the GPI-anchor is required for specific targeting of TaMs1 to the 

plasma-membrane. 
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Figure 7 | TaMs1 is targeted to the plasma membrane. (a) Schematic representation of the 
TaMs1 full length pre-protein and translational reporter fusion constructs used for epidermal 
onion cell transient expression assay (b) Cytosolic fluorescence of free mCh. (c) to (f) Co-
expression of GFP- PIP2A plasma membrane marker and TaMs1 full length or truncated 
proteins with and without plasmolysis. Scale bars = 20 μm.  

 

3.5 Discussion 

3.5.1 TaMs1 is an anther specific gene expressed during pre-meiosis 

We previously reported the identification of TaMs1, a dominant wheat fertility gene 

sequence located on chromosome 4BS (Tucker et al., 2017). TaMs1 was shown to be 

necessary for pollen exine formation. The phenotype for abnormal exine formation commonly 

leads to reduced fertility or complete male sterility. Pollen exine defective mutants have been 

reported to be a consequence of (i) defects in tapetal cell layer development, such as tdr, tip2, 

eat1, ptc1 and udt1 (Jung, 2005; Zhang et al., 2008; Li et al., 2011; Niu et al., 2013; Ranjan et 

al., 2017), (ii) disruption of the sporopollenin precursor synthesis and transport pathways, 

including acos12, strl2, cyp703a3, psk1, dpw and abcg15 (Aya et al., 2009; Shi et al., 2011b; 

Qin et al., 2013; Yang et al., 2017; Zou et al., 2017) (iii) disruption of callose formation (gls5) 

(Shi et al., 2015), (iv) abnormal intine and premixine formation, such as gt1, cap1 and dex1 

(Moon et al., 2013; Ueda et al., 2013; Yu et al., 2016), (v) and meiotic defects, including xrcc3, 

zip4 and pss1 (Zhou et al., 2011; Shen et al., 2012; Zhang et al., 2015). These genes, whilst 

involved in different pathways, have demonstrated interdependent expression. For instance, 

rice dpw exhibits abnormal expression of CYP704B2 (Shi et al., 2011b) , np1 is misregulated in 

TDR, DPW, CYP703A3, CYP704B2 and ABCG15 expression (Chang et al., 2016), and loss-of-

function mutants for CYP703A3 were reported to have reduced expression of DPW and 

CYP704B2 (Yang et al., 2014). Furthermore, TDR, EAT, and PTC1 had reduced expression in 

tip2 (Li et al., 2011) , whereas abnormal expression of CYP704B2, PTC1, PSK1, and DPW was 

detected in ptc1 anthers (Li et al., 2011). In order to determine whether TaMs1 expression is 
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dependent upon sporopollenin biosynthesis, we analyzed expression of wheat orthologues as 

well as rice sporopollenin biosynthetic genes in ms1 anthers relative to WT. We determined 

that TaMs1 was expressed earlier than sporopollenin precursor biosynthesis. However, to our 

surprise, the ms1 mutation did not affect transcription levels of the biosynthetic genes during 

stages where they have previously reported to be essential for pollen development (Fig. 6; 

Additional File 2). Because TaMs1’s expression proceeds that of genes involved in 

sporopollenin biosynthesis temporally, further experimentation is necessary to determine 

whether the TaMs1 protein itself persists past meiosis, the time of last detectable transcript 

expression, to coincide with the expression of these key sporopollenin biosynthetic genes. 

Importantly the timing of expression of these wheat orthologues is in accordance with that 

reported in rice. 

To date, wheat male sterile mutants linked to these rice genes have not yet been 

identified, with the exception of TaCYP704B (Singh et al., 2017); this can in part be explained 

by genic redundancy embedded within wheat’s allohexaploid genome. However, given the 

advent of new genome-editing technologies with the capability of simultaneously generating 

loss-of-function mutants in a single transgenic event, there is the possibility of uncovering 

additional genes necessary for sporopollenin biosynthesis. 

Phytohormones play an essential role in the regulation of stamen and pollen 

development (Chandler, 2011). Here, we show the TaMs1-B promoter when compared to its 

homeologues contains several unique motifs with homology to ABA responsive 

(ABREOSRAB21), and jasmonate/ethylene responsive (GCCCORE-box) cis-elements (Fig. 2). 

We show that TaMs1 expression is enhanced by ABA (Fig. 3), but not by JA exogenous 

treatment whereas treatments with hormones IAA and GA3 revealed TaMs1 to be responsive 

only to auxin. Importantly, auxin has been reported as a key regulator at both early and latter 
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stages of male gametogenesis, where it has been shown to be important for cellular 

differentiation, cell elongation and division (Sundberg and Østergaard, 2009). ABA on the 

other hand, is suggested to act as a potential signal leading to male sterility (Kovaleva and 

Voronkov, 2017). Confirmation of the importance of such cis-elements in hormone response 

signaling during microsporogenesis requires further experimentation. 

It is generally assumed that protein trafficking plays a central role for protein function. Here, 

we identified TaMs1 to contain two putative signal sequences: an N-terminal signal peptide 

(SP) and a C-terminal GPI-anchor pro-peptide (Fig. 7a). The SP is expected to target TaMs1 for 

translocation across the ER allowing the protein to enter the vesicular pathway (von Heijne, 

1990), whereas the GPI anchor is expected to retain the mature protein at the extracellular 

side of the plasma membrane (Debono et al., 2009). As expected, using transient expression 

of a TaMs1 translational fusion with mCherry in onion epidermal cells, we determined TaMs1 

to be localized at the plasma membrane (Fig. 7c). In order to validate function of TaMs1’s 

predicted signal sequences for transport, we used truncated TaMs1 translational fusion 

proteins. The signal peptide alone was determined to induce protein secretion (Fig. 7d). 

Despite TaMs1 lacking the GPI-anchor pro-peptide, the truncated protein remained targeted 

to the plasma membrane, but was also detected to a lesser extent in the cytosol (Fig. 7f). This 

contrasts with AtLTP1 which, despite the absence of a GPI anchor, has only been identified at 

the plasma membrane (Potocka et al., 2012). Despite the fact that TaMs1’s GPI-anchor was 

not necessary for the protein to be targeted to the plasma membrane, it appears to be 

essential for its function. This is supported by the finding that ms1j, which contains a SNP 

converting Serine 195 to a Phenylalanine (S195F) is male sterile (Wang et al., 2017). 

Importantly, this residue is predicted to be at the omega cleavage site of the GPI-anchor pro-

peptide and this point mutation results in the loss of potential C-terminal GPI-modification 
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site (Additional file 3). Why TaMs1’s GPI-anchor pro-peptide is essential for the protein activity 

could be explained by the unique properties of GPI-anchors: (i) it has been proposed that the 

functional importance of the GPI anchor could be related to its characteristic to allow greater 

three-dimensional flexibility for the protein at the cellular surface (Paulick and Bertozzi, 2008). 

(ii) Additionally, unlike transmembrane proteins, such GPI-anchored proteins have the 

potential to also be released from the cell surface via the activity of phospholipases (Müller et 

al., 2012). Considering these properties, it is reasonable to assume that TaMs1 would be 

secreted from both the tapetal cell layer and developing microspores, and be tethered to the 

cell surface of each. Upon GPI-anchor cleavage by a phospholipase, TaMs1 could deliver 

sporopollenin precursors from the tapetal cell surface to the developing microspore surface. 

At this point, microspore derived TaMs1 proteins could potentially act as precursor receivers 

and therefore be responsible for the local deposition of exine at the cell surface. It is 

interesting that in a similar study, Wang et al. (2017), reported TaMs1 to be localized to 

mitochondria in onion epidermal cells. Relative to our findings of TaMs1 being localized at the 

cell surface, it is clear that further experimentation is necessary to determine where TaMs1 is 

localized in planta, particularly in wheat as opposed to interpretations based on an 

orthologous system like onion epidermal cells. Furthermore, validation of lipid binding by the 

TaMs1 fluorescent protein translational fusions is needed, as well as determining whether the 

translational fusions have the capacity to complement (i.e. restore male fertility) ms1 

mutants.  

In this study, we attempted to further understand the role of TaMs1 in relation to pollen exine 

formation. Our results provide new insight into the importance of GPI-anchored LTPs at the 

early stages of anther development. We also identified putative wheat orthologues of rice 

sporopollenin biosynthetic genes. Future studies on the functional role of TaMs1 in vivo are 



Chapter 3: Wheat TaMs1 is a GPI-nsLTP necessary for pollen development 

 

59 
 

required to understand how this protein controls sporopollenin deposition onto the 

microspore in wheat. 
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Table S2 | List of selected genes reported to be required for male fertility in rice. 
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Table S3 | ms1j results in the loss of potential GPI-modification site.  

TaMs1 and Tams1j peptide sequences were tested for prediction of potential GPI-modification site using big-PI Plant Predictor (Eisenhaber et 
al., 2003).

Lines Wild Type TaMs1 ms1j (S195F) 

Peptide 

sequence 

MERSRGLLLVAGLLAALLPAAAAQPGAPCEPALLATQVALFCAPDMPTAQCCEPV

VAAVDLGGGVPCLCRVAAEPQLVMAGLNATHLLTLYSSCGGLRPGGAHLAAACE

GPAPPAAVVSSPPPPPPPSAAPRRKQPAHDAPPPPPPSSEKPSSPPPSQDHDGAA

PRAKAAPAQAATSTLAPAAAATAPPPQAPHSAAPTAPSKAAFFFVATAMLGLYIIL 

MERSRGLLLVAGLLAALLPAAAAQPGAPCEPALLATQVALFCAPDMPTAQCCEPV

VAAVDLGGGVPCLCRVAAEPQLVMAGLNATHLLTLYSSCGGLRPGGAHLAAACE

GPAPPAAVVSSPPPPPPPSAAPRRKQPAHDAPPPPPPSSEKPSSPPPSQDHDGAA

PRAKAAPAQAATSTLAPAAAATAPPPQAPHFAAPTAPSKAAFFFVATAMLGLYIIL 

Prediction 

of potential 

C-terminal 

GPi-

modificatio

n site 

Potential GPI-modification site was found. 
Quality of the site ............... :       P 
Sequence position of the omega-site :     195 
Score of the best site ............ :   14.83 (P Value = 8.698e-07) 

None potential GPI-modification site was found. 
Among all positions checked, sequence position 197 had the best score. 
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4.1 Abstract 

Non-specific Lipid Transfer Proteins (nsLTPs) are involved in numerous biological processes. 

To date, only a fraction of wheat (Triticum aestivum L.) nsLTPs (TaLTPs) have been identified, 

and even fewer have been functionally analysed. In this study, the identification, classification, 

phylogenetic reconstruction, chromosome distribution, functional annotation and expression 

profiles of TaLTPs were analysed. 461 putative TaLTPs were identified from the wheat genome 

and classified into five types (1, 2, C, D and G). Phylogenetic analysis of the TaLTPs along with 

nsLTPs from Arabidopsis thaliana and rice, showed that all five types were shared across 

species, however, some type 2 TaLTPs formed wheat-specific clades. Gene duplication analysis 

indicated that tandem duplications contributed to the expansion of this gene family in wheat. 

Analysis of RNA sequencing data showed that TaLTPs were expressed in most tissues and 

stages of wheat development. Further, we refined the expression profile of anther-enriched 

expressed genes, and identified potential cis-elements regulating their expression specificity. 

This analysis provides a valuable resource towards elucidating the function of TaLTP family 

members during wheat development, aids our understanding of the evolution and expansion 

of the TaLTP gene family and, additionally, provides new information for developing wheat 

male-sterile lines with application to hybrid breeding. 

4.2 Introduction 

Plant non-specific Lipid Transfer Proteins (nsLTPs) are small and soluble proteins with the 

ability to transfer various lipid molecules between membranes in vitro. nsLTPs are 

characterized by an eight cysteine motif (8CM) backbone with the general form C-Xn-C-Xn-CC-

Xn-CXC-Xn-C-Xn-C (Salminen et al., 2016). The cysteine residues are linked by four disulphide 

bonds stabilizing a tertiary structure composed of four or five alpha helices, with a 
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hydrophobic cavity where the lipid binding takes place (Finkina et al., 2016). In general, nsLTPs 

possess an N-terminal secretory signal peptide targeting the protein to the secretory pathway. 

In addition, some LTPs also carry a C-terminal signal sequence whereby a 

glycosylphosphatidylinositol-anchor (GPI-anchor) is post-translationally attached to the 

protein; The GPI-anchor tethers the peptide to the extracellular side of the plasma membrane 

(Mayor and Riezman, 2004). nsLTPs have been reported to participate in various biological 

processes, such as plant signalling, plant defence against biotic and abiotic stresses, cuticular 

wax and cutin synthesis, seed maturation and sexual reproduction (Carvalho and Gomes, 

2007).  

Plant nsLTPs consist of a large multigene family found in all land plants and are abundantly 

expressed in most tissues. Initially, nsLTPs were divided into two major groups based on 

molecular weight of the mature protein: nsLTP1 (9kDa) and nsLTP2 (7kDa) (Douliez et al., 

2000). These two groups differ in the disulphide bond linkages, nsLTP1 at Cys1-Cys6 and Cys5-

Cys8 and nsLTP2 at Cys1-Cys5 and Cys6-Cys8. Recently, a new classification according to intron 

position, presence of GPI-anchor pro-peptide domain and amino acid sequence identity was 

proposed by Edstam et al. (2011). The system classified nsLTPs into 10 types, including five 

major types (Type 1, 2, C, D and G) and five minor types containing fewer members (E, F, H, J 

and K). nsLTPs have been reported by genome-wide analysis for several members of the 

Poaceae, including maize (Zea mays) (63 nsLTPs), rice (Oriza sativa) (77 nsLTPs) and sorghum 

(Sorghum bicolor) (58 nsLTPs) (Wei and Zhong, 2014). Previously, in wheat 156 nsLTPs were 

identified based on EST datasets (Boutrot et al., 2008).  

Recent studies have revealed the importance of nsLTPs for pollen development. In A. thaliana, 

RNA interference knock-down for AtLTPg.3 and AtLTPg.4 displayed deformed or sterile pollen 

grains (Edstam and Edqvist, 2014). Of the type C nsLTPs, AtLTPc.1, AtLTPc.2 and AtLTPc.3 have 

an anther specific expression restricted to the tapetal cell layer (Huang et al., 2013). AtLTPc.3 

was shown to be secreted into the anther locule whereby it ultimately becomes a constituent 

of the microspore surface. Double RNAi silencing of AtLTPc.1 and AtLTPc.3 affected intine 

morphology, however, pollen grains showed no reduction in fertility. Similarly to A. thaliana 

nsLTP genes, the maize (Zea mays) Ms44 also encodes a type C LTP specifically expressed in 

tapetal cells with its silencing having no effect on fertility (Fox et al., 2017). However, a 

mutation impairing the cleavage of the Ms44 signal peptide and therefore blocking its 

secretion, results in a dominant male sterility phenotype. In contrast, silencing of the rice 
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OsC6, an anther-specific LTP, resulted in reduced pollen fertility (Zhang et al., 2010). Different 

to what observed in rice, wheat TaMS1 is a nsLTP type G, which shows expression specifically 

in anthers containing pre-meiosis to meiotic microspores (Tucker et al., 2017; Wang et al., 

2017). Detailed examination of anthers derived from several deletion mutants (ms1a, ms1b, 

ms1c) and ethyl methanesulfonate (EMS)-derived mutants (ms1d, ms1e, ms1f and ms1h) 

revealed male sterility is a consequence of disrupted orbicule and pollen exine structure. The 

determination that wheat TaMs1 is a single locus nuclear-encoded gene necessary for wheat 

male fertility represented a significant advance towards developing a hybrid wheat production 

system similar to the maize Seed Production Technology (SPT) (Whitford et al., 2013; Tucker 

et al., 2017). In previous studies, only a small portion of nsLTPs from wheat were identified. 

Considering a wheat genome reference sequence is now approaching completion, an 

opportunity exists to initiate a genome-wide analysis of the nsLTP gene family for this species.  

In this study we identified 461 putative nsLTPs in the bread wheat genome (cv. Chinese 

Spring). We conducted a comprehensive study on the phylogeny, genomic structure, 

chromosomal location and expression profiles of the nsLTP gene family in wheat. Our analysis 

provides new insights into the TaLTP gene family which will support future functional research 

of nsLTPs. We identified anther-enriched nsLTPs of likely involvement in pollen development. 

When combined with new gene-editing technologies, this opens opportunities for exploring 

new loci for inducing male sterility that has application to hybrid breeding. 

4.3 Results 

4.3.1 Identification and classification of wheat nsLTPs 

A total of 461 putative wheat nsLTPs were identified in cv. Chinese Spring (Supplementary 

Table S1 online). Predicted nsLTPs were classified into five types according to Edstam et al. 

(2011) (Type 1, 2, C, D and G); type 2 contained most members with 59.44% of wheat nsLTPs, 

followed by type G (18.66%), type D (12.36%), type 1 (8.46%) and type C (1.08%). The 

proportion of wheat nsLTPs types varies greatly from that reported in genome-wide analyses 

performed in A. thaliana (AtLTPs), rice (OsLTPs), maize (ZmLTPs) and sorghum (SbLTPs) (Table 

1), mainly due to a higher proportion of type 2 nsLTPs in wheat. 
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Figure 1 | Unrooted phylogenetic tree of nsLTPs from A. thaliana, rice and bread wheat. The 
phylogenetic tree was built from alignment of the predicted mature proteins. Brackets 
indicate number of sequences from A. thaliana, rice and wheat, respectively. Detailed 
phylogenetic tree is provided in Supplementary Fig. S1 online. 

 

4.3.2 Gene and protein structures of the TaLTPs 

Potential protein post-translational modifications of the 461 identified TaLTPs were 

investigated, including prediction of signal peptide domains and pre-GPI anchor 

transmembrane domains (Pierleoni et al., 2008; Nielsen, 2017). Following cleavage of the 

predicted signal peptide and pre-GPI anchor domain, 418 unique mature proteins remained; 

among these, 386 TaLTPs possessed a unique 8CM.  
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nsLTPs are characterized by the highly conserved 8CM and analysis of the 8CM consensus 

within wheat sub-types identified a variable number of inter-cysteine amino acid residues 

(Table 2). Type 2 TaLTPs contained the most variable spacing across the 8CM, a likely 

consequence of the large number of members relative to the other sub-types. All Type C 

TaLTPs possessed a spacing of 12 residues between the Cys6 and Cys7 of the 8CM, while a 

spacing of 12 residues was not present in any other TaLTP class.  

When analysing the 8CM spacing across all TaLTPs, we also identified conservation in the 

amino acids within these spaces, reflecting higher identity within, but not across sub-types. 

This was depicted using WebLogo3 tool (Crooks et al., 2004) (Supplementary Fig. S2). For the 

CXC motif, hydrophobic residues at the X position were observed for most type 2 (86.1 %) and 

type G (87.0 %) and type C (100 %) proteins, whereas the presence of a hydrophilic residue 

was predominantly observed in type 1 TaLTPs (69.2%).  

To better understand TaLTP protein characteristics, we analysed the isoelectric point (pI) and 

molecular weight (MW) for all putative TaLTPs. Their MW ranged from 6.73 kDa to 21.73 kDa. 

Type G nsLTPs have previously been reported to possess the highest MW due to the presence 

of supernumerary amino acid residues C-terminal to the 8CM. In contrast, to which has been 

reported in other species (Zea mays, Marchantia polymorpa, Physcomitrella patens, 

Selaginella moellendorffi, Adiantum capillus-veneris) (Edstam et al., 2011; Wei and Zhong, 

2014), five type D TaLTPs had a higher MW than type G TaLTPs. Furthermore, type 2 nsLTPs 

previously reported to be 7 kDa proteins, averaged 10.11 kDa in wheat (Douliez et al., 2000). 

Exon-intron structure was also used to classify wheat nsLTPs, based on criteria proposed by 

Edstam et al. (2011). Accordingly, type 2 TaLTPs were lacking introns, with the exception of 11 

genes containing an intron downstream of the 8CM containing exon and classified as type 2 

proteins based on peptide sequence identity (TaLTP2.71, TaLTP2.28, TaLTP2.115, TaLTP2.127, 

TaLTP132, TaLTP2.135, TaLTP2.173, TaLTP2.217, TaLTP2.218, TaLTP2.220 and TaLTP2.238) 

(Supplementary Fig. S3 online). All type 1, type C and type D genes contained one intron 

positioned respectively at nucleotide 5, 1 and 4 after the last cysteine of the 8CM. In contrast, 

Type G TaLTPs contained up to four introns.  
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Figure 2 | Chromosomal location of TaLTPs. The scale represents megabases (Mbps). 
Chromosome names are indicated above each vertical bar. Green bars indicate clusters of 
tandemly duplicated genes. 
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4.3.4 Expression analysis of TaLTPs  

The expression profiles of all 461 predicted TaLTPs were first analysed using public RNA-seq 

datasets from seven different tissues including leaves, roots, grains, stems, spikes, pistils and 

anthers (Figure 3, Supplementary Table S3 online). Their expression pattern varied greatly 

across tissues and developmental stages. No expression was detected for 30 TaLTPs, 

indicating that they are either pseudogenes or expressed in tissues or under specific 

environmental conditions for which RNA-seq data was not available. 

Based on expression profiles, TaLTPs were divided in ten clusters (I to X) by hierarchical 

ordering (i.e. Cluster III contains anther-enriched genes while Cluster IV mostly contains genes 

with highly expressed in pistils). Type 1, type 2 and type G TaLTPs were present in most 

clusters, reflecting ubiquitous expression across tissues and developmental stages. In 

contrast, type C TaLTPs, only present in Cluster III, are found preferentially expressed in 

anthers. Comparing the proportions of TaLTPs per type and the proportions of TaLTP types 

per cluster found no significant distribution differences within Cluster VIII. In contrast, Cluster 

V (32 members) contained genes with expression enriched in leaf (Z23) and grain (Z85), and 

accounted for 56.2% of type D TaLTPs  while overall, type D TaLTPs comprise only 12.4% of  

total TaLTPs.  

In order to identify genes potentially involved in pollen development, we focussed on TaLTPs 

genes preferentially expressed in anthers. In total, 17 TaLTPs showed an anther-enriched 

expression profile based on the RNA-seq data. Among these, only TaMs1, a type G nsLTP, has 

been reported as anther-specific, and demonstrated to be involved in pollen exine 

development (Tucker et al., 2017; Wang et al., 2017). Two of the loci containing putative 

anther-expressed genes were found to possess only two nsLTPs homeologues from the three 

sub-genomes (TaLTPc4/TaLTPc.5 and TaLTPg.19/TaLTPg.22).  

The evolutionary relationship of all identified anther-expressed genes was demonstrated 

using phylogenetic analysis (Figure 4). The selected TaLTPs were present within different 

clades, suggesting that these genes are derived from different ancestors. For the purpose of 

validating their anther-enriched expression profile, and to obtain more precise information on 

their expression timing during male gametogenesis, we conducted qRT-PCR across eight 

different wheat tissues including leaves, shoot, roots, glumes, lemmas, paleas, ovaries and 

anthers.  
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qRT-PCR results confirmed that the expression profiles for all selected genes were in 

agreement with the RNA-seq data (Figure 5). These anther-enriched genes were highly up-

regulated in anthers containing meiotic microspores, with the exception of TaLTPg.30 (TaMs1) 

which exhibited expression in anthers deemed to contain microspores at pre-meiosis. In 

addition, TaLTPg.30 was the only gene to show expression on only one sub-genome, whereas 

all other anther-enriched LTPs showed expression across two or all three sub-genomes. 
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Figure 3 | Heat map representation and hierarchical clustering of transcript level of TaLTPs 
across different tissues. Data were retrieved from Choulet et al. (2014) and Yang et al. (2015). 
Genes were clustered by an average-linkage method (Metsalu, 2005). The transcript 
abundance in fragments per kilobase of exon per million fragments mapped (FPKM) of each 
genes is available as Supplementary Table S3 online. 
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Figure 4 | Unrooted phylogenetic tree of TaLTPs highlighting potential anther-enriched 
genes. Filled circles represent anther-enriched genes identified by RNA-seq (Choulet et al., 
2014; Yang et al., 2015), empty circles represent homeologous genes with no expression 
detected; different colors were used for different homeoloci. For more visibility, subtrees 
including sequences of the same type are grouped and represented by a grey triangle. The 
fully extended tree is available as Supplementary Fig. S4 online. The phylogenetic tree was 
built from alignment of the predicted mature proteins. 
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Figure 5 | Expression levels of anther-enriched expressed TaLTP candidates. Each graph 
represents the expression profile for one homeologue group. St1, archesporial cells; St2, pre-
meiotic pollen mother cells; St3, meiotic microspores; St4, early uninucleate; St5, late 
uninucleate; St6, binucleate; St7, mature pollen. Error bars reflect standard error of three 
independent tissue replicates (n=3). 
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4.3.5 Promoter analysis of anther-specific TaLTPs 

To evaluate the presence of cis-elements within TaLTP promoter regions involved in anther-

specific expression, we searched for over-represented motifs in anther-specific vs non-anther-

specific sequences using MEME suite (Bailey et al., 2009). First, we focussed on nine boxes 

deemed to be associated with anther-enriched expression (Supplementary Table S4 online). 

Among these boxes, only the element POLLEN1LELAT52 (AGAAA) was identified to be 

enriched in anther-specific promoter regions (P-value= 6.72e-3) (Zhou, 1999). Secondly, we 

searched DNA motifs without a priori which were enriched in the anther-specific TaLTPs 

promoters relative to the remaining promoter sequence. A total of 6 motifs were identified to 

be significantly enriched in the anther-specific promoters (Table 3). Among these, two motifs 

were retrieved to be transcription factor binding sites (TFBSs); the TCTCGTAT motif (4), a 

putative binding site of APETALA2-ethylene response factor (AP2-ERF) (Wang et al., 2016) and 

the ACGT core motif (6), a potential bZIP binding site (Martinez-García et al., 1998). 

 

Table 3 | List of motifs enriched in anther-
specific nsLTPs promoter regions. a The 
enrichment P-value of the motif that are 
enriched in 17 anther-specific gene 
promoter regions compared with promoter 
sequences of the remaining 444 identified 
TaLTPs. Related, annotation of the motif; 
Logo, 5’-3’sequence; RC Logo, reverse-
complement sequence; AP2-ERF, 
APETALA2-ethylene response factor; SMZ, 
SCHAFLMÜTZE. 

 

 

4.4 Discussion 

In the current study, a total of 461 nsLTPs were identified in the wheat genome (cv. Chinese 

Spring), including 39 type 1, 274 type 2, five type C, 57 type D and 86 type G. In comparison to 

A. thaliana, rice and maize, we found the wheat genome to contain over 5 times the number 

of nsLTPs (Table 1). The expansion of wheat nsLTPs could be due to the following reasons: (i) 

bread wheat is an allohexaploid species that originated from hybridization events involving 

three different diploid progenitors (AABBDD) (Feldman and Levy, 2012). (ii) small-scale gene 

duplication, including segmental and tandem duplication, may have played a significant role 

in nsLTPs gene family evolution in wheat. Genome duplication is generally accepted to be a 

primary source of genetic novelty through subfunctionalization and neofunctionalization and 
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has been central to the evolution of angiosperms, leading to species divergence (Davies et al., 

2004). Duplication events of nsLTPs have been reported in various species, such as A. thaliana, 

turnip, rice, maize and cotton (Boutrot et al., 2008; Li et al., 2014, 2016; Wei and Zhong, 2014). 

In this study, phylogenetic relationships between wheat, rice and A. thaliana nsLTPs showed 

an expansion of type 2 genes in wheat relative to rice and A. thaliana (Figure 1). This is 

reflected by the presence of type 2 clades containing only wheat sequences, mostly present 

in tandem repeats on the wheat pseudomolecules (Figure 2, Supplemental Table S2 online). 

We identified 54 tandem duplication clusters accounting for 200 TaLTPs, 72% of which were 

classified as type 2. Genic duplication and functional redundancy allows these gene sequences 

to accumulate mutations, increasing divergence and, over time, leading to expansion and 

evolution of the gene family (Conant and Wolfe, 2008). (iii) Natural selection would favour 

duplication of genes that results in adaptive expansion of gene families, it is suggested that 

retention and expansion of resistance genes in bread wheat might be the results of selection 

during domestication (Demuth and Hahn, 2009). Similar expansion was reported for the 

resistance NBS-LRR gene family in wheat (Gu et al., 2015). The observed expansion of nsLTP 

gene family in wheat relative to rice, in addition to the estimated divergence time of the 

analysed some TaLTP duplication clusters averaging 5.28 Mya (Supplemental Table S2 online), 

is in accordance with an earlier divergence time of rice-Triticeae estimated of 50 Mya 

(Chalupska et al., 2008). With the near complete genome assemblies of some Triticeae 

subgroups including, Hordeum vulgare, Triticum Urartu, Aegilops tauschii and T. turgidum ssp 

dicoccoides (Ling et al., 2013; Avni et al., 2017; Beier et al., 2017; Luo et al., 2017), new 

opportunities arise for a more thorough evolutionary analysis of the nsLTP gene family and 

further investigation of the duplication events that underpin the gene family expansion in 

wheat.  

nsLTPs belong to a large family of pathogenesis-related proteins (PRPs), and are reported to 

play a role in defence against bacterial and fungal pathogens (Sudisha et al., 2012). Some 

wheat nsLTPs have been shown to have an anti-fungal activity toward wheat and non-wheat 

fungal pathogens in vitro (TaLTP2.99, TaLTP2.241, TaLTP2.267, TaLTP2.227, TaLTP2.228, 

TaLTP2.229, TaLTP2.230, TaLTP2.242, TaLTP2.253, TaLTP2.263, TaLTP2.268, TaLTP2.109, 

TaLTP2.91, TaLTP2.92, TaLTP2.262, TaLTP1.22, TaLTP1.23) (Sun et al., 2008). Surprisingly, no 

correlation was observed between their ability to inhibit pathogenic growth and lipid binding 

activity. However, it has been suggested that their toxicity could be derived from an alteration 



Chapter 4: Genome-wide identification and analysis of nsLTPs in hexaploid wheat 

 

88 
 

of the fungal membrane permeability (Sun et al., 2008). Additionally, the wheat TaLTP1.22 

(100% similarity with the tandem duplicate TaLTP1.23) was reported to be associated with 

resistance against Fusarium graminearum, and its transcript level was at least 50-fold more 

abundant in plants carrying the resistant allele Qfhs.ifa-5A (Schweiger et al., 2013). 

Interestingly, these previously reported TaLTP genes involved in abiotic stress resistance from 

type 1 and type 2, were all retrieved within the same phylogenetic clades (Supplemental Fig. 

S4 online). In addition, these TaLTPs demonstrated a similar expression profile based on RNA-

seq analysis, and grouped within the same cluster (V), showing high expression in stems (Z30, 

Z32 and Z65), leaves (Z23 and Z71) and grains (Z65). Therefore, we speculate that these TaLTPs 

may also possess antifungal activities. In rice, similar inhibition tests using LTP110 

demonstrated a critical role for the residues Tyr17 and Arg46 and Pro72 in antifungal activity 

(Ge et al., 2003). As expected, these residues were identified as highly conserved in type 1 

TaLTPs (Tyr14 and Arg50 and Pro78) (Supplementary Fig. S2 online).  

In diverse crops, the use of male sterility has been exploited for production of hybrid varieties 

that capture the benefits of hybrid vigour. It is reported that wheat hybrid vigour offers a yield 

gain of over 10% and improved yield stability (Longin et al., 2012). One major limitation 

towards developing a commercially viable hybrid seed production platform in wheat was the 

lack of identification of a single locus genic male-sterile mutant and its associated wild-type 

restorer sequence (Whitford et al., 2013; Wu et al., 2015). This limitation has been overcome, 

only recently, by the identification the dominant fertility gene TaMs1, and the dominant 

sterility gene Ms2 (Ni et al., 2017; Tucker et al., 2017; Wang et al., 2017; Xia et al., 2017). In 

addition, the recent development of novel gene-editing technologies generates opportunities 

to generate loss-of-function mutants in a single transgenic event in wheat (Cigan et al., 2017). 

nsLTPs represent potential candidates towards developing new male sterile mutants as 

studies have shown that defects in certain anther-expressed nsLTPs result in male sterility (Li 

and Zhang, 2010; Huang et al., 2013b; Fox et al., 2017; Tucker et al., 2017). In order to identify 

TaLTPs responsible for ensuring male fertility, we analysed the expression profiles of selected 

TaLTPs using RNA-seq data and showed that most TaLTPs were expressed across a range of 

tissues and developmental stages. Interestingly, some members exhibited tissue-specific 

expressions, suggesting important roles in physiological processes during wheat development. 

This included, 16 TaLTP genes (7 loci) which were preferentially or specifically expressed in 

anthers. These include, three type 2 (single locus), six type 1 (two loci), five type C (two loci) 
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and 2 type G (two loci) genes. Orthologues for these wheat anther-expressed genes have been 

analysed in rice, maize and sorghum (Supplementary Table S5 online). Among the identified 

putative orthologs, only the maize type C nsLTP (Ms44) has been reported to be involved in 

male fertility (Fox et al., 2017). In addition, no orthologues for TaLTP2.190, TaLTP2.198 and 

TaLTP2.214 could be retrieved for the studied species, suggesting a gain of function in wheat 

for male reproductive organ development. qRT-PCR analysis confirmed the expression profiles 

of these anther-expressed TaLTPs (Figure 5). Among the anther-expressed TaLTPs, only TaMs1 

was identified as a single homeologue expressed gene.  

 

To understand the promoter specificity of the identified anther-specific TaLTPs and to also 

identify putative cis-elements controlling their spatial and temporal expression, we identified 

enriched DNA motifs on promoter regions for the anther-specific TaLTPs relative to non-

anther enriched TaLTPs (Supplementary Table S4 online, and Table 3). A total of seven motifs 

were identified including three previously reported elements. (i) The first is POLLENLELAT52 

(AGAAA), an enhancer element of LAT52 deemed to be essential for high level of expression 

in pollen (Supplementary Table S4 online, and Table 3) (Bate and Twell, 1998). (ii) The second 

is an AP2/ERF binding site element identified to regulate SMZ, involved in regulation of floral 

development in A. thaliana (Wang et al., 2016). (iii) The third is a binding site element of 

bZIP190 (ACGT core), reported to be preferentially expressed in flowers of Antirrhinum majus 

(Martinez-García et al., 1998). An analysis by promoter bashing would help to confirm 

functionality of these identified cis-elements in anther-enriched expression.  

 

In conclusion, this is the first comprehensive and systematic analysis of nsLTPs in wheat. The 

structure, classification, evolutionary and expression profiles of 461 putative TaLTPs were 

analysed. The results of this study revealed the ubiquitous expression of TaLTPs during growth 

and development. The expansion of TaLTPs in the wheat genome was attributed to 

duplications during evolution. Our expression analysis may provide a solid basis for future 

studies of TaLTP function during wheat development. The identification of anther-expressed 

TaLTPs opens opportunities for the development of new male-sterile wheat lines for hybrid 

seed production.  
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4.5 Materials and Methods 

4.5.1 Sequence retrieval and structural analysis 

All nsLTP sequences of Arabidopsis thaliana, rice (Oriza sativa), sorghum (Sorghum bicolor) 

and maize (Zea mays) previously identified by Wei and Zhong (2014) were retrieved from 

phytozome (Goodstein et al., 2012; Wei and Zhong, 2014). To identify wheat putative nsLTPs 

we first used rice protein sequences (LOC_Os10g36070.1, LOC_Os07g18750.1, 

LOC_Os05g47700.1, LOC_Os05g40010.1, LOC_Os03g07100.1, LOC_Os01g68580.1, 

LOC_Os01g59870.1, LOC_Os01g12020.1) as queries to search against the Wheat IWGSC 

Ref1.0 using tBLASTn with an e-value of ≤ 10. Secondly, we examined hit sequences (+/- 1000 

bps) in all six DNA frames for presence of the 8CM, and all hits lacking the essential Cys 

residues were excluded. Then, selected genomic sequences were used for gene prediction 

using TriAnnot and FGENESH programs with defaults parameters (Solovyev et al., 2006; Leroy 

et al., 2012). Subsequently, all predicted genes lacking the 8CM were removed from further 

analysis. The remaining candidates were submitted to SUPERFAMILY 2 Beta online tool, 

sequences annotated as proteinase/alpha-amylase inhibitor and seed storage family, 2S 

albumin were discarded (http://beta.supfam.org/). Additionally, putative nsLTPs lacking NSSs 

(examined with SignalP 4 server (Petersen et al., 2011)) were also excluded. Presence of a C-

terminal GPI-anchor signal was predicted using three prediction tools PredGPI, big PI-plant 

predictor and GPI-SOM (Eisenhaber et al., 2003; Fankhauser and Mäser, 2005; Pierleoni et al., 

2008). Splice junctions were predicted using Splign Transcript to Genomic Alignment tool 

(Kapustin et al., 2008). The nsLTP nomenclature was based on guidelines from Edstam et al. 

(2011). 

4.5.2 Phylogenetic analysis and gene duplications 

nsLTPs sequences ID of rice (Oriza sativa), Sorghum (Sorghum bicolor), and Maize (Zea Mays) 

were retrieved from Wei and Zhong (2014). nsLTPs amino acid sequences were downloaded 

from ensembl plant (Kersey et al., 2017). All nsLTPs 8CM sequences of the mature proteins 

were aligned using Clustal Omega (Sievers et al., 2011). After manually refinement of the 

multiple sequence alignment, the phylogenetic tree was built from alignment of the predicted 

mature proteins by Unweighted Pair Group Method with Arithmetic mean method using the 

Jalview program (Waterhouse et al., 2009).  Trees were visualized using the iTOL web tool 

V4.0.3 (Letunic and Bork, 2016). 
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4.5.3 Gene structure analysis 

In order to identify the precise splice-junction site of predicted TaLTPs, coding sequences 

(CDS) were aligned to genomic sequence using Splign alignment tool (Kapustin et al., 2008). 

Schematic representation of TaLTPs gene structures was generated using the GSGS 2.0 tool  

(Hu et al., 2018). 

4.5.4 Chromosomal mapping and duplication 

TaLTPs were mapped onto the 21 wheat chromosomes according to their physical position 

(bp), from the short arm telomere to the long arm telomere based on IWGSC reference 

sequence V1.0. MapChart was used to draw their location onto the physical map of each 

chromosome (Voorrips, 2002). To detect gene duplications, the CDS sequences of TaLTPs in 

wheat were blasted against each other and selected with the following cut-offs: 80% of 

coverage with the similarity of the aligned regions above 80%. Tandemly duplicated TaLTPs 

were defined as two or more adjacent homologous genes located on a single 

chromosome.The estimation of the evolution rates of the duplicated TaLTPs was calculated 

using KaKs_calculator 2.0 (Wang et al., 2010). The divergence times (T) of TaLTP duplicated 

pairs were calculated as T = Ks/2r × 10−6 Mya, with a divergence rate (r) of 6.5×10−9 (Gaut et 

al., 1996). 

4.5.5 Gene expression profiles based on RNA-seq 

Previous wheat cv. Chinese Spring transcriptome examinations were performed by RNA-seq 

to investigate gene expression pattern of genes during vegetative and reproductive 

development. The transcript abundance of each gene was estimated by fragments per 

kilobase of exon per million fragments mapped (FPKM). Expression data of TaLTPs in spikes, 

leaves, roots, stems and grains, each sampled at three developmental stages, were retrieved 

from RNA-seq data downloaded from the European Nucleotide Archive database with the 

study number PRJEB5314 (http://www.ebi.ac.uk/ena/data/view/PRJEB5314). TaLTPs 

expressions data in pistils and anthers were downloaded from NCBI-SRA database with 

accession number SRP038912.  

Heatmaps were generated from log2-transformed FPKM using the ClustVis web tool (Metsalu 

and Vilo, 2015). 

4.5.6 Quantitative RT-PCR analysis 

Total RNA was isolated using ISOLATE II RNA Mini Kit (Bioline, Sydney, Australia) from wheat 

of cv. Chris tissues including roots, shoot apical meristem (SAM) and glume, lemma, palea, 
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ovaries, and anthers containing microspores from pre-meiosis to maturity. Microspores were 

cytologically examined for stage of development. The remaining two anthers from the same 

floret were isolated and snap frozen in liquid nitrogen. All total RNA samples were treated 

with DNase I (Qiagen). 0.6 μg of RNA was used to synthesise the oligo (dT)-primed first strand 

cDNA using the superscript IV reverse transcriptase (Thermo Fisher, Adelaide, Australia). 

Quantitative real-time PCR was perform according to Burton et al. (2004) using the primer 

combinations shown in Supplemental Table S6 online. Amplification products from qRT-PCR 

on each tissue sample, three technical replicates and three biological replicates were used to 

estimate the transcript abundance of genes of interest relative to TaActin, TaGAPdH and Ta13-

3-3 reference transcripts. 

4.5.7 Promoter analysis 

For motif enrichment analysis using know cis-element deemed to be involved in pollen 

enriched expression (Supplementary Table S4 online) we used the AME web tool implemented 

in MEME suite (Bailey et al., 2009) with the following parameter: Ranksum enrichment test 

with a P-value threshold of 0.05.  

For de novo motif discovery and enrichment, we used the DREME web tool implemented in 

MEME suite (version 4.12.0) (Bailey et al., 2009) with an e-value threshold of 0.05. MEME was 

also used to generate sequence logos for each discovered motif. Jaspar database was 

searched to find related transcription factor binding sites to the motifs identified using a 

relative profile score threshold of 80 % (Khan et al., 2017). 
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Figure S1 (1/4) |Phylogenetic relationship of the wheat, rice and A.thaliana nsLTP proteins.  
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Figure S1 (2/4) |Phylogenetic relationship of the wheat, rice and A.thaliana nsLTP proteins.  
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Figure S1 (3/4) | Phylogenetic relationship of the wheat, rice and A.thaliana nsLTP proteins.  
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Figure S1 (4/4) | Phylogenetic relationship of the wheat, rice and A.thaliana nsLTP proteins. 
Unrooted phylogenetic tree of nsLTPs mature protein sequences from Wheat (TaLTP), Rice 
(OsLTP) and Arabidopsis (AtLTP). Red, Type 1; Blue, Type 2; Green, Type C; Purple, Type D; 
Type G, Orange. 
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Figure S2 | Conserved domai analysis of the nsLTPs using the WebLogo3 program. The height 
of the letter designating the amino acid residue at each position represents the degree of 
conservation. The numbers on the x-axis represent the sequence positions in the 
corresponding conserved domains. The y-axis represents the information content measured 
in bits.  
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Figure S3 (1/3) | Gene structures of the Wheat nsLTP genes. 
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Figure S3 (2/3) | Gene structures of the Wheat nsLTP genes. 
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Figure S3 (3/3) | Gene structures of the Wheat nsLTP genes. The size of the each motif can 
be estimated using the scale at the bottom. Genes structures of nsLTPs were predicted with 
the GSDS software. The exons are indicated by yellow boxes, 8CM by pink boxes ans the 
introns are indicated by black lines. 
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Figure S4 |Unrooted phylogenetic tree of the wheat nsLTPs gene family. The evolutionary 
distances were computed using the Poisson correction method (Zuckerkandl and Pauling, 
1965). The analysis involved 461 amino acid sequences of the predicted mature proteins. All 
positions containing gaps and missing data were eliminated. There were a total of 24 positions 
in the final dataset. Evolutionary analyses were conducted in MEGA7 (Kumar et al., 2017). 



























Chapter 4: Genome-wide identification and analysis of nsLTPs in hexaploid wheat 

 

118 
 

Table S3 | Gene expression data from RNA-seq in log2 FPKM. 
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TaLTP1.1 0 6.89 -2.98 0 0 0 0 -0.91 0 0 -4.68 0 0.48 -1.66 0 -1.39 -0.97 0 0 -2.16 -2.55 0 -1 -2.65 0.17

TaLTP1.10 11.4 0 11.1 11.3 11.5 10.7 10.3 0 11.2 10.8 2.76 0 0 0 0 0 0 0 0 0 0 0 2.55 0 0

TaLTP1.11 7.79 2.92 8.18 7.95 8.19 8.43 8.6 10.1 8 7.11 7.51 0 0 -0.48 8.73 8.12 4.35 -2.42 7.58 7.13 6.79 0 7.38 6.08 5.22

TaLTP1.12 11.3 7.65 11.1 11.3 11.5 10.8 10.1 -0.53 10.9 10.8 2.8 0 0 0 0 0 0 0 -3.31 0 0 0 3.2 -3.27 0

TaLTP1.13 6.48 2.54 6.73 6.75 6.87 7.22 7.08 8.6 6.68 5.93 6.11 -3.83 -3.4 -1.84 7.65 6.6 4.27 0 5.62 6.17 5.57 0 5.77 4.35 4.22

TaLTP1.14 11.1 2.69 10.8 11 11.3 10.6 9.8 0 10.6 10.6 2.92 0 0 0 0 0 0 0 0 0 0 0 2.92 0 0

TaLTP1.15 7.63 7.62 7.99 8.02 8.02 8.28 8.29 9.43 8.03 7.09 7.51 -0.62 0 -1.6 8.52 7.92 3.98 -1.13 6.93 7.14 6.67 -1.14 7.23 5.68 5.29

TaLTP1.16 6.7 8.26 6.66 7.22 7.03 7.01 7.26 6.73 7.05 6.29 5.06 -1.94 -1.51 0 6.12 4.91 5.61 -1.98 4.08 4.68 4.02 -3.25 5.77 2.97 3.7

TaLTP1.17 5 7.14 4.87 5.47 4.96 4.7 4.67 4.71 4.65 4.86 2.22 -3.52 0 -3.7 5.43 3.72 5.36 -1.98 2.19 4.07 2.62 0 3.22 1.15 3.39

TaLTP1.18 2.15 0 2.13 1.87 2.72 1.36 2.14 0 3.12 2.22 -3.72 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP1.19 0 0 0 0 0 0 0 0 0 0 0 0.69 0 1.42 0 0 0 1.07 0 0 0 0 0 0 0

TaLTP1.2 0 5.83 0 0 0 -2.67 -3.01 -1.11 0 0 -2.04 -3.75 1.14 -2.92 -0.93 -2.65 0 0 0 -3.69 0 0 -0.53 -1.27 -1.58

TaLTP1.20 7.05 9.39 6.82 7.71 7.27 7.07 7.01 6.99 7.21 6.7 4.91 -3.52 -3.1 -1.11 6.85 5.15 6.12 0 4.63 5.46 4.36 -2.25 5.54 3.4 4.09

TaLTP1.21 2.1 -1.08 1.01 1.53 2.21 1.32 1.34 0 2.68 1.79 -3.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP1.22 -5.56 0.78 -5.3 -5.5 -4.86 -5.38 -4.74 -1.82 -4.85 -5.36 -5.08 -10.4 0.41 -9.14 0 -3.02 -3.41 -9.25 0.33 -1.25 -0.85 -0.38 -1.49 -0.94 -2.07

TaLTP1.23 1.64 8.56 1.24 1.19 1.79 2.12 2.42 5.86 1.98 1.56 1.97 -4.52 7.78 -2.7 7.01 4.29 3.83 -4.57 7.22 5.85 6.52 6.91 5.61 6.23 5.23

TaLTP1.24 0 0 0 0 0 -1.28 0 -0.45 0 0 0 0 0 -1.19 0 -1.26 4.07 -1.78 -3.23 -1.71 0 -2.06 -0.12 -2.19 0.13

TaLTP1.25 4.23 0 4.28 3.4 4.65 3.32 3.7 0 4.29 3.82 -2.7 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP1.26 -2.66 7.95 -1.13 -1.9 0.08 1.05 -0.79 4.07 1.02 -2.57 -0.28 0 7.74 0 7.83 4.88 1.43 -3.57 8.1 5.72 7.69 6.05 6.23 7.29 6.17

TaLTP1.27 0 0 0 0 0 0 0 0 0 0 0 0 -2.92 0.39 0 -0.94 13.8 -0.78 0 0 0 0 4.32 0 10.2

TaLTP1.28 0 0 0 0 0 0 0 0 0 0 0 0 0 -1.52 0 -2.26 13.3 -2.36 -3.23 0 0 0 3.56 0 8.47

TaLTP1.29 1.09 9.43 0.77 0.71 0.88 2.09 2.04 5.55 1.7 1.12 2.48 -0.92 6.86 -2.09 8.55 5.27 4.69 -3.54 8.03 6.24 7.6 5.67 6.3 7.03 5.84

TaLTP1.3 0 6.53 0 0 0 0 0 -1.05 0 0 -4.56 0 -0.35 -3.86 0 0 0 0 0 -3.63 0 0 -1.14 0 -1.14

TaLTP1.30 4.65 9.25 3.98 5.14 4.7 3.2 3.34 3.38 4.85 4.28 -0.93 0 0 0 4.47 0 0 0 1.04 0 0 0 2.65 0 -3.07

TaLTP1.31 0 0 0 0 0 0 0 -1.61 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP1.32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -3.38 0 0 -3.35 0 0 0 0 0 0

TaLTP1.33 0 0 0 0 0 0 0 0 0 0 0 1.88 0 1.78 0 -2.39 0 2.07 0 -1.42 -2.21 0 0 0 0

TaLTP1.34 0 0 0 0 0 0 0 0 0 0 0 0.13 -3.53 1.5 0 -3.87 0.88 1.19 -3.86 -2.9 -1.38 -3.69 0 -2.22 -4.11

TaLTP1.35 0 0 0 0 0 0 0 -2.03 0 0 0 0 0 -4.52 0 0 0 -3.47 0 0 0 0 0 0 0
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TaLTP1.37 -3.93 0 0 0 0 0 0 -3.8 0 0 0 0.98 -1.68 2.23 0 -2.43 0 1.02 -1.2 0.41 -1.26 0.74 -2.31 0.13 0

TaLTP1.38 0 0 0 0 0 0 0 -0.5 0 0 0 0 0 0 0 0 -1.29 0 -3.7 0 0 0 0 0 -3.96

TaLTP1.39 0 0 0 -2.27 0 0 0 0 0 0 0 1.69 0 1.91 0 0 0 1.13 0 0 0 0 0 -3.32 0

TaLTP1.4 8.16 11 8.06 8.38 8.52 8.72 8.26 10 8.48 7.8 6.24 -1.43 -3 0 8.82 7.04 0.9 -1.28 7.6 7.25 9.09 0.31 9.43 7.65 4.98

TaLTP1.5 2.67 3.44 2.72 1.03 3.08 3.61 3.38 6.1 2.43 2.39 1.46 0 0 -1.6 5.93 3.43 0 0 4.22 3.24 3.83 0 4.83 1.05 0

TaLTP1.6 0.43 -2.94 -0.86 3.14 0.55 4.13 3.2 4.86 3.51 0.55 0.86 0 0 0 0.57 0.86 0 0 -1.19 1.66 1 0 6.62 0.68 0

TaLTP1.7 1.76 -1.52 -0.5 4.5 1.62 4.84 3.96 5.41 4.56 1.55 2.06 0 0 0 5.58 2.14 0 0 3.05 3.37 1.31 -3.2 6.75 0.85 0

TaLTP1.8 7.78 9.12 7.59 8.12 8.1 8.1 8.11 8.82 8.19 7.25 5.81 0 0 -3.65 7.87 5.88 -2.96 0 6.58 6.9 6.63 -0.87 8.55 6.22 2.72

TaLTP1.9 6.69 10.2 6.57 7.04 7.15 7.43 6.77 8.74 6.98 6.35 5.15 0 0 0 7.19 5.58 0 -4.45 5.89 5.56 6.45 -1.56 8.16 6.04 3.66

TaLTP2.1 9.82 5.02 9.41 9.61 10.1 9.25 8.3 -0.02 9.29 9.14 1.47 0 0 -1.82 0.73 0 0 0 -1.54 -2.64 0 0 1.95 0 -1.29

TaLTP2.10 0.5 -2.85 0.3 -0.66 0.98 0 -0.28 0 0.39 0.37 0.99 1.84 0 2.37 -0.56 0.98 0 1.69 -0.66 3.32 -0.07 2.55 -0.24 -0.83 -0.67

TaLTP2.100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.101 0 0 0 0 0 -3.87 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.102 0 0 0 -2.74 0 0 0 0 -3 0 0 0 0 0 -4.02 0 0 0 -4.81 -4.07 -3.21 -4.65 0 -2.19 0

TaLTP2.103 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -5.43 0 0 0 0 0 0 0 0 0 0

TaLTP2.104 0 0 0 0 0 0 0 0 -1.86 0 0 -1.14 0 -0.87 0 -2.65 0 -1.02 0 0 0 0 0 0 0

TaLTP2.105 1.55 0 1.51 1.35 2.03 -0.92 1.73 -1.66 0.72 1.97 -0.04 2.11 0 4.16 0 0.1 0 3.52 0 -0.35 0 0 0 0 -3.17

TaLTP2.106 4.4 3.76 4.41 4.33 4.64 4.2 4.1 4.85 4.23 4.08 4.1 5.1 0 5.86 1.77 4.85 0 5.52 -1.34 2.73 -0.78 0 3.5 1.92 2.32

TaLTP2.107 0 -3.06 0 0 0 0 0 0 0 0 -2.88 -1.43 1.66 4.9 0 2.27 0 3.12 -2.89 2.79 0.25 0 0 2.79 0

TaLTP2.108 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1.89 0 0 0 0 0 0 0 0 0 0

TaLTP2.109 -1.65 5.08 -0.22 0.66 -0.98 0 0 -0.03 0 -1.82 -0.89 -3.35 8.54 -3.52 5.24 5.61 2.26 0 6.14 6.52 7.94 7.69 0.05 8.56 2.61

TaLTP2.11 -3.72 -0.81 0 0 -0.88 0 -3.05 0 -1.9 -3.29 -2.03 -1.76 0 -2.91 -1.52 0 0 0 0 -2.13 -3.49 -2.45 0 -3.6 -1.95

TaLTP2.110 0 0 0 0 0 0 0 0 0 0 0 0.32 0 0.18 0 0 0 -0.97 0 0 0 0 0 0 -2.88

TaLTP2.111 1.41 0 -0.61 1.76 0.1 -1.92 0.06 -2.66 0.72 -0.17 -0.84 1.6 0 2.79 0 -0.9 0 2.75 0 -1.94 0 0 0 0 0

TaLTP2.112 6.02 4.35 5.9 6.2 6.26 6.26 5.95 7.06 6.19 5.66 5.18 5.77 0 7.46 2.83 6.1 0 6.75 0.37 3.77 4.41 0 4.59 3.21 2.41

TaLTP2.113 0 0 0 0 0 0 0 0 -1.2 0 0.48 0.59 3.91 4.25 -1.88 3.03 0 2.94 -1.99 2.89 -2.84 0 0 4.16 0

TaLTP2.114 0 0 0 0 0 0 0 0 -0.94 -2.94 -3.35 0 0 0 2.01 0 0 0 0 -3.42 0 0 -3.25 0 -1.32

TaLTP2.115 0 0 0 0 0 0 0 0 0 0 0 -1.68 0 -1.24 0 0 0 -0.97 0 0 0 0 0 0 0

TaLTP2.116 0 0 0 0 0 0 0 0 0 0 0 3.16 0 2.81 0 -3.82 0 2.25 0 0 -3.66 0 0 0 0

TaLTP2.117 0 -2.81 0 0 0 0 0 1.16 0 0 0 0 0 0 -1.52 0 0 0 -1.04 0 0 0 0 0 0

TaLTP2.118 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.119 0 0 0 0 0 0 0 0 0 0 0 5.98 0 5.57 0 -1.82 0 5.68 0 -3.86 -3.66 0 0 0 0

Choulet et a l . (2014) Yang et a l . (2016)
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TaLTP2.12 9.06 7.33 8.59 8.97 9.33 8.61 7.72 -1.35 8.56 8.26 1.79 0 0 0 -0.12 -2.6 0 0 -0.54 0 0 0 2.31 0 0

TaLTP2.120 0 0 0 0 0 0 0 0 0 0 0 7.94 0 7.15 0 1.85 0 7.43 0 1.05 2.15 0 0 -2.76 0

TaLTP2.121 4.84 5.41 4.45 4.86 4.78 4.46 4.22 7.12 4.34 4.31 3.9 5.18 -2.56 6.47 3.8 5.47 -0.87 5.13 1.88 2.4 3.56 -1.1 3.71 1.22 4.01

TaLTP2.122 4.84 7.66 4.61 3.73 5.03 5.07 4.78 6.26 4.47 4.68 4.31 3.84 -3.62 0.1 2.84 7.57 -3.53 0.94 2.06 5.73 8.81 2.63 5.72 5.99 0

TaLTP2.123 0 -0.22 0 0 0 -2.81 0 -1.25 0 0 0 0 -3.46 0 0 0.46 0 0 -1.78 -0.82 0.38 0 0 0.27 0

TaLTP2.124 0 0 0 0 0 0 0 0 0 0 0 0 -1.71 0 0 0 0 0 0 0 0 0 0 -2.4 0

TaLTP2.125 0 0 0 0 0 0 0 0 0 0 0 -0.25 0 0 0 0 0 -4.06 0 0 4.62 0 0 0.45 0

TaLTP2.126 0 0 0 0 0 0 0 0 0 0 0 -0.47 0 -1.19 0 0 0 -0.59 0 0 0 0 0 0 0

TaLTP2.127 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.128 0 0 0 0 0 0 0 0 0 0 0 -2.37 -2.53 0 0 0 0 -3.06 0 0 2.15 0 0 -0.99 0

TaLTP2.129 0 0 0 0 0 0 0 0 0 0 0 -3.17 0 0 0 0 0 0 0 0 -2.9 0 0 0 0

TaLTP2.13 1.82 6.36 2.07 2.18 1.54 2.46 2.37 4.71 2.78 1.75 0.97 -0.18 5.78 -0.05 3.95 4.97 0.05 1.67 3.86 5.12 6.69 5.65 3.59 5.93 -0.38

TaLTP2.130 0 0 0 0 0 0 0 0 0 0 0 -2.68 0 4.26 0 0 0 3.1 0 0 0 0 0 0 0

TaLTP2.131 0 0 0 0 0 0 0 0 0 0 0 0.06 0 0.31 0 0 0 2.07 0 0 0 0 0 0 0

TaLTP2.132 0 0 0 0 0 0 0 0 0 0 0 4.47 0 2.6 0 -2.07 0 2.76 0 -3.11 2.58 -1.28 0 -0.19 0

TaLTP2.133 0 0 0 0 0 0 0 0 0 0 0 3.74 0 2.12 -4.76 -1.44 0 2.35 0 -3.93 1.85 -2.72 0 -1.25 0

TaLTP2.134 0 0 0 0 0 0 0 0 0 0 0 4.64 0 2.8 -4.76 -1.19 0 3.47 0 0 2.42 -1.72 0 -1.03 0

TaLTP2.135 0 0 0 0 0 0 0 -2.52 0 0 0 -1.27 0 0 0 0 0 0 0 0 3.59 0 0 -2.69 0

TaLTP2.136 0 0 0 0 0 0 0 0 0 0 0 0 0 3.73 0 0 2.67 2.54 0 0 0 0 0 0 0

TaLTP2.137 0 0 0 0 0 0 0 0 0 0 0 -0.6 0 -1.2 0 0 0 0.62 0 0 0 0 0 0 0

TaLTP2.138 0 0 0 0 0 0 0 0 0 0 0 -0.66 0 0.26 0 -4.69 0 -0.22 0 -1.92 0 0 0 0 0

TaLTP2.139 0 0 0 0 0 0 0 0 0 0 0 -2.98 0 -3.23 0 -4.69 0 -2.28 0 -2.41 0 0 0 0 0

TaLTP2.14 7.2 2.67 6.69 6.6 7.49 6.42 6.2 0.46 7.26 6.49 -0.21 -0.68 0 -1.24 0 -2.6 0 0.25 0 0 -0.4 -0.78 -0.86 0 0

TaLTP2.140 0 0 0 0 0 0 0 0 0 0 0 -3.46 0 -3.23 0 0 0 -3.87 0 -2.73 0 0 0 0 0

TaLTP2.141 0 0 0 0 0 0 0 0 0 0 0 -0.43 0 -0.64 0 -3.69 0 -0.47 0 -0.92 0 0 0 0 0

TaLTP2.142 0 0 0 0 0 0 0 0 0 0 0 -3.99 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.143 0 0 0 0 0 0 0 0 0 0 0 0 0 1.63 0 0 -0.58 -0.58 0 0 0 0 0 0 0

TaLTP2.144 0 0 0 0 0 0 0 0 0 0 0 0.61 0 0.17 0 -4.63 0 0.97 0 0 -7.49 0 0 0 0

TaLTP2.145 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4.83 0 0 0 0 0 0 0 0 0 -2.71

TaLTP2.146 0.64 9.16 0.64 1.99 1.61 1.14 2.16 7.31 2.38 -2.25 0.23 0 2.29 0 6.57 1.6 7 0 5.57 2.02 0.14 0 3.35 -0.97 6.28

TaLTP2.147 0 -2.68 0 0 0 0 0 0 0 0 0 0 0 0 -2.4 0 0.91 0 0 0 0 0 0 0 6.63

TaLTP2.148 0 0 0 0 0 0 0 0 0 0 0 0 0 -2.06 3.4 0 -2.96 0 0 0 0 0 0 0 -1.32

TaLTP2.149 0 0 0 0 0 0 0 0 0 0 0 5.46 0 5.41 0 0 0 5.29 0 -3.86 0 0 0 -2.76 0

TaLTP2.15 0 0 0 0 0 0 0 0 0 0 0 4.83 0 2.97 0 -1.56 0 3.17 0 -3.91 0 0 0 0 0

TaLTP2.150 0 0 0 0 0 0 0 0 0 0 0 4.06 0 4.26 0 0 0 3.1 0 0 0 0 0 0 0

TaLTP2.151 4.88 3.14 4.43 4.56 4.24 4.19 4.2 6.54 4.37 4.21 3.84 5 0 5.32 2.69 5.13 0 4.51 0.8 2.27 2.81 -2.49 2.29 1.57 2.28

TaLTP2.152 -3.76 -2.38 0 0 0 0 0 -1.29 0 0 0 0 -1.17 0 -1.1 0 -2.4 0 0 -2.28 0.66 0 0 -0.76 0

TaLTP2.153 6.26 8.64 5.9 5.2 6.39 6.19 6.03 7.39 5.73 6.01 5.19 4.29 0 2.52 4.68 8.22 0 3.09 4.17 7.14 9.43 2.5 6.94 6.65 -0.53

TaLTP2.154 0 0 0 0 0 0 0 0 0 0 -1.33 0 0 0 0 0 0 0 0 3.63 0 2.86 0 -2.89 0

TaLTP2.155 0 0 0 0 0 -1.99 0 0 0 0 -2.91 -0.24 2.42 0.96 0 -0.38 0 0.58 -0.92 4.86 0 4.3 0 -2.89 0

TaLTP2.156 0 0 0 0 0 0 0 0 0 0 -1.33 0 -2.63 1.79 0 0.49 0 -0.2 -1.34 3.77 0 1.64 0 -2.89 0

TaLTP2.157 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2.9 0 0 0 0 0 0 0 0 0 0

TaLTP2.158 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2.24 0 0 0 0 0 0 0 0 0 0

TaLTP2.159 0 0 0 0 0 0 0 0 0 0 0 0 -1.55 0 0 0 0 0 1.49 0 0 0 -0.76 -1.31 0

TaLTP2.16 0 0 0 0 0 0 0 0 0 0 0 3.99 0 2.68 0 -0.05 0 2.44 0 -2.9 0 0 0 0 -4.11

TaLTP2.160 0 0 0 0 0 0 0 0 0 0 0 0 -2.04 0 0 0 0 0 1.45 0 0 0 -0.76 -1.31 0

TaLTP2.161 5.26 2.94 5.05 4.42 5.41 3.84 4.49 7.44 4.64 4.87 4.32 3.95 0 5.12 3.38 5.08 0 4.42 2.04 1.92 2.46 0 2.85 1.09 2.84

TaLTP2.162 5.3 8.01 4.88 4.43 5.5 5.13 4.68 6.09 4.7 5 4.21 3.68 0 0.46 2.6 7.28 0 1.9 2.18 5.3 8.46 1.81 6.46 5.87 -2.4

TaLTP2.163 -1.19 0 -3.11 -2.69 -2.12 -2.86 -3.2 0 -1.95 0 0 -3.94 -3.51 -3.12 -1.38 -2.26 0 0 -2.25 -1.56 -1.09 -3.67 0 -2.2 0

TaLTP2.164 0 0 0 0 0 0 0 0 0 0 0 -2.76 0.54 -0.44 0 -4.24 0 -1.89 0 -3.28 0 0 0 -3.19 0

TaLTP2.165 0 0 0 0 -2.14 0 0 0 0 0 0 2.47 -2.53 -2.14 0 -2.28 0 -0.89 0 -2.9 6.42 0 0 0.78 0

TaLTP2.166 0 0 0 0 0 0 0 0 0 0 0 -3.62 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.167 0 0 0 0 0 0 0 0 0 0 0 0 0 -3.97 0 0 0 0 0 -2.14 0 0 0 0 0

TaLTP2.168 2.07 -2.77 0.64 3.73 1.61 1.92 3.12 -0.07 3.18 1.07 -1.57 0 1.7 -2.87 7.33 -0.65 7.11 0 4.67 0.32 -2.44 -1.41 1.6 -0.56 8.48

TaLTP2.169 0 0 0 0 0 0 0 0 0 0 0 -0.46 -0.04 0.38 0 -1.97 0 -0.69 0 5.2 0 4.07 0 0 0

TaLTP2.17 0 0 0 0 0 -2.36 0 0 0 0 0 7.72 0 7.13 -3.19 1.36 0 7.1 0 -2.37 1.09 0 -1.2 -0.46 -1.59

TaLTP2.170 0 0 0 0 0 0 0 0 0 0 0 0.65 0.18 -2.21 0 0 0 -0.69 -0.6 6.2 0 5.84 0 -1.31 0

TaLTP2.171 0 0 0 0 0 0 0 0 0 0 0 0.65 1.46 3.83 0 1.79 -2.52 3.64 -0.92 6.82 -1.78 4.47 0 0.28 0

TaLTP2.172 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.173 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -2.88 0 0 0 0 0 0 0 0 0 0

TaLTP2.174 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.85 0 0 0 0 0 0 0 0 0 0

TaLTP2.175 1.56 5.14 1.59 2.57 2.65 2.12 0.65 -0.72 1.53 0.4 0 0 0 0 7.93 -2.56 0 0 3.21 0 0 0 0.41 0 -1.25

TaLTP2.176 1.05 6.66 2 1.9 1.87 1.55 0.83 3.56 0.98 -1.22 -2.53 0 -2.25 0 5.38 1.3 1.18 0 2.75 0.53 -2.4 -2.36 1.64 -1.52 6.14

TaLTP2.177 0 0 0 0 0 0 0 0 0 0 0 -1.46 -0.04 4.57 0 2.2 0 3.89 -1.92 5.13 0 3.6 0 -0.57 0

TaLTP2.178 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2.07 0 0 0 0 0 0 0 0 0 0

TaLTP2.179 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.74 0 0 0 0 0 0 0 0 0 0

TaLTP2.18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -3.55 0 0

TaLTP2.180 -2.16 10.3 -3.52 -4.09 0 -3.28 -2.61 1.93 -3.34 0 0 0 0 0 -4.12 -4.26 -2.84 0 0 0 0 0 5.34 0 0

TaLTP2.181 0 9.68 0 -4.15 0 0 0 0.58 0 0 -2.31 0 0 0 0 0 0 0 0 0 0 0 6.45 0 0

TaLTP2.182 4.36 0.29 4.11 3.17 4.42 3.98 2.72 5.39 3.63 3.81 2.96 -0.03 0 -0.21 2.77 4.21 -3.1 -0.5 1.14 3.82 1.29 0.57 1.81 1.79 -3.78

TaLTP2.183 -3.15 6.62 -3.51 -2.07 -1.51 -1.68 -3.59 -0.87 -3.32 -2.76 -1.91 -4.34 -2.92 0 -3.11 0 -2.24 0 -2.66 0 0 0 3.58 0 0
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TaLTP2.184 0 2.71 0 0 0 -3.05 0 0 0 0 -4.01 0 0 0 0 0 0 0 0 0 0 0 1.05 0 0

TaLTP2.185 6.72 4.22 6.66 5.94 6.73 6.24 5.22 6.77 6.05 6.25 4.8 0 0 -2.79 5.55 5.58 0 -3.67 3.62 4.74 6.36 -2.34 4.19 4.64 0

TaLTP2.186 0 6.15 0 0 0 0 0 -3.73 0 0 -2.92 0 0 0 0 0 0 0 0 0 0 0 5.95 0 0

TaLTP2.187 0 9.81 0 0 0 -3.34 0 0.74 -2.81 0 -3.31 0 0 0 0 0 -3.91 0 0 0 0 0 5.44 0 0

TaLTP2.188 0 10.5 0 -2.12 0 -1.73 0 2 -2.79 -3.81 0 0 0 0 0 0 -2.88 0 0 0 0 0 5.45 0 0

TaLTP2.189 0 -1.44 0 0 0 0 0 0 0 0 0 0 0 1.32 0 0 0 -0.6 0 -0.94 0 0 0 0 0

TaLTP2.19 2.22 1.93 2.22 1.21 2.39 1.34 0.79 -0.39 1.94 1.25 -2.57 1.86 0 4.53 0 2.11 0 3.53 -0.99 2.88 0 4.41 0.32 -2.56 0

TaLTP2.190

TaLTP2.191 0 0 0 0 0 0 0 0 0 0 0 4.99 0 5.36 0 -0.65 0 4.5 0 -0.88 0.52 -2.47 0 0 0

TaLTP2.192 0 0 0 0 0 0 0 0 0 0 -3.62 6.77 0 6.07 0 -0.19 0 5.45 0 0 -1.16 0 0 0 0

TaLTP2.193 0 0 0 0 0 0 0 0 0 0 -3.04 5.86 0 4.73 0 1.72 0 4.35 0 -2.1 -2.9 0 0 0 0

TaLTP2.194 0 0 0 0 0 0 0 0 0 0 -3.04 5.86 0 4.73 0 1.72 0 4.35 0 -2.1 -2.9 0 0 0 0

TaLTP2.195 0 0 0 0 0 0 0 0 0 0 -2.64 6.12 0 7.15 0 0.03 0 6.2 0 -3.71 2.62 0 -3.55 -1.61 -0.75

TaLTP2.196 0 0 0 0 0 0 0 0 0 0 0 6.41 0 7.47 0 -2.67 0 6.27 0 0 0.95 0 0 0 -3.92

TaLTP2.197 0 0 0 0 0 0 0 0 0 0 0 0 0 3.18 0 0 0 0.07 0 -0.94 0 -1.68 0 0 -3.17

TaLTP2.198 6.32 0 6.16 5.98 6.74 5.72 5.38 -3.53 6.11 5.86 -1.72 0 0 -2.44 0 0 0 0 0 0 0 0 -2.63 0 0

TaLTP2.199 0 -0.68 0 0 -1.9 0 0 0 0 0 0 0 0 0 0 -0.98 1.23 0 0 1.65 -2.36 0 0 0 0

TaLTP2.2 1.89 8.78 2.26 2.29 2.81 3.76 3.2 6.21 2.57 2.11 2.4 0 5.03 0 4.69 4.88 -1.95 0 5.21 5.64 5.56 5.62 4.21 5.46 -0.12

TaLTP2.20 4.64 4.41 4.05 4.37 4.86 4.64 3.39 2.63 4.42 4.1 2.01 6.38 -2.3 8.77 0 5.14 0 8.17 0.39 6.74 1.4 6.79 3.95 1.25 0

TaLTP2.200 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.201 0 0 0 -3.51 0 0 0 0 0 0 0 6.7 0 6.17 0 0 -3.23 5.76 0 0 0 0 0 0 0

TaLTP2.202 0 0 0 0 0 0 0 0 0 0 0 5.15 0 3.56 0 -2.65 -2.23 3.84 0 0 0 0 0 0 -2.9

TaLTP2.203 0 0 0 0 0 0 0 0 0 0 0 6.61 0 4.62 0 -1.07 -2.23 5.02 0 0 0 0 0 0 0

TaLTP2.204 0 0 0 0 0 0 0 0 0 0 0 5.41 0 3.77 0 -3.65 -3.23 4.28 0 0 0 0 0 0 0

TaLTP2.205 0 0 0 0 0 0 0 0 0 0 0 5.57 0 3.78 0 0 0 4.34 0 0 0 0 0 0 0

TaLTP2.206 0 0 0 -3.51 0 0 0 0 0 0 0 6.31 0 4.49 0 0 0 4.3 0 0 0 0 0 0 0

TaLTP2.207 0 0 0 0 0 0 0 0 0 0 0 7.36 0 6.51 0 2.41 0 6.23 0 0.54 1.5 -1.91 -3.55 -2.03 -2.92

TaLTP2.208 0 0 0 0 0 0 0 0 0 0 -3.64 7.08 0 7.27 0 2.55 0 6.58 0 0.16 1.17 -3.49 0 -1.61 0

TaLTP2.209 0 0 0 0 0 0 0 0 0 0 0 6.33 0 5.72 0 0.33 0 5.57 0 -2.97 -1.18 0 0 -2.61 -3.92

TaLTP2.21 1.32 6.19 0.64 0.99 1.83 0.92 -0.43 1.07 1.14 -2.25 -2.57 4.37 -2.3 5.14 -1.48 3.56 0 4.11 -1.58 4.33 -2.44 3.84 0.97 -2.56 0

TaLTP2.210 0 0 0 0 0 0 0 0 0 0 -3.64 6.78 0 6.46 0 2.04 0 6.28 0 -0.32 0.4 -3.49 0 -2.61 -3.92

TaLTP2.211 0 0 0 0 0 0 0 0 0 0 0 5.06 0 5.24 0 0.63 0 4.84 0 -1.65 -0.6 0 0 0 0

TaLTP2.212 -2.79 0 0 0 -2.09 0 -1.13 -1.51 -1.97 0 -2.7 2.16 0 2.6 0 1.05 0 3.2 0 1.21 -1.56 0 0 -2.68 0

TaLTP2.213 0 0 0 0 0 0 0 0 0 0 0 2.18 0 0.63 0 -2.34 0 1.49 0 -1.37 0 0 0 0 0

TaLTP2.214 6.46 0 6.11 6.27 6.9 6.1 5.54 -3.52 6.24 6.08 -0.9 0 0 0 0 0 0 0 0 0 0 0 -1.02 0 0

TaLTP2.215 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.216 0 0 0 0 0 0 0 0 0 0 0 6.86 0 6.95 0 -2.67 0 6.36 0 0 0 0 0 0 0

TaLTP2.217 0 0 0 0 0 0 0 0 0 0 0 1.12 0 1.7 0 0 0 2.12 0 0 0 0 0 0 0

TaLTP2.218 0 0 0 0 0 0 0 0 0 0 0 3.64 0 2.22 0 0 0 1.53 0 0 0 0 0 0 0

TaLTP2.219 0 0 0 0 0 0 0 0 0 0 0 7.34 0 7.63 0 -0.67 0 6.98 0 0 -1.92 0 0 0 0

TaLTP2.22 0 0 0 0 0 0 0 0 0 0 -2.15 0 0 -0.85 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.220 0 0 0 0 0 0 0 0 0 0 0 0.41 0 3.13 0 0 0 0.89 0 0 0 0 0 0 0

TaLTP2.221 0 0 0 0 0 0 0 0 0 0 0 -0.4 0 0 0 0 0 -2.8 0 0 0 0 0 0 0

TaLTP2.222 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -0.14 0 0 0 0 0 0 0 7.71

TaLTP2.223 2.49 8.85 2.76 3.41 3.23 2.04 1.99 7.22 3.38 1.83 0 0 0.7 0 7.87 1.52 5.27 0 6.9 3.08 2.26 1.29 3.07 0 7.72

TaLTP2.224 3.45 5.88 2.7 3.42 2.57 2.63 2.11 -0.26 3 2.25 -2.44 0 0 0 7.54 -1.52 0 0 2.46 0 0.01 0 1.73 -0.11 0.67

TaLTP2.225 2.44 4.09 3.5 5.01 3.81 4.39 4.75 4.98 4.91 2.64 3.83 1.05 5.89 1.24 8.57 6.9 3.11 0.96 7.48 7.86 8.74 6.31 7.01 8.18 3.49

TaLTP2.226 1.47 3.91 2.67 4.41 3.37 3.45 4.41 2.29 3.75 1.27 2.71 0 3.45 0 6.63 6.01 4.32 0 5.3 6.11 7.44 3.63 5.48 6.8 2.07

TaLTP2.227 0 -2.58 0 0 0 0 0 0 -3.41 0 -1.89 0 3.82 0 0.61 0.94 0 -3.36 1.19 3.27 5.21 4.53 -1.9 6.17 -0.82

TaLTP2.228 0 -2.58 0 0 0 0 0 0 -3.41 0 -1.89 0 3.82 0 0.61 0.94 0 -3.36 1.19 3.27 5.21 4.53 -1.9 6.17 -0.82

TaLTP2.229 0 -5.39 0 0 0 0 0 0 0 0 -3.22 0 3.6 0 -0.24 0.26 0 -3.36 0.36 2.37 5.05 4.08 -1.8 5.87 -2.52

TaLTP2.23 -2.72 -1.81 0 0 -4.34 0 -3.05 0 0 0 0 -1.18 0 -0.1 0 -0.68 0 -0.33 -2.62 4.52 0 3.76 -1.53 0 0

TaLTP2.230 0 -5.39 0 0 0 0 0 0 0 0 -1.22 0 3.97 0 0.11 0.72 0 -3.36 0.97 2.58 5.06 4.62 -2.25 6.07 -2.52

TaLTP2.231 0 0 0 0 0 0 0 0 0 0 0 2.47 0 1.61 0 -3.17 0 2.84 0 0 0 0 0 0 0

TaLTP2.232 0 0 0 0 0 0 0 0 0 0 0 -0.89 0 -0.86 0 0 0 -0.93 0 0 0 0 0 0 0

TaLTP2.233 0 0 0 0 0 0 0 0 0 0 0 -3.97 0 -3.16 0 0 0 -1.75 0 0 0 0 0 0 0

TaLTP2.234 0 0 0 0 0 0 0 0 0 0 0 -4.47 0 0 0 0 0 -4.62 0 0 0 0 0 0 0

TaLTP2.235 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.236 0 0 0 0 0 0 0 0 0 0 0 -5.27 0 0.93 0 0 -4.17 0.36 0 0 0 0 0 0 0

TaLTP2.237 0 0 0 0 0 0 0 0 0 0 0 4.09 -3.53 0.82 0 -3.86 0 1.56 0 -3.9 7.17 0 -3.74 2.91 0

TaLTP2.238 0 0 0 0 0 0 0 0 0 0 0 -1.72 0.51 0 0 0 0 -1.02 0 -2.68 0 0 0 -2.56 0

TaLTP2.239 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.24 -0.18 7.25 0.26 0.92 0 0.55 0.78 2.84 1.78 0.75 -0.77 0 5 0 3.52 4.71 0 0 3.26 5.42 6.28 5.61 2.69 5.19 -2.71

TaLTP2.240 0 0 0 0 0 0 0 0 0 0 0 0 0.62 -4.59 0 -4.3 0 -3.54 0 -0.43 -4.14 0 0 -1.07 0

TaLTP2.241 -2.39 -1.99 -2.86 0.08 -0.6 -0.25 0.11 0.96 0.78 -1.56 -0.58 -2.58 3.86 -3.38 4.66 3.75 -0.58 -5.68 3.87 4.11 5.97 2.42 2.99 6.12 -0.38

TaLTP2.242 -5.23 0 0 -2.15 -2.98 -2.7 -1.81 -2.03 -1.83 -3.24 -2.63 -3.35 2.68 0.13 3.78 2.09 -0.12 -0.84 2.64 2.98 3.78 2.53 1.4 4.68 -0.87

TaLTP2.243 0 0 0 -2.74 0 -3.87 0 0 -3 0 0 0 0 0 -4.02 0 0 0 -4.81 -4.07 -3.21 -4.65 0 -2.19 0
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TaLTP2.244 0 0 0 0 0 0 0 0 0 0 0 -3.27 0 0.39 0 0 0 0.59 0 0 0 0 0 0 0

TaLTP2.245 0 0 0 0 0 0 0 0 0 0 0 0 0 1.42 0 0 0 -0.85 0 0 0 0 0 0 0

TaLTP2.246 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.247 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.248 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -4.08 0 0 0 0 0 0 0

TaLTP2.249 0 0 0 0 0 0 0 0 0 0 0 0 0 -1.1 0 0 0 -2.91 0 0 0 0 0 0 0

TaLTP2.25 9.06 1.92 8.72 9.32 9.37 8.25 8 0.46 9.12 8.2 1.37 0 0 0 -2.44 0 0 0 0 0 0 0 1.36 0 0

TaLTP2.250 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.251 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.252 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.253 -5.23 0 0 -2.15 -2.98 -2.7 -1.81 -2.03 -1.83 -3.24 -2.63 -3.35 2.68 0.13 3.78 2.09 -0.12 -0.84 2.64 2.98 3.78 2.53 1.4 4.68 -0.87

TaLTP2.254 0 0 0 0 0 0 0 0 0 0 0 -3.05 0.94 3.64 0 0.77 0 3.22 1.02 5.76 0 4.87 0 -1.72 0

TaLTP2.255 0 0 0 0 0 0 0 0 0 0 -2.5 0 -2.63 1.44 0 0.15 0 0.53 0.82 3.6 0 2.1 0 0 0

TaLTP2.256 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -2.39 0 0 0 0 0 0 0

TaLTP2.257 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.258 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.259 0 0 0 0 0 0 0 0 0 0 0 -5.27 0 -5.44 0 0 0 -1.16 0 0 0 0 0 0 0

TaLTP2.26 -3.96 0 0 0 0 -0.74 0 0 -1.13 0 0 0 0 0 0 0 0 0 0 0 -1.56 0 -3.92 -2.4 0

TaLTP2.260 0 0 0 0 0 0 0 0 0 0 0 0.2 -0.51 3.49 0 0.51 0 2.78 -0.05 5.78 0 5.12 0 -2.57 0

TaLTP2.261 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.262 0 -3.39 0 0 -3.15 -2.87 0 -3.03 -3 0 -1.63 0 7.45 -4.1 4.76 4.71 -0.09 0 5.56 5.66 6.51 6.3 -1.54 7.78 2.91

TaLTP2.263 -5.23 0 0 -2.15 -2.98 -2.7 -1.81 -2.03 -1.83 -3.24 -2.63 -3.35 2.68 0.13 3.78 2.09 -0.12 -0.84 2.64 2.98 3.78 2.53 1.4 4.68 -0.87

TaLTP2.264 0 0 0 0 0 0 0 0 0 0 0 0 0 1.16 0 0 -4.17 0.36 0 0 0 0 0 0 0

TaLTP2.265 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.266 0 0 0 0 0 0 0 0 0 0 0 -3.97 0 0 0 0 0 -4.08 0 0 0 0 0 0 0

TaLTP2.267 -2.39 -1.99 -2.86 0.08 -0.6 -0.25 0.11 0.96 0.78 -1.56 -0.58 -2.58 3.86 -3.38 4.66 3.75 -0.58 -5.68 3.87 4.11 5.97 2.42 2.99 6.12 -0.38

TaLTP2.268 -5.23 0 0 -2.15 -2.98 -2.7 -1.81 -2.03 -1.83 -3.24 -2.63 -3.35 2.68 0.13 3.78 2.09 -0.12 -0.84 2.64 2.98 3.78 2.53 1.4 4.68 -0.87

TaLTP2.269 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.27 0 0 0 0 0 0 0 0 0 0 0 6.9 0 5.14 0 1.96 0 5.62 0 0.05 0 0 0 0 0

TaLTP2.270 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.271 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.272 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.273 0 0 0 0 0 0 0 0 0 0 0 1.62 0 -0.08 0 0 0 1.06 0 0 0 0 0 0 0

TaLTP2.274 0 0 0 0 0 0 0 0 0 0 0 1.57 0 0.61 0 -4.77 0 1.66 0 0 0 0 0 0 0

TaLTP2.28 0 0 0 0 0 0 0 0 0 0 0 6.24 0 4.73 0 -0.22 -1.96 5.07 0 -2.42 0 0 0 0 0

TaLTP2.29 0 0 0 0 0 0 0 -2.95 0 0 0 6.9 0 5.62 0 0.41 0 6.09 0 -2.21 0 0 0 0 0

TaLTP2.3 -0.01 0 -2.26 0.49 0.05 -0.01 -2.35 -3.78 -0.28 -1.2 0 0 0 -0.47 0 0 0 0 0 0 -0.51 0 -2.29 -1.94 0

TaLTP2.30 -3.21 0 0 0 0 0 0 0 0 0 0 6.39 0 5.68 0 0.57 0 5.98 0 -3.27 -3.05 0 0 0 0

TaLTP2.31 0 0 0 0 0 0 0 0 0 0 0 6.46 0 5.35 0 1.01 0 5.95 0 -2.27 0 0 0 0 0

TaLTP2.32 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1.18 0 -3.55 0 0

TaLTP2.33 1.42 3.23 1.38 2.75 0.88 1.82 0.53 0.61 2.01 1.59 -0.25 6.1 0.29 8.13 0 3.69 0 7.86 1.49 6.43 1.97 6.67 2.74 0.44 -2.91

TaLTP2.34 2.57 6.14 2.91 2.41 3.15 3.09 1.69 2.14 2.89 2.83 0.6 6.1 0 7.15 -0.48 4.29 0 6.44 1.01 4.94 2.64 4.24 2.52 0.61 -0.33

TaLTP2.35 0.25 2.61 0.56 1.66 1.67 0.58 -0.77 -0.15 -1.93 0.26 0.15 3.41 0 3.2 -1.56 0.74 0 1.76 0 2.47 -2.53 0.32 0.89 0 -2.99

TaLTP2.36 0 -0.52 0 0 0 0 0 -2.47 0 0 -1.66 -2.8 0 -1.95 0 -2.72 0 0 0 -0.76 0 0 0 0 0

TaLTP2.37 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.38 0 0 0 0 -3.92 0 0 0 0 0 0 0 -0.29 2.42 0 0 0 -0.49 -0.56 3.33 0 -1.96 0 -2.14 0

TaLTP2.39 0 0 0 0 0 0 0 0 -2.65 0 0 4.72 0 3.88 0 0 0 3.57 0 0 0 0 0 0 0

TaLTP2.4 0 0 0 0 0 0 0 0 0 0 0 6.92 0 5.55 0 1.5 0 5.98 0 0.61 0 0 -3.75 -3.82 -4.12

TaLTP2.40 0 0 0 0 0 0 0 0 0 0 0 7.81 0 6.44 0 -1.63 0 7.06 0 0 0 0.25 0 -1.99 0

TaLTP2.41 0 0 0 0 0 0 -4.54 -3.98 0 0 -4.17 0 1.78 0 0 2.83 0 -3.42 -4.19 0.66 4.25 0 -2.26 5.4 0

TaLTP2.42 0 0 0 0 0 0 0 0 0 0 0 -0.24 0 -1.62 0 -0.16 0 -0.42 0 4.45 0 4.04 0 -2.89 0

TaLTP2.43 0 0 0 0 0 0 0 0 0 0 -1.91 1.86 -2.63 2.11 0 -1.38 0 1.75 -1.92 5.52 0 5.47 0 -2.89 0

TaLTP2.44 0 0 0 0 0 0 0 0 0 0 -2.91 -0.46 -0.3 1.25 0 1.12 0 -0.01 0.08 6.55 0 5.98 -2.82 -1.31 0

TaLTP2.45 0 0 0 0 -1.67 0.98 0 -1.04 -1.58 -1.96 0 0 0 0 -2.15 -2.32 0 0 0 -2.35 3.65 0 -2.15 -1.23 0

TaLTP2.46 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -0.03 0

TaLTP2.47 0 0 0 0 0 0 0 0 0 0 0 0 -5.34 0 0 0 0 0 0 0 0 0 0 0.45 0

TaLTP2.48 0 0 0 0 0 0 0 0 0 0 0 0 -5.34 0 0 0 0 0 0 0 0 0 0 -0.24 0

TaLTP2.49 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.12 0

TaLTP2.5 0 0 0 0 0 0 0 -3.16 0 0 -3.35 6.47 0 6.07 -3.24 0.07 -2.96 6.08 0 -1.84 1.83 0 0 0.26 -1.06

TaLTP2.50 0 0 0 0 0 0 0 0 0 0 0 0 -5.34 0 0 0 0 0 0 0 0 0 0 -0.24 0

TaLTP2.51 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.12 0

TaLTP2.52 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.44 0

TaLTP2.53 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.54 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1.61 0

TaLTP2.55 0 0 0 0 0 0 0 0 0 0 0 0 -5.34 0 0 0 0 0 0 0 0 0 0 -0.24 0

TaLTP2.56 0 0 0 0 0 0 0 0 0 0 -3.64 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.57 0 0 0 0 0 0 0 0 0 0 -3.64 0 0 0 0 0 0 0 0 0 0 0 0 -0.09 0

TaLTP2.58 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -0.61 0

TaLTP2.59 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.52 0 0 0 0 0 0 0 0 0 0

TaLTP2.6 0 0 0 -2.13 0 0 -2.59 0 0 0 0 5.3 0 4.91 0 -1.65 0 5.09 0 -1.27 0 0 0 -2.16 0

TaLTP2.60 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.53
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TaLTP2.61 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.62 0 0 0 0 0 0 0 0 0 0 0 5.92 0 4.68 0 3.07 0 5.12 -3.61 0.58 -1.88 1.87 -3.5 -1.99 0

TaLTP2.63 0 0 0 0 0 0 0 0 0 0 0 7.69 0 6.44 0 -0.17 0 6.7 0 0 -3.46 0 0 0 0

TaLTP2.64 0 0 0 0 0 0 -4.54 0 0 0 -4.17 0 4.61 0 -4.05 2.59 0 -4.42 -4.19 -1.32 4.91 -3.03 -1.9 6.43 0

TaLTP2.65 0 0 0 0 0 0 0 0 0 0 -1.91 1.34 1.46 3.12 0 1.73 0 3.72 1.78 6.31 0 5.92 0 -1.31 0

TaLTP2.66 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.67 0 0 0 0 0 0 0 0 0 0 0 -3.05 0.94 3.64 0 0.77 0 3.22 1.02 5.76 0 4.87 0 -1.72 0

TaLTP2.68 0 0 0 0 0 0 0 0 0 0 -3.18 0 0 1.65 0 0.15 0 -0.81 -0.81 2.45 0 1.66 0 0 0

TaLTP2.69 0 0 0 0 0 0 0 0 0 0 0 0 0 1.44 0 0.35 0 -0.92 0.25 2.76 0 1.59 0 0 0

TaLTP2.7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.70 0 0 0 0 0 0 0 0 0 0 -3.18 0 0 1.65 0 0.15 0 -0.81 -0.81 2.45 0 1.66 0 0 0

TaLTP2.71 0 0 0 0 0 0 0 0 0 0 -5.56 -6.64 0 0 0 0 0 0 -6.56 0 0 -4.82 0 0 0

TaLTP2.72 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -2.6 0 0 0 0 0 0 0 0 0 0

TaLTP2.73 -3.54 0 0 0 -2.88 -1.61 -1.95 -1.37 0 -2.13 -3.56 0 0 0 -2.45 -1.59 0 0 0 -2.63 0.58 0 -3.46 -1.94 0

TaLTP2.74 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.33 0 0 0 0 0 0 0 0 0 0

TaLTP2.75 0 0 0 0 0 0 0 2.65 0 0 0 0 0 0 -2.44 0 0 0 0.27 0 0 0 0 0 0

TaLTP2.76 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3.94

TaLTP2.77 0 0 0 0 0 0 0 0 0 0 0 8.47 0 6.61 0 4.56 0 7.06 0 -3.67 0.54 2.48 0 -1.25 0

TaLTP2.78 0 -3.33 0 0 0 0 0 -3.98 0 0 0 0 5.62 -2.48 -1.47 0.34 -3.77 0 -3.19 1.58 5.28 -0.33 -2.07 6.46 0

TaLTP2.79 0 0 0 0 0 0 0 0 0 0 -1.33 1.12 0.18 0.79 0 1.56 0 0.31 -0.34 6.78 0 5.93 0 -0.89 0

TaLTP2.8 5.02 5.88 4.58 4.8 5.32 5.11 3.65 3.85 4.42 4.56 1.82 6.48 -0.71 9.04 -0.89 5.41 0 8.13 2.75 6.68 1.67 6.94 3.52 2.73 -1.91

TaLTP2.80 0 0 0 0 0 0 0 0 0 0 0 0.47 -1.63 1.48 0 0.95 0 1.72 0.08 5.51 0 4.92 0 -1.72 0

TaLTP2.81 0 0 0 0 0 0 0 0 0 0 0 0.86 0 -0.62 0 -1.38 0 -1.01 -1.34 5.14 0 5.3 0 0 0

TaLTP2.82 0 0 -1.63 -1.31 -1.67 0 -1.7 0.54 -1.58 -1.96 0 0 0 0 -2.15 0.26 0 0 0 0 3.02 0 0 -1.23 0

TaLTP2.83 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3.43

TaLTP2.84 0 0 0 0 0 0 0 0 0 0 0 0 0 -3.52 1.47 -3.26 0 0 -1.64 0 4.01 0 -3.12 4.19 -2.52

TaLTP2.85 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -3.11 0 0 0 -2.23 0 3.41 0 0 1.33 0

TaLTP2.86 -1.06 -1.14 -1.91 0 -1.94 -1.62 0 -1.35 0 0 0 -1.09 -2.25 0.18 0 0 -2.14 -0.55 0 0 0 0 0 0 0

TaLTP2.87 4.9 3.3 4.69 5.53 5.12 4.99 5.19 5.73 5.36 4.74 4.74 5.64 0 6.47 2.44 6.05 0 6.25 -0.08 3.81 2.56 0 4.27 3.14 1.71

TaLTP2.88 -1.97 1.49 -2.26 0 -2.28 0 0 -2.73 0 0 0 1.65 4.44 5.81 0 1.28 0 4.5 0.4 3.13 -2.78 -1.75 -0.82 3.22 -0.91

TaLTP2.89 0 0 0 0 0 0 0 0 0 0 0 -2.23 0 -2.4 0 0 0 -0.64 0 0 0 0 0 0 0

TaLTP2.9 1.84 0 1.38 1.99 2.41 1.51 1.16 0 2.38 2.39 -2.57 5.55 -2.3 6.26 -2.48 3.08 0 5.73 -0.99 5.07 0.14 3.88 0.52 -0.97 0

TaLTP2.90 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.91 0 -3.39 0 0 -3.15 -2.87 0 -3.03 -3 0 -1.63 0 7.45 -4.1 4.76 4.71 -0.09 0 5.56 5.66 6.51 6.3 -1.54 7.78 2.91

TaLTP2.92 0 -3.39 0 0 -3.15 -2.87 0 -3.03 -3 0 -1.63 0 7.45 -4.1 4.76 4.71 -0.09 0 5.56 5.66 6.51 6.3 -1.54 7.78 2.91

TaLTP2.93 -1.75 0.69 -1.34 1.13 -0.13 1.37 0.94 2.5 1.52 -0.53 1.19 -3.08 5.72 -3.38 6.05 4.46 -0.69 -3.1 5.55 5.34 6.71 4.35 4.97 6.87 0.75

TaLTP2.94 -1.75 0.69 -1.34 1.13 -0.13 1.37 0.94 2.5 1.52 -0.53 1.19 -3.08 5.72 -3.38 6.05 4.46 -0.69 -3.1 5.55 5.34 6.71 4.35 4.97 6.87 0.75

TaLTP2.95 0 -4.39 0 -3.15 0 0 -2.03 -2.03 -1.83 0 -2.63 -2.02 1.36 -4.52 3.71 1.89 -1.82 -2.04 1.86 2.5 4.45 0.79 1.27 4.92 -0.82

TaLTP2.96 0 -5.39 0 -3.15 -1.98 -3.28 -3.62 0.37 -1.83 -3.82 -4.22 -4.35 1.66 -4.52 3.88 3.06 -1.82 -1.36 3.13 3.25 5.61 -2.26 1.11 5.97 -3.52

TaLTP2.97 0 0 0 0 0 -3.87 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTP2.98 0 -4.39 0 -3.15 0 0 -2.03 -2.03 -1.83 0 -2.63 -2.02 1.36 -4.52 3.71 1.89 -1.82 -2.04 1.86 2.5 4.45 0.79 1.27 4.92 -0.82

TaLTP2.99 -2.39 -1.99 -2.86 0.08 -0.6 -0.25 0.11 0.99 0.86 -1.29 -0.47 -2.58 3.91 -3.38 4.69 3.81 -0.58 -5.68 3.96 4.17 6.03 2.4 3.02 6.16 -0.38

TaLTPc.1 10.1 4.45 9.28 9.66 9.94 8.59 8.04 0 9.47 9.23 0.7 0 0 0 0 0 0 0 0 0 0 0 2.31 0 0

TaLTPc.2 9.36 4.74 8.32 9.08 9.05 7.57 7.43 -1.89 8.86 8.47 -1.07 0 0 0 0 0 0 0 0 0 0 0 1.88 0 0

TaLTPc.3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTPc.4 12.4 5.77 12.4 12.1 12.7 11.2 10.7 -1.36 11.6 11.8 2.66 0 0 0 0 0 0 0 0 0 0 0 5.27 0 0

TaLTPc.5 10.7 4.36 9.96 10.8 10.6 9.4 9.27 0 10.6 9.85 1.7 0 0 0 0 0 0 0 0 0 0 0 4.14 0 0

TaLTPd.1 0 0 0 0 0 0 0 0 0 0 -2.7 0 0 -2.99 6.14 0 0 0 0 -2.79 0 0 0 0 4.32

TaLTPd.10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3.63 0 0 0 0 0 0 0 0 0 0.43

TaLTPd.11 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5.22 0 0 0 0 0 0 0 0 0 1.97

TaLTPd.12 -3.3 10.7 0 -2.22 -1.05 -2.36 -1.7 2.25 -0.48 -2.89 -0.98 0 0 -3.6 0 0 0 -3.45 0 0 0 0 7.6 0 0

TaLTPd.13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -2.88 0 0 0 0 0 0 0 0 0 0

TaLTPd.14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5.1 0 0 0 0 0 0 0 0 0 1.14

TaLTPd.15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6.39 0 -1.3 0 0 0 0 0 0 0 6.49

TaLTPd.16 0 0 0 0 0 0 0 0 -1.97 0 -2.11 0 0 0 6.1 0 0 0 0 0 0 0 0 0 5.23

TaLTPd.17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2.13 0 0 0 0 0 0 0 0 0 0

TaLTPd.18 0 0 0 0 0 0 0 0 -1.97 0 -3.7 0 0 0 6.29 0 0 0 -2.7 0 0 0 0 0 4.47

TaLTPd.19 0 10.8 0 0 0 0 0 2.01 0 0 -1.1 0 -3.12 0 0 -3.46 0 0 -3.43 0 -3.28 -3.27 6.67 -3.39 0

TaLTPd.2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1.6 0 0 0 0 0 0 0 0 0 1.73

TaLTPd.20 0 4.79 0 0 0 0 0 -3.62 0 0 0 0 0 0 0 0 0 0 -4.83 0 0 0 -4.71 0 0

TaLTPd.21 0 5.31 0 0 0 0 0 0 0 0 -4.35 -4.46 0 0 0 0 0 0 0 0 0 0 -4.25 0 0

TaLTPd.22 2.69 4.15 2.03 0.05 3.55 1.84 1.71 0.3 2.52 2.31 0.9 5.19 0 5.43 2.03 3.37 -1.37 4.94 -1.36 4.1 -1.63 5.4 -0.08 0.38 1.4

TaLTPd.23 -3.46 8.03 0 -1.8 -1.8 -0.95 0 0.3 0 0 -2.48 0 0 0 0 -3.51 0 0 0 0 0 0 0.98 0 0

TaLTPd.24 0 0 0 0 -2.43 0 0 0 0 0 0 -0.88 0 0 -0.16 0 0 -0.61 0 0 -2.94 0 0 0 -2.38

TaLTPd.25 0 4.99 0 0 0 0 0 -4.09 0 0 0 -5.98 0 -3.17 0 0 0 0 -5.88 0 0 0 0 0 0

TaLTPd.26 0 2.59 0 0 0 0 0 -6.26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTPd.27 0 2.55 0 0 0 0 0 -6.26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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TaLTPd.28 0 2.59 0 0 0 0 0 -6.26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTPd.29 0 4.99 0 0 0 0 0 -4.09 0 0 0 -5.98 0 -3.17 0 0 0 0 -5.88 0 0 0 0 0 0

TaLTPd.3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -1.03

TaLTPd.30 0 5.85 -2.74 0 -2.74 0 0 -1.95 0 -3.98 0 0 0 0 -2.76 0 0 0 -1.67 0 0 0 -2.36 0 0

TaLTPd.31 -1.76 3.96 -0.66 -2.26 0.02 -2.4 -1.74 -3.15 -1.2 -0.76 -1.17 6.21 0 6.1 0 2.67 0 5.92 -0.35 3.94 0 4.54 -1.24 -3.31 -3.63

TaLTPd.32 -3.46 6.05 0 0 -1.8 0 -2.87 0 -2.64 0 0 0 -3.18 0 0 0 -2.08 0 0 0 0 0 -2.38 0 -3.76

TaLTPd.33 0.73 0 -0.06 1 1.06 -0.11 -0.45 0 0.91 0.14 0 3.22 0 0.12 0 -1.51 0 1.54 0 0.68 -0.91 0 0 0 0

TaLTPd.34 0 6.34 0 0 0 0 0 -3.15 0 0 0 0 0 0 0 0 0 0 0 -4.4 0 0 -0.66 0 0

TaLTPd.35 0 -0.81 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTPd.36 0.4 2.78 1.08 0.59 1.22 -0.36 -0.37 0 -0.67 -0.19 0.23 6.67 0 5.91 -2.61 2.59 -1.9 4.92 -0.99 4.78 -1.58 5.31 1.8 -1.68 -0.01

TaLTPd.37 -3.46 8.41 -1.2 -0.21 0 -1.53 0 -0.29 -0.64 -2.06 0 0 0 0 -1.78 -2.51 0 -3.66 0 -3.55 0 0 1.64 0 -3.76

TaLTPd.38 -2.47 -2.07 0 0 -2.81 -1.54 0 0 0 -3.06 0 0 0 0 0 0 0 0 0 -3.56 0 0 -3.39 0 0

TaLTPd.39 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3.92 0 0 0 0 0 0 0 0 0 0

TaLTPd.4 0 0 0 0 0 0 0 0 0 0 -2.7 0 0 0 4.89 0 0 0 0 0 0 0 0 0 4.68

TaLTPd.40 -2.44 -0.16 -1.76 -0.03 0.55 0.5 -1.84 -0.94 -2.61 -2.03 0.95 3.8 0.18 3.11 0 4.08 0 2.82 -0.14 4.59 2.08 5.54 0.97 1.79 -2.73

TaLTPd.41 -2.7 -3.9 -3.03 -2.62 -3.05 -2.78 0 0 0 -3.3 0 0 0 0 -2.04 0 0 0 -2.16 0 0 0 0 0 0

TaLTPd.42 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5.01 0 0 0 0 0 0 0 0 0 -2.99

TaLTPd.43 -2.15 -1.62 -0.76 -1.07 0.61 -0.5 -3.16 -2.01 -2.91 -1.34 0.92 2.64 -3.47 2 -2.08 4.45 -1.39 1.91 -2.79 4.06 -0.06 3.44 1.22 0.16 -3.05

TaLTPd.44 -2.64 -2.84 0 0 -1.99 -1.73 -3.06 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -3.95

TaLTPd.45 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4.59 0 0 0 0 0 0 0 0 0 0

TaLTPd.46 0 0 0 0 0 0 0 0 0 0 -2.66 0 0 0 3.98 0 0 -2.7 0 0 0 0 0 0 0

TaLTPd.47 0.9 0.96 0.01 1.14 1.49 1.01 -0.33 0.52 -0.86 0.15 2.17 2.73 -1.96 3.74 -3.15 5.71 0.14 2.6 -0.26 5.76 1.64 5.43 2.4 1.47 -0.55

TaLTPd.48 0 0 0 0 0 0 0 0 0 0 -0.7 0 0 0 4.39 0 -1.3 0 0 0 0 0 0 0 5.82

TaLTPd.49 0 0 0 0 0 0 0 0 0 0 -1.11 0 0 0 4.88 0 -0.72 0 0 0 0 0 0 0 6.89

TaLTPd.5 0 9.85 0 0 -2.48 -2.2 -2.54 0.86 0 0 -1.13 -1.68 0 -0.43 0 0 0 -3.26 -3.14 0 0 0 6.97 0 0

TaLTPd.50 0 0 0 0 0 -2.41 -2.75 0 -1.53 -2.94 -2.35 4.55 0 3.21 0 -1.07 0 2.58 0 -2.42 -3.21 0 0 0 -1.32

TaLTPd.51 2.77 5.07 2.07 2.39 2.78 2.74 1.78 1.71 1.88 1.92 2.6 6.65 -1.17 9.51 -1.36 6.07 0 8.41 4.37 7.02 0.51 8.3 4.17 2.78 0

TaLTPd.52 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTPd.53 0 2.55 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTPd.54 0 6.09 0 0 0 0 0 -1.83 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -4.24 0 0

TaLTPd.55 2.79 3.96 2.73 3.06 2.99 3.13 2.32 1.32 2.82 2.39 3.36 6.95 0 9.01 -3.4 6.15 0 8.27 2.81 6.94 2.21 8.07 3.25 2.74 0.01

TaLTPd.56 1.9 3.8 1.58 2.27 2.33 1.34 0.94 0.91 2.08 1.63 1.7 6.78 -0.3 9.84 0 6.43 0 9.15 2.24 7.33 2.04 8.77 2.12 4 -1.9

TaLTPd.57 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTPd.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5.2 0 0 0 0 0 0 0 0 -1.09 -2.03

TaLTPd.7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5.15 0 0 0 0 0 0 0 0 0 4.11

TaLTPd.8 0 0 0 0 0 0 0 0 0 0 -2.7 0 0 0 5.01 0 -1.3 0 0 0 0 0 0 0 7.28

TaLTPd.9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3.83 0 -2.3 0 0 0 0 0 0 0 4.79

TaLTPg.1 0.8 3.19 1.3 0.05 1.76 0.39 -0.06 -3.09 0.72 0.9 -0.47 5.79 -0.27 5.83 -1.84 1.84 0 5.45 0.03 2.74 2.19 0.26 0.58 0.89 2.9

TaLTPg.10 0 -4.39 0 -3.08 0 0 0 0 0 0 0 0.58 0 1.76 0 -2.25 0 1.53 0 -4.29 -0.51 -4.09 0 -1.61 -4.49

TaLTPg.11 3.55 3.38 3.05 3.59 3.46 3.91 3.16 3.96 3.52 2.8 1.61 2.06 0 2.61 2.56 2.84 -2.78 3.03 1.67 1.88 1.95 -1.04 1.71 0.74 0.92

TaLTPg.12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.4 0 0 0 0 0 0

TaLTPg.13 -2.86 -0.79 -1.23 -1.79 0.35 3.76 -2.91 0 -1.3 3.15 0.51 0 -4.23 0 -4.42 0 0 0 0 0 -4.4 0 -0.86 0 -4.79

TaLTPg.14 0 0.56 0 0 0 0 0 0 0 -4.01 0 1.25 0 2.97 -3.38 -1.34 0 2.01 -4.51 -1.09 -0.65 -4.35 -4.4 -2.13 -2.75

TaLTPg.15 3.78 4.98 3.13 3.71 3.83 3.82 3.17 4.55 3.2 3.36 1.39 1.52 -2.87 2.85 2.86 1.86 -1.78 2.65 2.11 0.62 1.35 -0.95 1.53 -0.19 0.61

TaLTPg.16 0 0 -3.48 0 0 0 -3.57 0 0 0 0 0 0 0 -4.08 0 -3.8 0 0.18 0 0 0 -4.1 0 0

TaLTPg.17 -3.48 -1.56 -2.26 -2.4 0.4 2.84 -3.94 -4.39 0 2.72 0.64 -4.69 0 -2.08 0 0 0 0 0 0 0 0 -2.48 0 0

TaLTPg.18 0 -3.09 0 0 0 0 0 0 0 0 0 0.25 0 2.45 0 -1.53 0 1.82 -4.54 -3.57 -0.68 -3.38 -4.42 -1.67 -1.96

TaLTPg.19 2 -0.49 1.46 1.18 2 1.74 1.34 1.23 1.87 1.56 -0.71 -4.62 0 -2.82 -1.22 -2.52 -1.53 -4.78 -2.21 -4.56 -4.37 0 -4.41 -4.47 -2.44

TaLTPg.2 0.14 4.82 0.09 -0.2 0.32 0.2 0.39 0.92 0.43 -0.76 -1.7 0 -2.14 -5.08 0.48 -4.2 2.16 0 -0.68 -4.82 -1.54 -3.31 -2.22 -2.41 1.6

TaLTPg.20 2.76 4.31 1.86 2.75 2.85 2.46 2.59 3.79 2.74 1.73 0.69 0 -0.87 0 2.57 1.58 -4.11 0 1.13 0.49 3.73 -2.37 2.73 1.96 -2.76

TaLTPg.21 2.14 4.02 1.69 2.74 2.28 2.21 2.43 3.51 2.7 0.89 1.18 0 -2.04 0 2.46 0.95 -3.76 0 0.55 0.51 3.37 -2.69 2.2 1.37 0

TaLTPg.22 0.62 0.71 0.3 0.01 0.62 0.3 0.06 -0.86 0.76 -0.17 -1.6 -2.87 -2.86 -1.89 -2.63 -2.44 -1.55 -3.04 -3.19 0 0 -1.81 0 -2.71 -5

TaLTPg.23 2.18 3.38 1.72 2.27 2.17 2.31 2.71 3.21 2.49 1.42 1.2 0 -3.62 0 2.12 1.39 -4.12 -4.79 1.02 -0.08 3.31 -2.21 2.39 1.67 -2.18

TaLTPg.24 3.14 4.32 2.51 3.69 3.12 3.45 4.07 4.74 3.79 2.12 2.85 -2.24 0 -1.37 0.43 1.56 -1.73 -2.54 0.15 0.84 1.01 0 2.74 0.31 -0.51

TaLTPg.25 0.13 0.79 -0.06 -0.15 0.56 0.18 -0.68 -3.3 0.24 0.16 -0.59 2.5 -4.18 3.74 0 1.52 -4.09 2.85 -2.92 1.53 -0.35 0.7 1 -0.36 -4.74

TaLTPg.26 -1.56 0.71 -2.15 0.41 -1.15 -2.49 -0.82 -2.27 0.16 -2.98 -4.47 0 0 0 -3.34 -4.47 0 -3.14 0 -4.51 -1.51 0 -2.36 -3.42 0

TaLTPg.27 0 0 0 0 0 0 0 0 0 0 0 -4.5 0 0 0 0 0 -4.21 0 0 0 -5.45 0 -5.57 0

TaLTPg.28 0 0 0 0 0 0 0 0 0 0 0 -0.21 0 -1.36 0 -3.63 0 -1.45 0 0 -2.46 -4.23 -5.09 -4.35 0

TaLTPg.29 -3.4 -4.98 -1.64 -4.65 -3.22 -3.27 -4.19 0 -3.31 -2.46 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTPg.3 -2.04 2.15 -1.4 -2.28 -0.73 -1.9 -1.49 -1.67 -1.53 -1.97 -2.14 4.6 -0.23 5.56 0.25 1.8 -3.05 5.01 -0.3 1.63 1.34 -0.61 0.46 -0.09 -1.24

TaLTPg.30 3.69 0 3.24 2.75 3.85 2.51 2.76 -4.62 3.83 3.37 -0.74 0 0 0 0 0 0 0 0 0 0 0 -4.71 0 -5.06

TaLTPg.31 0 0 0 0 0 0 0 -3.43 -3.7 0 0 0.07 0 -0.18 -4.5 -4.63 0 -0.09 0 0 -1.48 -4.48 -4.52 -2.58 -4.87

TaLTPg.32 4.12 6.77 3.71 4.54 3.96 4.17 4.7 5.41 4.32 3.52 3.49 0.97 0 2.12 3.28 3.19 2.89 1.69 1.73 2.38 2.42 -4.44 3.83 1.7 1.74

TaLTPg.33 0 -4.13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTPg.34 #### 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

TaLTPg.35 0 0 0 0 0 0 0 -3.47 0 0 0 1.94 0 1.9 0 -2.67 0 1.51 0 0 -0.06 -4.52 -4.56 -1.62 -2.59

TaLTPg.36 -0.72 2.33 -2.15 0.52 -0.65 -1.91 -1.5 -0.06 0.21 -2.65 -2.14 -3.57 -3.15 -3.76 -4.34 -3.47 0 -4.73 -2.48 -1.7 -0.27 -3.32 -1.27 -1.25 0

TaLTPg.37 -1.29 -0.49 -1.95 0 -0.15 -2.69 -0.71 -3.46 -0.2 -2.21 -0.84 1.14 -3.34 3.39 -3.53 1.08 0 3.56 -2.07 2.48 -0.92 1.15 1.31 -0.29 0

TaLTPg.38 2.98 6.54 2.78 3.24 3.05 3.43 3.77 5.46 3.24 2.26 2.6 0.23 0 0.6 2.97 1.58 1.55 0.39 1.01 0.18 1.33 0 3.03 0.91 1.1
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5.1 Abstract 

To date, hybrid breeding is limited in wheat due to its strong self-pollinating nature. The use 

of Tams1, non-specific lipid transfer protein (nsLTP), as a recessive mutant sterility locus 

coupled with its cognate dominant fertility restorer sequence (TaMs1) are promising elements 

towards controlling cross-pollination in wheat. A cost-effective wheat hybrid seed production 

system requires completely penetrant male sterility across various genotypic backgrounds. 

Here, we report variability in phenotypic sterility penetrance between ms1d and ms1c mutant 

alleles. We show that ms1d (cv. Chris)-induced sterility is highly penetrant across all 

backgrounds tested. This contrasts with low phenotypic sterility penetrance observed for 

ms1c (cv. Cornerstone) consistent with previous reports of a modifier gene (Mod) affecting 

fertility restoration in this particular genetic background. We present a linkage map derived 

from a ms1c-P5 x Gladius biparental F2 population (N = 122), generated using 1247 single 

nucleotide polymorphisms identified by genotyping-by-sequencing (GbS). Thereafter, 

quantitative trait loci (QTL) mapping for the modifiers contributing to incomplete sterility 

penetrance was performed. Two QTLs were identified, one on the long arm of chromosome 

4A (QMod_4A) explaining 17.7 % of the phenotypic variance and another on the short arm of 

chromosome 2B (QMod_2B) responsible for 12.2 % of phenotypic variance. The QMod_4A 

was delimited to a 36 cM interval, a region containing three nsLTPs, each of type G and 

including the A-genome homeologue of TaMs1 (TaMs1-A). The QMod_2B spans an interval of 

42.5 cM and contains two nsLTPs (Type D and Type G).  
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The genome-wide SNP identification, linkage map and QTL analysis undertaken within this 

study now permits the identification of Mod candidates that could be responsible for 

incomplete sterility penetrance in the ms1c mutant background. 

5.2 Introduction 

It has been estimated that worldwide crop production would need to double from 2013 to 

2050 to meet the demand of the growing population (Ray et al., 2013). However, the current 

yield gain increase is insufficient to feed the predicted 9 billion by 2050 (FAOSTAT, 2013). 

Wheat is one of the major staple food crops, providing approximately 18 % of daily calorie 

intake by humans (FAOSTAT, 2013). Therefore boosting wheat yield is of high priority, which 

will in part rely on the development of new breeding technologies (Tester, 2011). The 

development and application of hybrid seed production technologies have contributed greatly 

to yield increases for rice and maize among others (Kim and Zhang, 2017). In the past decades, 

hybrid rice has boosted yields by approximately 20 % compared to inbred varieties (Cheng et 

al., 2007). In addition, maize hybrids have been shown to outperform inbred line varieties by 

approximately 50 % to 100 % (Duvick, 2004). 

The use of nuclear male sterility (NMS) based systems have long been recognised as a 

promising approach to producing hybrid wheat (Driscoll and Qualset, 1986). NMS refers to 

mutations in nuclear encoded genes that are essential for the development of viable pollen. 

In principle, a NMS system uses maintainer lines which are male fertile, and when crossed as 

a pollen donor to a male-sterile produce 100 % male-sterile progenies (Prat and van Lookeren 

Campagne, 2002). Such systems are based on the complementation of recessive mutant male 

steriles by a maintainer locus that harbours the cognate dominant wild-type fertility restorer 

sequence. This method was first described as the XYZ system, and was proposed for up-scaling 

the production of male-sterile female inbreds (Driscoll, 1972). This system proposed to use 

the ionizing radiation-induced male-sterile wheat mutant (cv. Cornerstone), ms1c, which is a 

large deletion of the Ms1 locus (Driscoll and Barlow, 1976). In this system, the fertility restorer 

is located on a 5R addition chromosome derived from rye (Secale cereale), which additionally 

possesses the visual marker hairy peduncle (hp). 

A cost-effective wheat hybridisation system relies upon completely penetrant male sterility in 

the female inbred. Incomplete sterility would otherwise result in selfed progenies being 

present in the F1. These inbred progenies would not possess the desired hybrid vigour, and 
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would therefore compromise both hybrid seed purity and therefore yield potential. Poor 

sterility penetrance (partial fertility) has previously been reported for particular ms1 mutant 

alleles. These include ms1c (cv. Cornerstone) (Islam and Driscoll, 1984; Driscoll, 1985; Tucker 

et al., 2017), and a deletion of chromosome 4BS (DT4BL) (cv. Chinese Spring) (Joshi et al., 

2014). Because incomplete sterility penetrance was observed in deletion lines for the Ms1 

locus (ms1c, DT4BL), we inferred fertility restoration could be a consequence of functional 

homeoalleles in some genetic backgrounds, as opposed to the presence of residual B-derived-

genome TaMs1 activity. 

TaMs1 homeoalleles from A- and D-genomes are each predicted to encode similar proteins to 

TaMs1, as there is no difference in predicted motifs or structure, suggesting that these 

homeoalleles would have a function related to TaMs1-B under similar spatio-temporal 

expression profile (Tucker et al., 2017; Wang et al., 2017). Additionally, promoter sequence 

analysis at the nucleotide level for TaMs1 and its homeologues showed no easily discernible 

differences that could explain why only the TaMs1-B copy is expressed (Chapter 3). However, 

epigenetic mark analysis of TaMs1 -A and -D sub-genomes revealed a hyper-methylation of 

their promoter sequences, suggesting that both homeoalleles are epigenetically silenced 

(Wang et al., 2017).   

Here we show that male sterility penetrance is variable depending upon the ms1 mutant allele 

and genetic background; suggestive of the presence of a Modifier (Mod) gene in cv. 

Cornerstone (Driscoll, 1977). To elucidate the genetic context of the Mod gene we developed 

a SNP-based linkage map by genotyping-by-sequencing (GbS) a ms1c-P5 x Gladius biparental 

F2 mapping population. Quantitative trait loci (QTL) mapping revealed two loci that are 

responsible for fertility restoration and are present on chromosomes and 4A (QMod-4A) and 

2B (QMod-2A), spanning 37 cM and 49.7 cM respectively. Within the QMod-2B interval two 

predicted lipid transfer proteins (LTPs) were identified, whereas three nsLTPs were identified 

within QMod-4A. Interestingly, the QMod-4A interval contained the TaMs1-A homeoallele, 

making it a strong candidate for the Mod gene. Our results provide valuable information 

towards selecting or creating highly penetrant male sterile mutants required for cost-effective 

hybrid seed production.  
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5.3 Materials and Methods 

5.3.1 Plant growth condition and F2 populations 

The soil mix consisted of 75 % (v/v) Coco Peat, 25 % (v/v) nursery cutting sand (sharp), 750 

mg/L CaSO4.2H2O (gypsum) 750 mg/L Ca(H2PO4)2.H20 (superphosphate), 1.9 g/L FeSO4, 125 

mg/L FeEDTA, 1.9 g/L Ca(NO3), 2.750 mg/L Scotts Micromax micronutrients, and 2.5 g/L 

Osmocote Plus slow release fertilizer (16:3:9) (Scotts Australia Pty. Ltd.). pH was adjusted to 

between 6.0 and 6.5 using 2 parts agricultural lime to 1 part hydrated lime. Potted plants were 

grown either in controlled environment growth rooms at 23 °C (day) and 16 °C (night) or 

similarly temperature moderated glasshouses in which photoperiod was extended using 400 

W high pressure sodium lamps in combination with metal halide lamps to 12 hours over winter 

months. 

Six separate F2 mapping populations were developed by crossing the male sterile cv. Chris-

EMS mutagenized line FS2 (ms1d) (Sasakuma et al., 1978) with male fertile cultivars H45, 

Mace, Pastor, RAC875, Westonia and Gladius (Pedigrees are provided in supplemental Table 

S1). Additionally an F2 population derived from a cross between the male sterile deletion 

mutant ms1c (cv. Cornerstone, line P5) and the male fertile cv. Gladius was generated. Finally, 

a deletion mutant line ms1c (line P10) was also used for the penetrance test and qRT-PCR 

analysis.   

5.3.2 Genotyping at the Ms1 locus 

The Ms1 allele from the ms1d x cultivars F2 populations was genotyped using a KBioscience 

Competitive Allele-Specific Polymerase chain reaction (KASPTM) assay targeting the causative 

mutation (forward primers, 5’-GAAGGTGACCAAGTTCATGCTGGAGGAGGCGGACAACGTAC-3’ 

and 5’-GAAGGTCGGAGTCAACGGATTGGAGGAGGCGGACAACGTAT-3’, and common reverse 

primer CTCGCCGCCGCCTGCGAA). For ms1c-P10 and ms1c-P5 x Gladius F2 population, the 

presence/absence of the Ms1 chromosome B locus was genotyped using a PCR-based marker 

targeting both the 4B ms1c deletion and an orthologous locus on 4A hit (Chr4A:596161853-

596162127) that provided a positive control for the PCR amplification, yielding a 277bp 

amplicon (5’-GGTACCGGGAAATGATCTTCGACGAGGC-3’ and 5’-

CGTCGAACATCTTTCAGTGATTCAGAGG-3’) compared with an amplicon of 288 bp from 

wildtype 4B. 
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5.3.3 Phenotyping and penetrance  

Plant fertility was assessed based on seed counting from 3 to 5 heads. Over each head a 

glassine bag was placed and sealed before anthesis to avoid potential cross pollination. The 

two basal and two apical spikelets per head were eliminated from the analysis due to their 

incomplete development. Total seed set and numbers of florets were counted on a per head 

basis. The fertility score for each spike or plant was calculated as follows: 

Fertility =
Total number of seed per spike

Total number of 1°, 2° and 3° florets per spike
  

The penetrance percentage of the ms1 mutation was calculated based on the proportion of 

individual homozygous ms1 showing full sterility.   

Penetrance =
Total number of genotypically sterile ms1 homozygous plants 

Total number of phenotyped ms1 homozygous plants
 x 100 

 

5.3.4 Nucleic acid extraction 

DNA were extracted using either a phenol/chloroform or freeze-dried protocol. For phenol 

phenol/chloroform DNA extraction, a 15 cm long piece leaf was frozen in liquid nitrogen, and 

tissues were ground to fine powder using shakers (Retsch® MM 300) and ball bearings. 700 μL 

of extraction buffer (1% sarkosyl, 100 mM Tris-HCl pH 8.5, 100 mM NaCl, 10mM EDTA, 2% 

PVPP) was added and samples were mixed on a rotary shaker. Then 700 μL of 

phenol/chloroform/iso-amylalcohol (25:24:1) was added, briefly vortexed, transferred to a 

silica matrix phase lock tubes (BD Vacutainer®, No. 367958)  and centrifuged at 4000 rpm for 

10 min. DNA was precipitated by adding 60 μL 3M sodium acetate pH 4.8 and 600 μL 

isopropanol and centrifuged at 13 000 rpm for 10 min. The DNA pellet was washed with 1 mL 

70% ethanol, centrifuged for 2 min at 13 000 rpm and air dried for 20 min. The purified DNA 

was resuspended in 50 μL of R40 (1x TE, 40 μg mL-1 RNase A).  

For freeze-dried DNA extraction, a 4-5 cm long leaf from a 2-3 week old seedling was freeze-

dried overnight and grinded using ball bearings. 600 μL of extraction buffer (0.1 M Tris-HCl, 

0.05 M EDTA-pH 8.0 and 1.25 % SDS) and incubated at 65 °C for 30 min. After cooling the 

samples 15 min on ice, 300 μL of 6 M ammonium acetate was added and samples were 

centrifuged 15 min at 3750 rpm. DNA was precipitated using 400 μL of 70 % ethanol. The 

purified DNA was resuspended in 50 μL of R40 (1x TE, 40 μg mL-1 RNase A). 
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5.3.5 5-azacitidine demethylation treatment 

The DNA demethylating reagent, 5-azacytidine (5-azaC) (Sigma, Sydney, Australia) was applied 

to seeds of fertile and sterile segregants from heterozygous Ms1d/ms1d line (cv. Chris). Seeds 

were treated at room temperature in a petri dish with a daily fresh solution of 5-azaC in water 

solution for 5 days. Three concentrations of 5-azaC were tested: 125 μM, 250 μM and 500 μM 

of 5-azaC. After 5 days, seedling were transferred into pots and were grown as described in 

section 3.1.  The control plants were treated with water in the same manner. 

5.3.6 Southern hybridization 

Initially 10 µg of DNA (cv. Chinese Spring, cv. Gladius, Chinese Spring-derived nullisomic 

tetrasomic stocks (Cenci et al., 2003) (N4AT4D, N4BT4Aand N4DT4B), cv. Cornerstone (ms1c-

P4, ms1c-P5, ms1c-P10) were digested overnight with HindIII and BamHI restriction enzymes. 

Digested DNA was run on a 1.2 % agarose/Tris-acetate-EDTA gel and stained with ethidium 

bromide. DNA fragments were transferred to nylon membrane for Southern hybridisation 

using standard methods (Brown, 2001). Membranes were probed with a 32P-labelled probe 

from a 353 base pair (bp) PCR fragment amplified with 3’- GCCTTCTTCTTCGTCGCCAC -5’ and 

5’- CCATTTCCATTCAGATCATACCG-3. The probe sequence was amplified from the last exon to 

the 3’ UTR of TaMs1-B with a sequence identity of 76.8 % and 68.4 % to TaMs1-D and TaMs1-

A, respectively. The membrane was washed at room temperature twice in 2x SSC + 0.1 % SDS 

for 20 min each, followed by once in 1x SSC+ 0.1 % SDS for 20 min at 65 °C, once in 0.5x SSC+ 

0.1 % SDS for 20 min at 65°C, once in 0.2x SSC + 0.1% SDS and once in 0.1x SSC + 0.1% SDS. 

Membranes were exposed to X-ray film for 24–48 h at -80 °C.  

5.3.7 Expression analysis 

Total RNA was isolated using ISOLATE II RNA Mini Kit (Bioline, Sydney, Australia) from wheat 

tissues: anthers containing meiotic microspores and uninucleate microspores. Quantitative 

real-time (qRT)-PCR was perform according to Burton et al., (2004) using the primer 

combinations shown in Table 1. Anthers containing developing microspores were staged by 

acetocarmine staining. 0.6 μg of RNA was used to synthesise the oligo-(dT)-primed first strand 

cDNA using the superscript IV reverse transcriptase (Thermo Fisher, Adelaide, Australia). 2 μL 

of the RT product diluted 1:20 was then used as template for conventional and quantitative 

real-time PCR. TaGAPdH, TaActin and Ta14-3-3 were used as reference genes.  
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5.3.8.3 Fertility score, linkage map construction and QTL analysis 

Phenotypic data for four traits were considered including, (i) average fertility (fertility score 

average from three heads), (ii) transformed average fertility, (iii) maximum fertility (the 

highest fertility score among the three heads) and, (iv) transformed maximum fertility.  

Transformed data of average and maximum fertility were calculated using the empirical logit 

transformation (Haldane, 1955); this was used taking into account the number of infertile 

spikelet per head to spread out the zero values.  

The linkage map was constructed using the R package ASMap (Taylor and Butler, 2017), with 

additional functions in R used for quality control of the data.  The input data consisted of 2128 

GbS markers scored on 122 lines. Markers with high rates of missing values or segregation 

distortion were removed, leaving 1240 GbS markers in the final map. No lines were found to 

be clonal or had other anomalies such as high rates of double crossovers, so all 122 were 

retained in the final map. Chromosome assignments were checked against the Chinese Spring 

genome assembly (IWGSC WGA v0.4) and used to verify marker locations. The final map 

included 1247 markers anchored in all 21 wheat chromosomes.  

5.4 Results  

5.4.1 ms1c male sterility is not fully penetrant  

We first investigated the phenotypic penetrance of male sterility in homozygous ms1d and 

ms1c mutants. The sterility penetrance for ms1d was tested in six F2 populations derived from 

crosses with the following cultivars: H45, Mace, Pastor, RAC875, Westonia and Gladius (Table 

2). Sterility for genotypic homozygotes (ms1d/ms1d), as assessed based on lack of selfed seed-

set, was identified to range between 98.52 % to 100 %, and therefore was deemed highly 

penetrant. In contrast, low sterility penetrance of 42.11 % for genotypic homozygotes derived 

from the ms1c-P5 x Gladius F2 population was observed. Unexpectedly, high phenotypic 

variability between three heads of the same individual was observed for some homozygote 

individuals derived from the ms1c x Gladius F2 population (Table S2). In addition, of the 48 

lines genotyped as homozygous ms1c/ms1c, only 12.5 % exhibited some level of fertility across 

all assessed spikes of the same plant. Additionally, incomplete sterility penetrance (0 %) was 

observed for the ms1c-P10 individual (ms1c/ms1c), in addition to partial to full fertility in all 

of its selfed ms1c/ms1c progenies.  

 







Chapter 5: Towards identification of a fertility modifier in the wheat ms1 mutant 

 

141 
 

5.4.3 No additional TaMs1-homologous sequence was detected in ms1c 

To further investigate the basis for self-fertility in ms1c-P10 derived individuals, we 

determined whether additional TaMs1-like sequences (outside its direct 4A and 4D 

homeologues) are present in this ms1c-P10 background. Southern blot hybridisation, using a 

probe designed to discern TaMs1 from other nsLTP genes was used to assess TaMs1 copy 

number for the cultivars Gladius, Chinese Spring (CS) as well as homeogroup 4 nulli-

tetrasomics and homozygous ms1c deletion mutant lines (Figure 1). 

Nulli-tetrasomics (N4A-T4D, N4B-T4A and N4D-T4B) were used to identify TaMs1-A, -B and 

-D derived sequences (Figure 1). As expected, three major hybridization bands were detected 

for Gladius and Chinese Spring (CS), each corresponding to the three TaMs1 homeoalleles. 

The B locus copy was absent in the ms1c-P5 and ms1c-P10 mutants confirming deletion of the 

Ms1 locus. Importantly, no additional strongly-hybridising bands were detected in these 

mutant backgrounds. 

 

 

Figure 1 | Southern blot hybridization of TaMs1 in Gladius, Chinese Spring and ms1c mutant 
lines.  DNA digested with (a) BamH I and (b) Hind III restriction enzymes. CS, Chinese Spring; 
N4A/T4D, nullisomic for 4A and tetrasomic for 4D; N4B/T4A, nullisomic for 4B and tetrasomic 
for 4A; N4D/T4B, nullisomic for 4D and tetrasomic for 4B; ms1c-P4, ms1c-P5 and ms1c-P10, 
cv. Cornerstone homozygote ms1c deletion mutants. Full image in supplementary Figure S3. 
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5.4.4 Identification of two QTLs associated with restoration fertility in ms1c 

Genotyping-by-sequencing (GbS)-SNP based linkage map was generated in order to identify 

QTL associated with modifier(s) of fertility in the ms1c background. For the final map, 1247 

markers were contained within 31 linkage groups that could then be anchored to their physical 

position of the reference chromosome sequence from IWGSC refseq V0.4 (Figure 2 and Table 

4). Highly variable SNP distribution across the genetic map was observed, with 10 – 126 binned 

SNPs per chromosome spanning an average distance of 2.2 cM and with a maximum distance 

of 47.5 cM.  

Two QTLs, on chromosome 4A (QMod-4A) and chromosome 2B (QMod-2B), were significantly 

associated (P ≤1.44e-05) value with self-fertility in the ms1c-P5 x Gladius F2 biparental 

population (Table 5). QMod-4A explained 17.7 % of the phenotypic variance and was mapped 

to an interval of 36 cM that is predicted to span approximately 30.5 Mb of chromosome 4A. 

QMod-2B explained 12.2 % of the phenotypic variance, spanning a predicted 167.5 Mb 

interval from 25.8 cM to 68.3 cM on chromosome 2B. 
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Figure 3 | ms1c-P5 x Gladius linkage map with 1247 binned SNPs. The genetic position (cM) 
of SNPs is labelled on the left of the chromosomes. Vertical orange bars on linkage groups 
indicate the QTLs with interval LOD above 3.8 (P ≤1.44e-05).  
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interval chr4A:584720304-625798187 contained 724 predicted genes (data not shown). To 

narrow down the number of candidate genes within the two QTL intervals, we selected 

annotated genes with predicted function for pollen and anther development involved in lipid 

synthesis and transport (Table S3). A total of 39 genes involved in lipid biosynthesis or lipid 

transport were identified. Because male sterility in an ms1 background has previously been 

shown to be the result of GPI-anchor nsLTP (TaMs1) loss of function, type G nsLTPs are likely 

candidates for the fertility modifier as they may complement the function of the absent TaMs1 

gene. A total of seven predicted nsLTPs were retrieved within the QTL intervals, including five 

nsLTPs within the QMod-2B (TraesCS2B01G138300.1_nsLTPg, TraesCS2B01G187600.1_nsLTPg, 

TraesCS2B01G215400.1_nsLTP1, TraesCS2B01G215500.1_nsLTP1, TraesCS2B01G215600.1_nsLTPd) 

and two nsLTPs on QMod-4A (TraesCS4A01G295600.1_nsLTPg, TraesCS4A01G295800.1_nsLTPg) 

(Figure 3a). Moreover, we identified that TaMs1-A, while not annotated as a high confidence 

gene, was also present within the QMod-4A interval. Furthermore, because the lipid binding 

domain (LBD) of nsLTPs has been reported to be essential for protein function (Salminen et 

al., 2016), we aligned the LBD amino acid sequence of candidate Mod’s with the TaMs1-B 

derived amino acid sequence (Figure 3b). As expected, high sequence identity (98.8 %) was 

observed between the TaMs1-B and TaMs1-A proteins across the eight-cysteine motif (8CM). 

In contrast, an identity of only 20.2 % to 25.9 % was found between TaMs1 and the other 

nsLTPs of the QTL intervals. In addition, protein domains normally present in nsLTPs were 

analysed, this included the N-terminal signal peptide (SP) and the 8CM (Table S4). All 

candidate nsLTPs were predicted to contain the SP, however, TraesCS2B01G138300.1_nsLTPg 

did not possess the characteristic 8CM of nsLTPs and therefore should not be annotated as 

such.  
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Figure 3 | Identification of putative candidate genes within the QMod-2B and QMod-4A 
intervals. (a) nsLTPs present within the QTL intervals. (b) Amino acid sequence alignments of 
the candidate nsLTP- eight cysteine motif (8CM).  
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5.5 Discussion 

The expressivity of ms1-induced male sterility varies depending upon the genetic 
background 
In this study, we showed variability in sterility penetrance across ms1 mutant alleles and 

genetic backgrounds (Table 2); while the ms1d allele showed near-complete sterility 

penetrance (> 98.53%) across all backgrounds tested (H45, Mace, Pastor, RAC875, Westonia 

and Gladius), low sterility penetrance was observed for deletion mutant ms1c (ms1c-P5 and 

ms1c-P10 individuals). Self-fertility in the ms1c mutant background was highly variable 

between plants as well as tillers of the same plant, suggesting self-fertility is modulated either 

by environmental conditions/developmental timing or other genetic factors. Interestingly 

tiller variability in self-fertility, and previous reports of TaMs1 homeologue silencing would 

indicate a possible epigenetic regulation.  

TaMs1-A derived-genome as likely candidate for the modifier gene 

Here we identified two QTLs associated with selfed seed-set in ms1c homozygotes derived 

from an ms1c-P5 x Gladius F2 population. These included a QTL on chromosome 4A (QMod-

4A) and another on chromosome 2B (QMod-2B). QMod-4A (36 cM) and QMod-2B (42.5 cM) 

explain 17.7 % and 12.2 % of the phenotypic variance respectively (Figure 2, Table 5). This 

suggests polygenic inheritance of self-seed set. Increasing population size must be considered 

for narrowing down the QTL intervals and more precisely defining their relative effects on self-

fertility. Narrowing these regions would also prove linked molecular markers that can be used 

for counter selecting these self-fertility inducing loci in a hybrid breeding program, albeit this 

would add to the costs of hybrid seed production. Additionally, self-fertility assessment under 

a range of environmental conditions should be investigated through replicated field trials 

across multiple environments. This is a pre-requisite for commercial deployment in a hybrid 

breeding program.  

It is reasonable to assume that the incomplete sterility penetrance might be a consequence 

of residual functionality of a TaMs1-like protein. Interestingly, seven nsLTP sequences within 

the two major effect QTL intervals (QMod-4A and QMod-2B) sequences were retrieved from 

the Chinese Spring reference genome (Table S3). Considering the TaMs1-A homeologue was 

present within the QMod-4A interval, it makes it a strong candidate for a fertility modifier 

(Figure 3a). The expression of the TaMs1-A homeologue has previously been investigated in 

anthers derived from ms1c-P10. Results of this study revealed that TaMs1-A transcripts in 

pools of anthers containing meiotic and uninucleate microspores were below reasonable 
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detection levels (Tucker et al., 2017). It would be informative to analyse the expression by 

qRT-PCR of all seven nsLTPs present within these QTL intervals, particularly within the ms1c-

P5 x Gladius individuals, considering this particular genetic background exhibits homozygote 

mutant self-fertility. Anthers containing pre-meiotic to meiotic microspores would need to be 

assessed. 

Interestingly, Wang et al. (2017) recently suggested that TaMs1 homeologues from -A and -D 

genome sequences were epigenetically silenced due to hypermethylation of their promoters 

in allohexaploid wheat. While no DNA methylation in TaMs1 orthologue promoters was 

observed in diploid and tetraploid ancestors, and these orthologues were shown to be 

expressed. Therefore, TaMs1 (B genome) dominance in allohexaploid wheat is likely due to 

epigenetic repression of its homeoalleles. Moreover, no deleterious SNP was detected in the 

coding sequence of TaMs1-A and -D genome sequences (Figure S2). Taking together, we 

suggest that both homeoalleles represent strong candidates for the modifier genes. Other 4B 

deletion male sterile mutants have been previously reported, this include the ditelosomic 4BL 

line and, ms1a (spontaneous mutant cv. Pugsley) and ms1b (ionising radiation mutant, cv. 

Probus) which both contain a 4BS deletion smaller than ms1c (4BS-8, cv. Chinese Spring (CS))  

(Pugsley and Oram, 1959; Fossati and Ingold, 1970; Joshi et al., 2014). All these mutant lines 

were reported to be completely male sterile. However, the selfed-progeny between the 

ditelosomic 4BL (4BS-8) and the cultivar Norin 61 (N61) resulted in fertile 4BS deletions lines 

(Joshi et al., 2013). Some nullisomic-4B lines were found fertile among F2 plants derived from 

a cross between CS and monosomic line of N61, suggesting the presence of a modifier gene 

on a chromosome other than 4B in N61 background (Joshi et al., 2014). A targeted DNA 

demethylation approach (i.e. CRISPR-based approach, Xu et al., 2016) could provide evidence 

for an epigenetic regulation and correct function of TaMs1 homeologues. 

Furthermore, allopolyploidization has been shown to be associated with gene silencing in A. 

thaliana and wheat (Comai et al., 2000; Lee and Chen, 2001; Madlung, 2002). Homeologous 

gene silencing in newly synthesized polyploids occurs at a frequency of 5 % in wheat from 

early stages of allopolyploid formation (Kashkush et al., 2002) and 7-8 % of genes in 

established wheat hexaploids. In each of these cases, gene silencing was shown to be 

associated with cytosine methylation. Similarly, aneuploidy (loss of whole chromosomes, 

chromosome arms, or variable sizes of chromosomal segments (Tang and Amon, 2013) 

resulted in extensive changes of gene expression and chromatin condensation resulting from 
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epigenetic mark modifications (Huettel et al., 2008; Gao et al., 2016). In wheat, these 

epigenetic changes were studied using whole-chromosome aneuploidy of 1A, 1B and 1D (Gao 

et al., 2016). Monosomic 1A lines were observed to contain significantly lower total GC 

methylation than WT and that this alteration in DNA methylation was heritable. This suggest 

a possible transcriptional activation of genes within the demethylated regions. However, the 

chromosomal location of loci with DNA demethylation changes in these aneuploidy lines could 

not be precisely identified. How the loss of a whole-chromosome or chromosome fragment 

affect the transcriptional regulation of their homeologue counterparts in polyploid species 

remains largely unknown. Interestingly, the conversion from hexaploid wheat (BBAADD) to 

extracted tetraploid wheat (BBAA) results in viable plants (Zhang et al., 2017). This possible 

ploidy-reversion suggests a conservation of integrity of the sub-genomes.  

A pilot experiment of whole-genome demethylation did not induce fertility restoration of 
ms1d lines 

DNA methylation plays an important role in regulating gene expression, with DNA methylation 

preventing gene expression and DNA demethylation conferring relative gene activation 

(Vanyushin et al., 2002). This epigenetic regulation of gene expression was in part 

demonstrated by the use of the demethylation reagent 5-azaC, an analogue of cytosine that 

cannot be methylated at the 5’ position. It has been shown to activate transcriptionally 

repressed genes (Jones, 1985; John and Amasino, 1989; Klaas et al., 1989; Weber and 

Graessmann, 1989). Differences in ripeness, height and number of tillers were the most 

striking reported effect of 5-azaC treatment of triticale seeds (Heslop-Harrison, 1990; Amado 

et al., 1997). The meiotic transmission of hypomethylation is thought to result from the 

demethylation of loci controlling phenotypic traits (Vyskot et al., 1995). To study a potential 

epigenetic regulation of self-seed set, we treated ms1d seeds with the DNA demethylation 

agent, 5-azaC. Germinating seeds treated with 5-azaC showed significant reduction in root and 

coleoptile growth. Such inhibiting effects of 5-azaC have already been reported for wheat  

(Aleksandrushkina et al., 1989; Shkute and Stivrina, 2005). The 5-azaC treatment did not 

induce self-fertility in ms1d mutants (Table 3). The lack of induced self-fertility by 5-azaC 

would either suggest that the chemical dosage was not sufficient or that self-fertility is not 

responsive to demethylation. Additionally demethylation may not have persisted through till 

anthesis and seed-set considering is has previously been reported to occur from early 

meristem development through to early flowering (Yang et al., 2015). It is also worth noting 

that only four 5-azaC-treated homozygote ms1d mutant seeds were grown to maturity, 



Chapter 5: Towards identification of a fertility modifier in the wheat ms1 mutant 

 

150 
 

therefore this sample size is small for which no definite conclusion can be drawn. To confirm 

the results obtained in this study, an increased number of replicates (>20 homozygote ms1d 

plants) and doses would be required. In addition, whilst the 5-azaC treatment protocol 

conducted in this study has been successfully used to assess DNA degradation in triticale 

seedlings (Vanyushin et al., 2002; Shkute and Stivrina, 2005); an alternative treatment might 

be more appropriate for this study. For example, effects on flowering were studied using 5-

azaC diluted with ethanol and applied directly onto shoot apical meristems (Kondo et al., 2006, 

2007). Such an approach could provide a more direct assessment on self-fertility. 

In this study, we conducted a GBS-SNP linkage map and identified two QTL associated with 

the incomplete male sterility penetrance in ms1c-P5 x Gladius F2 population. The developed 

markers within the QTL have potential use for counter-selecting these self-fertility inducing 

loci in a hybrid breeding program. Screening more F2 individuals will allow us to narrow down 

the QTL intervals and identify any potential additional loci. 
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5.8 Additional files 

 
 Figure S1 | Box plots of the distributions highlighting the fertility scores from ms1 x varieties 
F2 individuals. Average fertility score was calculated from two or three heads per individuals. 
The fertility score distributions of the F2 populations are presented for ms1d x H45, ms1d x 
Mace, ms1d x Pastor, ms1d x Westonia, ms1d x Gladius and ms1c-P5 x Gladius. 

 

 

 

Figure S2 | Amino acid sequence alignment of TaMs1 and its homeologues. Multiple 
sequence alignment of TaMs1-A, TaMs1-B and TaMs1-D derived-genomes coloured by amino 
acid similarity.  
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Table S2 | Fertility scores from ms1c x Gladius F2 individuals. 
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Table S3 | List of candidate genes within QTL QMod-2B and QMod-4A associated with the fertility restoration in ms1c x Gladius F2 population. 
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Chapter 6  
General discussion 

This PhD project was designed to: 

 

1. Understand the biological function of TaMs1 in pollen exine development. 

2. Investigate male sterility penetrance of ms1 mutant alleles across germplasm and 

identify candidate genes for incomplete sterility penetrance. 

3. Identify nsLTPs within the wheat genome (cv. Chinese Spring), and analyse their gene 

structure, expression and evolution of family members. 

4. Identify additional wheat nsLTPs involved in pollen and anther development. 

The main empirical findings are chapter-specific and are presented and discussed in each 

chapter/paper. 

This chapter discusses the significance of outcomes generated in this PhD project with 

considerations for future research directions. 

 

Non-specific lipid transfer proteins (nsLTPs) and pollen development 

 

Increasing our understanding of the process of pollen development is of great interest for yield 

improvement through hybrid breeding. Morphology of anthers and pollen grains show 

considerable similarities across monocots and dicots. A high degree of conservation of the 

regulatory pathways controlling the development of these reproductive organs has also been 

observed and previously described in A. thaliana and rice (Ariizumi and Toriyama, 2011; Zhang 

and Yang, 2014; Gómez et al., 2015). Among these pathways, lipid metabolism represents an 

important regulatory network for pollen wall development. It involves the biosynthesis of 

sporopollenin within the tapetal cells and its subsequent transport to the developing 

microspores. The suggested function of nsLTPs for cargo transport of sporopollenin precursors 

from the tapetal cells to the developing microspores has been reported based on analyses of 

nsLTPs knock-out mutants and the fact they often result in defective exine and therefore male 

sterility (Zhang et al., 2010; Huang et al., 2013; Edstam and Edqvist, 2014; Tucker et al., 2017; 

Wang et al., 2017). Taken together these studies describe in detail phenotypic defects in 

pollen development, expression profiles of nsLTPs and their likely lipid binding activities. 

In this PhD project, the characterisation of TaMs1 provides valuable information toward 

understanding the role of this protein within the biological process of pollen wall formation 

(Chapter 3). TaMs1 was reported to be expressed in anthers containing pre-meiotic 
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microspores, which was unexpected considering the genes deemed necessary for the 

production and transport of sporopollenin precursors were shown to be up-regulated at a 

later meiotic stage (Chapter 3). This finding is suggestive of a role for TaMs1 very early in the 

process of sporopollenin deposition onto the developing exine. Sporopollenin build up 

requires correct primexine and callose wall formation that subsequently provide receptive 

substructures for sporopollenin deposition (Ariizumi and Toriyama, 2011). Whilst no 

phenotypic defects were observed in ms1 callose structures relative to wild-type (Tucker et 

al., 2017; Wang et al., 2017), an in-depth analysis of primexine development may provide 

evidence of the function of TaMs1 in the formation of this layer. However, the timing of gene 

expression does not always directly relate to the timing of protein function, as proteins are 

often subject to post-translational modification or regulation. TaMs1, for instance has a GPI-

anchor, which has been demonstrated to be essential for its function (Tucker et al., 2017; 

Wang et al., 2017). GPI-anchor proteins are typically subject to the specific activity of a suite 

of phospholipases (Low, 1989). Therefore one could hypothesise that TaMs1 is secreted to the 

tapetum cell surface at pre-meiosis, but the protein would only be released through the 

activity of a phospholipase at a stage latter in development, co-ordinating with the presence 

of sporpollenin precursor gene expression. At this point, lipidic precursors would be bound 

and transported by TaMs1 from the tapetal cell surface to the microspore cell surface. 

Alternatively, in addition to the role of GPI anchors as membrane tethers, they are suggested 

to act as determinants of signalling activity (Saha et al., 2016). GPI-anchored proteins have 

been reported to be associated with lipid rafts which organise the plasma membrane into 

smaller domains that can serve as platforms for signal transduction (Rajendran, 2005). GPI-

anchors may act as an intermediary between the exterior cell surface and internal molecules, 

resulting in Ca2+ fluxes, protein tyrosine phosphorylation or cytokine secretion (Robinson, 

1997; Jones and Varela-Nieto, 1998). Despite the fact that GPI-anchors do not completely 

cross the cell membrane, it is hypothesized the signal transduction occurs through raft-

associated interactions with other transmembrane proteins involved in intracellular signalling 

(Simons and Toomre, 2000). In order to determine whether TaMs1 functions either as a 

transporter of sporopollenin precursors or as a signalling molecule, further research is 

necessary. Particularly studies that investigate TaMs1 subcellular localisation and targeting in 

planta. For this purpose, the use of a fluorescent translational reporter or immunological 

detection of TaMs1 in anthers could be undertaken.  



Chapter 6: General discussion 

 

165 
 

Toward a cost-effective hybrid seed production platform in wheat 

The rate of yield gain in wheat has declined in many areas of the world, and is predicted to be 

aggravated by climate change. Increasing productivity whilst having an environmentally 

sustainable food system will predominantly rely on the breeding of new high-performance 

varieties. The use of hybrids represents a promising approach to increase yield potential and 

yield stability in wheat. An important prerequisite for the large-scale commercial deployment 

of wheat hybridization platforms is the need for sufficient heterotic  yield advantage that can 

counteract the high costs of hybrid seed production to obtain an attractive commercial return 

on investment (Oettler et al., 2005; Longin and Würschum, 2014). Reducing hybrid seed 

production costs relies on efficient and inexpensive systems to multiply male sterile lines and 

promote outcrossing (Whitford et al., 2013; Chapter 2). Several platforms for producing hybrid 

seeds are commercially available and either rely on chemical hybridizing agents (CHA) or 

cytoplasmic male sterility (CMS). However, the use of such systems account for only 1% of the 

cultivated wheat area. A proposed alternative relies on the use of a non-conditional nuclear-

encoded recessive male sterile which has the advantage of overcoming many of the limitations 

inherent to the use of CHAs or CMS. For example, the use of an NMS-based system does not 

require chemical applications to induce male sterility. Chemical application under field 

conditions can be unreliable as both application and efficacy are highly dependent upon the 

weather. Furthermore, all wheat genotypes can effectively restore fertility to recessive male 

steriles in the F1 therefore broadening germplasm base utility. This contrasts with alloplasmic 

lines where often many loci need to be introgressed and tracked to ensure full fertility 

restoration in the F1. Additionally NMS systems do not possess yield penalties often inherent 

to CMS-based systems. In rice and maize, a NMS-based platform called “seed production 

technology” (SPT) has been successfully implemented for large scale and cost-effective 

production of hybrid seed. The development of a similar platform in wheat was previously 

limited by the lack of genic identification of a non-conditional nuclear encoded male sterile; 

which was recently overcome with the identification of TaMs1 (Tucker et al., 2017; Wang et 

al., 2017).  

The discovery of TaMs1 represents a key step toward the development of a SPT hybridisation 

platform in wheat; nevertheless, much research and development remains to be done before 

large-scale commercialisation becomes feasible. The development of genetically distinct 

heterotic pools is critical towards maximising heterotic yield potential (Longin et al., 2012). In 
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order to effectively exploit this germplasm base for heterosis, complete penetrance of the 

nuclear recessive male sterility is needed across the female germplasm pool. This study, for 

the first time, demonstrated variability in male sterility penetrance dependent upon 

background and mutant allele (Chapter 5). Based on the mutants investigated in this study, it 

was concluded that further research is crucial in order to identify, breed or engineer additional 

mutant alleles or combinations thereof in order to induce the necessary degree of sterility 

penetrance across germplasm. Here, a hybridization platform based on ms1 male sterility 

would need to ensure the production of at least 90 % F1 hybrid seed across a range of 

environments prior to deployment of the platform internationally (OECD, 2018). 

The SPT platform results in the production of non-GM F1 hybrids but also relies on a transgenic 

maintainer line (Wu et al., 2016). The use of transgenic lines in the field would instil an 

additional cost to production considering the requirements of biotechnology trait 

deregulation. The cost of a biotechnological trait was estimated at $136m between 2008 and 

2012 (survey involving BASF Corporation, Bayer CropScience, Dow AgroSciences, Dupont-

Pioneer Hi-Bred, Monsanto Company and Syngenta AG; (Mcdougall, 2011)). While the step of 

gene discovery accounted for an estimated 22.8 % of the total costs and 23.0 % of the time 

from project initiation to commercialisation, regulatory processes are estimated to account 

for 25.8 % of the cost and 36.7 % of the total time (Figure 1).  

Figure 1 | Timeline, activity stages and costs for biotech crop discovery and development 
(image modified from Mcdougall, 2011). 

 

Wheat’s floral architecture strongly favours self-pollination. Converting wheat to an obligate 

cross-pollinator is necessary for efficient hybrid seed production. In contrast to maize and rice, 

one disadvantage of wheat is the limited amount and dispersion of pollen (Pickett, 1993). This 
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would require the use of a large ratio of male versus female lines to produce hybrids, thereby 

resulting in a higher cost of hybrid seed production (Kempe and Gils, 2011). In addition, 

making hybrid wheat seed is also limited by pollen viability with its longevity being 

approximately 0.5-3 h compared to 72 h for rye (Fritz and Lukaszewski, 1989). Hybrid seed 

production in wheat is not only constrained by pollen number and viability, but is also 

restricted in stigma receptivity duration. For instance, whilst male-sterile plants have florets 

fully open for 6 days in the absence of cross-pollination, the stigma receptivity decreases 

rapidly post anthesis (De Vries, 1971; Okada et al., 2018). As a consequence, hybrid breeding 

requires an optimized nick of flowering time in parental pairs in order to ensure cross-

pollination (Pickett, 1993). Research towards the development of male and female idiotypes 

is required in order to reduce the cost of hybrid seed production (Whitford et al., 2013). In 

this case male parents would be taller with high anther extrusion producing large quantities 

of pollen that are easily dispersed by wind over large distances. The female would be shorter 

with open florets, long stigmatic branches and hairs that are receptive for extended durations. 

Variation in these traits relevant for successful hybridization have been reported, suggesting 

that substantial research could allow breeding of desired traits into germplasm of interest 

(Virmani and Edwards, 1983; Pickett, 1993). 

Heterotic yield gain in wheat was shown to be limited relative other species. For instance, an 

estimated heterotic yield gain of approximately 10 % has been reported in wheat (Jiang et al., 

2017), whilst a yield improvement of 55 % has been observed in rice and 68 % in foxtail millet 

(Siles et al., 2004; Chen and Liu, 2014). The lower yield benefits observed in wheat could be 

explained by its genomic composition. Bread wheat is an allohexaploid containing three 

closely related genomes (AABBDD, 2n = 6x = 42) (IWGSC, 2014). Its polyploidy nature causes 

some degree of epistatic interactions between genes and sub-genomes resulting in 

homoeologous gene silencing and differential gene expressions. Such epistatic interactions 

are analogous to what has been observed during heterosis and has been termed “fixed 

heterosis” (Ellstrand and Schierenbeck, 2000; Mochida et al., 2003). In short, wheat could 

already be expressing heterosis due to its polyploid state. The presence of three 

homoeologous alleles in elite varieties may already impart significant hybridity, and therefore 

subsequent crosses perhaps may fail to bring in as much desirable hybridity across all loci 

compared to other species such as rice and foxtail millet. 
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Overall, stable yield improvement offered by wheat hybrids have to be justified in the context 

of longer breeding times and larger breeding pools which ultimately contribute to higher costs 

of seed production. The higher capital investment of buying hybrid seed relative to inbred 

seed could be a major constraint for hybrid adoption by farmers. Furthermore, because self-

pollination of hybrids results in yield reduction and loss of uniformity due to inbreeding 

depression (Charlesworth and Willis, 2009) farmers would need to buy new seed every 

planting season in order to ensure consistency of production. Moreover, while hybrids might 

perform well under optimum growing conditions, inadequate use of fertiliser inputs or poor 

irrigation systems could result in little yield advantage relative to conventional inbred lines. 

This could pose an additional commercial risk for farmers.  

 

Improvement of crop breeding technologies  

Increasing yield potential through hybrids may be a promising approach to rise the yield 

potential of wheat.  Nevertheless, concurring approaches are required to ensure a sustainable 

yield increase. The development of pre-selection methods to predict best hybrids in the field 

would allow the acceleration of selection gain, save time and resources that can be focussed 

on materials predicted to harbour this higher yield potential  (Mühleisen et al., 2014; Longin 

et al., 2015). The development of the integrative “omics” technologies represents valuable 

tools for plant breeding and are gaining more popularity as the cost of applying these 

technologies decreases. One clear example of this is the implementation of genomic selection 

(GS) in many crops. This has emerged from the significant reduction in cost for genotyping and 

sequencing combined with the development and accessibility of software for prediction of 

benefit. Alongside genomics, the ascent of high-throughput phenotypic screening into 

breeding schemes enables more accurate prediction of elite lines (Brown et al., 2014; Cooper 

et al., 2014). Another example is the use of metabolomic data for trait prediction 

(Riedelsheimer et al., 2012). 

Additionally, another major advance is the development of speed breeding to accelerate the 

rate of crop improvement (Watson et al., 2018). By growing cereals in a controlled-

environment room with extended photoperiod (22 hours light/2 hours dark), the authors 

demonstrated the possibility to achieve up to 6 generation cycles per year instead of the 2 – 

3 generations usually obtained for wheat in common glasshouse conditions (10 – 16 hours 
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photoperiod). Further, a theoretical framework reducing the generation cycle down to one 

week was proposed by (De La Fuente et al., 2013). This was proposed through rapid cycles of 

meiosis and mitosis in vitro. Although this approach is not currently feasible for any crop due 

to technological limitations, it could revolutionize the speed of the breeding process. Lastly, 

genome editing represents a promising technology to introduce precise mutations into plant 

genomes (Gao, 2018). This offers tremendous potential to rapidly breed lines with desired 

traits. One example is the use of CRISPR/Cas9 for generation of powdery mildew resistance in 

wheat (Zhang et al., 2017). 

 

International collaborations 

Increasing crop productivity is a long and costly process that would require collaborative 

efforts. This is especially relevant for wheat in which the implementation of genomic tools has 

lagged behind compared to other cereals such as maize and rice, mostly due to its large 

genome size (17 Gb), its hexaploid nature and high content of repetitive DNA (IWGSC, 2014). 

In order to accelerate wheat improvement, a reference sequence for wheat was much 

needed. In 2005, the International Wheat Genome Sequencing Consortium (IWGSC) was 

established from a collaboration of 64 countries. In 2008, this led to the first physical map of 

the 3B chromosome and to the production of a first draft genome of cv. Chinese Spring in 

2014 (Paux et al., 2008; IWGSC, 2014). Finally, in 2018, a high-quality reference sequence cv. 

Chinese Spring, IWGSC Ref 1.0 was released. These developments have, and will, enable more 

rapid genetic marker development, more precise breeding and quicker cloning of genes 

relevant to agriculture. The reference genome sequence also provides opportunity to deepen 

our understanding of the evolution and function of the gene families for wheat development 

(Chapter 5). 

In order to further co-ordinate efforts among researchers, funding organisations and 

governments, the Wheat Initiative (www.wheatinitiative.org) was established in 2011. The 

Wheat Initiative aims to promote collaborative research towards the increase of yield 

potential and yield stability, increase the sustainability of wheat production systems and 

ensure the supply of high quality varieties across the world. It also facilitates the exchange of 

knowledge within the wheat research community by providing accessibility to wheat omics 



Chapter 6: General discussion 

 

170 
 

datasets and analytic tools. Coordinated efforts will undoubtedly help accelerate wheat 

research in the coming years.  

 

The challenges of reaching sustainable food security 

Despite recent productivity gains, the agricultural production system is failing to meet the 

population demand. Approximately 800 million people are lacking access to food and do not 

meet the daily energy requirement (Liu, 2017). Meanwhile, increasing population and 

consumption is raising pressure for the intensification of agriculture systems that already 

account for 24% of the global greenhouse gas (GHG) emissions (IPCC, 2014). In addition, these 

GHG emissions are a likely cause of climate change which is projected to jeopardize global 

food production (Porter, 2014). Therefore, increasing yield alone is unlikely to solve food 

security in the long run and concurrent strategies need to be developed (Foley et al., 2011). 

First, with the recent increase in agriculture productivity, it is estimated that enough food is 

produced to meet the dietary needs of the entire population (Liu, 2017). However, due to 

overconsumption of the wealthiest countries, political instabilities, inequality in incomes and 

food accessibility, hundreds of millions of people are undernourished. Reducing disparities in 

income both globally and within-countries along with improved food distribution access are 

key steps toward eradicating hunger. Second, over 30% of all food intended for consumption 

is lost or wasted along the food chain; this occurs at all steps from production to consumption 

in both low- and high- income countries (HPLE, 2014) . Reducing food losses and waste would 

increase food supply viability and strengthen food security. Third, only 62% of the global crop 

production is allocated to human food, and less efficiently, about one third is used for animal 

feed. In US, where meat accounts for a large part in diet, shifting dietary habits by replacing 

all animal-based products by plant-based alternatives is projected to feed an additional 350 

million people. This represents more benefits than eliminating all food waste from the supply 

chain (Shepon et al., 2018). While it is possible to meet the dietary requirements of an 

individual in a plant-based diet, it can be challenging to achieve this for an entire population 

(White and Hall, 2017). Overall, to ensure food security and environmental sustainability, no 

single strategy is sufficient, and solving global agricultural challenges would require integrated 

policy approaches at national and international levels.  
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