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Abstract 

 

During the early stages of meiosis, three key processes occur: chromosome 

pairing, synapsis and DNA recombination. Chromosomes are first replicated 

during interphase, after which they are aligned together in a non-random fashion 

to enable the installation of the synaptonemal complex (SC) along the 

chromosome axes leading to synapsis. Recombination machinery then enables 

strand invasion to occur, which then leads to the formation of chiasmata and 

ultimately, genetic recombination. Meiosis is further complicated in organisms 

with multiple genomes such as allohexaploid bread wheat (Triticum aestivum L.) 

which has three genomes (inherited from similar yet distinct progenitors), each 

with seven chromosomes. Thus a large number of proteins are likely to be 

required for the successful execution of this biological process.  

 The first approach in this study used proteomics to identify proteins that 

have possible roles during the early stages of wheat meiosis. Total protein 

samples isolated from staged meiocytes (specifically from pooled stages of pre-

meiotic interphase to pachytene and from telophase I to telophase II) of wild-type 

Chinese Spring and the Pairing homoeologous deletion mutants, ph1b and ph2a, 

were analysed by 2-dimensional gel electrophoresis (2DGE). This resulted in 

identifying six differentially expressed protein spots (designated KK01 to KK06); 

from which three full-length coding sequences and one partial coding sequence of 

the candidate genes encoding these proteins were isolated (a putative speckle-type 

POZ protein, a pollen-specific SF21-like protein, a putative HSP70-like protein, 

as well as a partial hexose transporter peptide). Southern blot analysis revealed 

that these genes were spread across four different chromosome groups (2, 7, 5 and 



 XXI 

1 respectively) with a copy on each of the three genomes (A, B and D). Q-PCR 

analysis of these four genes across the two pooled meiotic stages and various 

genotypes suggests that both KK01 and KK06 have roles during the early stages of 

meiosis and that they may be directly/indirectly regulated by a combination of 

elements within the Ph1 and Ph2 loci. The high level of KK03 mRNA transcript 

detected in the later stages of meiosis is consistent with its role as a pollen-

specific protein-encoding gene. In contrast, KK04 expression suggests that it is 

post-transcriptionally regulated resulting in KK04 being translated in the ph2a 

mutant. Both the speckle-type POZ protein and putative dnaK/HSP70 protein 

were also shown to interact with DNA in vitro. 

 The second approach of this study focused on isolating and characterising 

wheat homologues of two known meiotic proteins, namely PHS1 and ZYP1. In 

the maize PHS1 mutant Zmphs1-0, homologous chromosome pairing and synapsis 

are significantly affected, with homoeologous chromosome interactions occurring 

between multiple partners. More recently, co-immunolocalisation assays using 

anti-PHS1 and anti-RAD50 antibodies showed that both proteins had similar 

localisation patterns in the wild-type maize plants and that RAD50 localisation 

into the nucleus was affected by the absence of PHS1 thus implicating PHS1 as a 

regulator of RAD50 nuclear transport. In this study, the full-length coding 

transcript of wheat PHS1 (TaPHS1) was isolated, sequenced and characterised. 

TaPHS1 is located on chromosome group 7 with copies on the A, B and D 

genomes. Expression profiling of TaPHS1 in both wild-type and the ph1b mutant 

during and post-meiosis show elevated levels of TaPHS1 expression in the ph1b 

background. The TaPHS1 protein has sequence similarity to other plant 

PHS1/PHS1-like proteins but also possesses a unique region of oligopeptide 
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repeat units. DNA-binding assays using both full-length and partial peptides of 

TaPHS1 show conclusively that TaPHS1 is able to interact with both single- and 

double-stranded DNA in vitro, even though no known conserved DNA-binding 

domain was identified within the TaPHS1 sequence, indicating TaPHS1 possesses 

a novel uncharacterised DNA-binding domain. Immunolocalisation data from 

assays conducted using an antibody raised against TaPHS1 demonstrates that 

TaPHS1 associates with chromatin during early meiosis, with the signal persisting 

beyond chromosome synapsis. Furthermore, TaPHS1 does not appear to co-

localise with the asynapsis protein – TaASY1 – possibly suggesting that these 

proteins are independently coordinated. Combined, these results provide new 

insight into the potential functions of PHS1 during early meiosis in bread wheat. 

 Similar to PHS1, Arabidopsis knock-down mutants of ZYP1 also display 

non-homologous chromosome interactions. ZYP1 has previously been 

characterised as a SC protein required for holding homologous chromosomes 

together in other species. In this study, the full-length coding sequence of the 

wheat ZYP1 (TaZYP1) homologue was isolated, sequenced and characterised. 

Expression of TaZYP1 analysed by Q-PCR across wild-type, ph1b and multiple 

Taasy1 mutants during meiosis showed an approximate 1.3-fold increase in the 

ph1b mutant. In addition, DNA-binding assays demonstrate that TaZYP1 interacts 

with dsDNA under in vitro conditions while immunolocalisation (using an anti-

TaZYP1 antibody) across wild-type, ph1b and Taasy1 revealed the spatial and 

temporal localisation pattern of TaZYP1. Taken together, these results show that 

TaZYP1 plays an identical role to its homologues in other species as a SC protein 

and is affected by reduced levels of TaASY1 in wheat. 



 XXIII 

 This body of work utilised a two-pronged approach to investigate meiosis 

in wheat with the overall outcome of identifying new meiotic proteins as well as 

characterising the wheat equivalents of two known meiotic proteins previously 

reported in other organisms. To this end, two previously uncharacterised wheat 

proteins with possible roles (involving interactions with chromatin) during 

meiosis have been successfully identified using the proteomics approach while 

both TaPHS1 and TaZYP1 have been characterised with antibodies raised against 

both these proteins. The characterisation of TaPHS1 and its DNA-binding 

capabilities, both in vitro and in planta, has shed light on a previously unknown 

function of the PHS1 protein while the localisation profile of TaZYP1 in Taasy1 

mutant lines has contributed to our understanding of how ASY1 levels can affect 

chromosome pairing in wheat. 
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Abbreviation  Full term 

2DGE    2-dimensional gel electrophoresis 

3'    three prime 

5'    five prime 

9mer     9 base pair nucleotide 

α-dCTP     alpha-deoxycytidine triphosphate 

ºC    degrees Celsius 

AFD1    Absence of First Division 1 

Amp     ampicillin 

At    Arabidopsis thaliana 

ASY1 ASYnapsis 1 

BCIP/NBT  5-bromo-4-chloro-3-indolyl phosphate/nitro blue 

tetrazolium 

BLAST    Basic Local Alignment and Search Tool 

Bo    Brassica oleracea 

bp    base pair 

BSA    Bovine Serum Albumin 

BTB    Bric-a-Brac, Tramtrack, Broad domain 

BW26    Bob White 26 cultivar of bread wheat 

CDK    Cyclin Dependent Kinase 

cDNA    complimentary deoxyribonucleic acid 

Ce    Caenorhabdatis elegans 

CHAPS   3-[(3-Cholanidopropyl)Dimethylammonio]-1 
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CL    cell lysate 

CT    cycle threshold 

cv.    cultivar 

D-A    diplotene to anaphase I pooled stage 

Da    Dalton 

DABCO   diazabicyclo-[2,2,2] octane 

DAPI    4',6-diamidino-2-phenylindole 

DIGE 2-dimensonal fluorescence difference gel 

electrophoresis 

DMC1    Disrupted Meiotic cDNA 1 

DNA    deoxyribonucleic acid 

dNTP    deoxynucleotide triphosphate 

ds    double-stranded 

DSB    double-stranded break 

DTT    dithiothreitol 

E    Expect value 

EBT    eriochrome black T 

EDTA    ethylene diamine tetra-acetic acid 

ELP1    Elongator Complex Protein 1 

EST    expressed sequence tag 

FISH    fluorescent in situ hybridisation 

FT    flow-through 

g    gram 

GAPDH   GlycerAldehyde-3-Phosphate DeHydrogenase 

Ha    Helianthus annuus 
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His    histidine 

hr    hour(s) 

Hs    Homo sapiens 

HSP70/70-2   Heat Shock Protein 70/70-2 

Hv    Hordeum vulgare 

HYP6    Hypothetical 6 

IgG    immunoglobulin G 

IEF    isoelectric focusing 

IPTG    isopropyl-1-thio-P-D-galactoside 

kb    kilobase 

KCl    potassium chloride 

kD    kilo Dalton 

L    ladder/molecular weight marker 

LB    Luria Bertani 

µL    microlitre 

µg    microgram 

µM     micromolar 

M    molar 

MATH    Mephrin and TRAF homology domain 

MALDI-TOF/TOF Matrix-Assisted Laser Desorption Ionisation Time-

of-Flight tandem mass-spectrometry 

Mb    megabase 

MCS    maleimidocaproyl-N-hydroxysuccinimide 

MES    2-(N-morpholino)-ethane sulphonic acid 

MFS    Major Facilitator Superfamily 
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mg    milligram 

Mm    Mus musculus 

mM    millimolar 

min    minute(s) 

MLH3    Mut L Homologue 3 

MND1    Meiotic Nuclear Divisions 1 

mRNA    messenger ribonucleic acid 

MRE11   Meiotic REcombination 11 

MRN    MND1-RAD50-NBS1 protein complex 

MSH4/5   MutS Homologue 4/5 

MS/MS   tandem mass spectrometry 

MW    molecular weight 

NaCl    sodium chloride 

NBS1    Nijmegen Break Syndrome 1 

NCBI    National Center of Biotechnology Information 

ng    nanogram 

Ni-NTA   nickel-nitrilotriacetic acid 

nm    nanometre 

NMR    nuclear magnetic resonance 

NT    nullisomic-tetrasomic 

ORF    open reading frame 

Os    Oryza sativa 

P    probability 

PBS    phosphate buffered saline 

PCR    polymerase chain reaction 
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Ph1/2    Pairing homeoelogous 1/2 

PHS1    Poor Homologous Synapsis 1 

pI    isoelectric potential 

PM-LP    pre-meiotic interphase to pachytene pooled stage 

PVP    polyvinyl pyrrolidone 

PVPP    polyvinyl polypyrrolidone 

Q-PCR    quantitative real-time PCR 

r    correlation coefficient 

R40    40 µg µL-1 RNAse in 1× TE 
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RNAi    RNA interference 
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s    second(s) 

Sb    Sorghum bicolor 

Sc    Saccharomyces cerevisiae 

SC    synaptonemal complex 

SDS    sodium dodecyl sulphate 
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SPO11    SPOrulation-deficient 11 
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Ta    Triticum aestivum 
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Chapter 1 – Literature review 

1.1 Meiosis and meiosis in bread wheat 

1.1.1 – A brief overview of meiosis 

Meiosis is a specialised cellular reduction-division process that is unique to 

sexually-reproducing organisms. It involves a single round of DNA replication 

followed by two consecutive rounds of chromosome segregation and cellular 

division, resulting in the generation of four haploid daughter cells from a single 

diploid cell. This process is important for the production of haploid gametes in 

sexually-reproducing species as it allows the correct amount of genetic material to 

be present in the diploid offspring. In addition, meiosis helps to generate genetic 

variation through the formation of new allelic combinations within offspring via 

homologous recombination and the independent assortment of chromosomes 

during during anaphase I (Pawlowski and Cande 2005). 

The process of meiosis can be broken into two broad stages with the first 

round of chromosome segregation and cellular division termed meiosis I, and the 

second termed meiosis II. In both meiosis I and II, the meiotic cell progresses 

through five main stages – prophase, metaphase, anaphase, telophase and 

cytokinesis. Prophase I can be further broken down into five sub-stages – 

leptotene, zygotene, pachytene, diplotene and diakinesis (Figure 1.1 A-E). During 

these sub-stages of prophase I, an array of complex and vital cellular events such 

as homologous chromosome pairing, synapsis of homologous chromosomes, 

homologous recombination of DNA, and crossing-over occur (Hamant et al. 
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2006). Given that these events occur in prophase I, its study is important in the 

quest to thoroughly understand meiosis. 

 

Figure 1.1 – The five sub-stages of prophase I followed by the major stages of 

meiosis in regal lily (Lilium regale). The five substages of prophase I (A – E): A) 

leptotene; B) zygotene; C) pachytene; D) diplotene; and E) diakinesis. This is followed 

by early metaphase I (F), late metaphase I (G), anaphase I (H), telophase I (I), interphase 

II (J); prophase II (K); metaphase II (L); anaphase II (M); telophase II (N); tetrads (O); 

and immature pollen (P). This figure has been adapted from McLeish and Snoad, 

Looking at chromosomes, 1958, Macmillan and Company Limited (Reproduced with 

permission of Palgrave Macmillan. This material may not be copied or reproduced 

without permission from Palgrave Macmillan). 

 

At pre-meiosis, the centromeres and telomeres cluster and attach to the 

nuclear envelope. During leptotene (the first sub-stage of prophase I), 

chromosome condensation is initiated and followed by the addition of 

  
                          NOTE:   
   This figure is included on page 2  
 of the print copy of the thesis held in  
   the University of Adelaide Library.
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proteinaceous structures, known as axial elements, along the chromosomes once 

the condensation process is complete (Zickler and Kleckner 1999). Structural 

changes of the chromatin between leptotene and zygotene are thought to initiate 

the formation of double strand breaks (DSBs) within the DNA that are required 

for homologous recombination to occur. Homologous chromosome pairing is 

initiated during zygotene when many essential proteins such as RAD51 

(RADiation sensitivity protein 51), ASY1 (ASYnapsis 1) and ZYP1 (Arabidopsis 

synaptonemal complex protein 1) are recruited to the chromosomes (Armstrong et 

al. 2002, Higgins et al. 2005). The addition of the central element to the axial 

elements during the transition period into pachytene completes the formation of 

the proteinaceous synaptonemal complex (SC), thus allowing homologous 

chromosome pairing and synapsis to occur (Heyting 1996, Heyting 2005, Moses 

1969, von Wettstein 1984). Completion of the SC and synapsis of the homologues 

in pachytene is then followed by diplotene where the SC disassembles causing the 

homologue juxtaposition effect to stop. However, the homologues stay connected 

as bivalents until metaphase I, joined together by the chiasmata that result from 

the crossing-over of the non-sister chromatid DNA strands (Page and Hawley 

2004). Chromosome condensation and thickening continues into diakinesis, the 

last sub-stage of prophase I. Upon completion of condensation, the chromosomes 

are detached from the nuclear envelope where they were initially tethered by the 

telomere bouquet. Resolution of the DNA double Holliday Junctions (dHJs) 

formed during the recombination process is thought to occur during late 

metaphase I or the very early part of anaphase I prior to separation of the 

individual chromosomes of each chromosome pair to separate poles of the cell 

(Page and Hawley 2004, Petronczki et al. 2003). Completion of the first meiotic 



 4 

division is followed by the second meiotic division, in which sister chromatids of 

each chromosome are separated to give rise to the four haploid daughter cells 

(Figure 1.1 O). Normal diploid chromosome numbers are restored upon 

fertilisation of the female gamete by a male gamete. 

 Meiosis has been extensively studied in model diploid organisms such as 

budding yeast, Saccharomyces cerevisiae (reviewed by Zickler and Kleckner 

1998; and references therein), and Arabidopsis (Arabidopsis thaliana) (Armstrong 

et al. 2003, Armstrong and Jones 2003, reviewed by Hamant et al. 2006, and 

references therein). Such research has led to the discovery of many complex 

biochemical, molecular and cytological processes that occur during diploid 

meiosis. This collective data has been used to piece together the various pathways 

that lead to cell commitment into meiosis as well as those that occur during 

meiosis to form a chronological model (reviewed by Hamant et al. 2006; and 

references therein). However, research on the meiotic processes of more complex 

polyploid species has yet to reach parity with that of diploid meiosis, leading to a 

subsequent gap in the knowledge-base of such organisms. 

 Although meiosis is relatively well-conserved in sexually-reproducing 

species; given that polyploid organisms contain two or more genomes per cell, a 

higher level of complexity during this already complex cellular process is likely 

(Moore 2002). With many cropping commodities, and up to 70% of all flowering 

plants being polyploids (Bowers et al. 2003, Masterson 1994), the need to 

understand meiosis in complex organisms such as bread wheat should therefore 

not be underestimated. 
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1.1.2 – Meiosis in bread wheat 

Bread wheat (Triticum aestivum) is one of the most commercially-important 

polyploid crops. The polyploidisation of bread wheat resulted through the fusion 

of three distinct, yet similar progenitor species: Triticum urartu (Riley 1975), 

Aegilops speltoides (Riley and Chapman 1958) and Aegilops tauschii (Riley 

1975); each donating the A, B, and D genomes respectively. However, some 

conjecture still remains as to whether A. speltoides is the B genome progenitor. 

Each progenitor genome contributes seven chromosome pairs to the genome 

complement of bread wheat giving a total of 21 chromosome pairs (42 

chromosomes) (Petersen et al. 2006). 

 Even though the A, B and D genomes within bread wheat originate from 

different progenitor species, the level of both gene content and gene order are 

highly conserved due to their relatedness. Inevitably, regions of varying genetic 

material do exist between the three genomes and normally occur in non-coding 

regions that consist largely of repetitive DNA sequences. Even so, the 

chromosomes of all three genomes genetically correspond with each other and are 

referred to as homoeologous chromosomes. This differs from homologous 

chromosomes which are chromosomes that share the same linear genetic 

sequence, gene order and repetitive DNA. In bread wheat, chromosomes 1A, 1B 

and 1D are homoeologues, while 1A and 1A are homologues. 

 Although bread wheat is an allohexaploid, it displays diploid behaviour 

during meiosis, whereby only homologous chromosome interactions are 

maintained. This occurs despite the high level of conservation of both gene order 

and content between corresponding chromosomes of the same groups but 

different genomes (e.g. between 1A, 1B, and 1D or between 4A, 4B, and 4D). 
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 Aragón-Alcaide and colleagues (1997) previously reported the presence of 

chromosomal associations occurring between homoeologous chromosomes and 

even non-homologous chromosomes in pre-meiotic stages, albeit generally within 

the centromeric regions of the interacting chromosomes. However, these 

associations did not persist beyond pre-meiotic interphase suggesting the presence 

of cellular surveillance mechanisms that detect and actively prevent non-

homologous chromosomal interactions from persisting beyond pre-meiotic 

interphase. Homoeologous chromosome pairing is detrimental as it results in 

multivalent associations and improper chromosome segregation at anaphase I. 

Consequently, it causes the production of non-viable gametes with unequal, and 

hence incorrect, haploid chromosome numbers. While research to uncover and 

understand the mechanisms that control homology searching/recognition between 

chromosomes as well as chromosome pairing within polyploids is occurring, 

many questions still remain unanswered. 

 Although researchers studying chromosome pairing in various diploid 

organisms can use single-copy probes targeted at specific sites of a chromosome 

pair to study the pairing behaviour of homologous chromosomes (Ding et al. 

2004, Fung et al. 1998, Kerzendorfer et al. 2006, Scherthan et al. 1996, Weiner 

and Kleckner 1994), this technique is not suitable for use in polyploid organisms 

such as bread wheat as polyploidisation has led to the presence of multiple copies 

of each gene. In the simplest case, at least two other alleles of a given gene are 

located on each of the two homoeologous chromosome pairs in addition to the 

two alleles found on the homologous chromosome pair, equating to six possible 

sites being visualised using this method (Martínez-Pérez et al. 1999); thus making 

interpretation difficult with regards to whether homologous or homoeologous 
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chromosomes are involved. Further complications arise when the large amount of 

genetic duplication that has occurred in the bread wheat genome is taken into 

account. Previous studies have shown large regions of gene duplication on both 

homoeologous and non-homologous chromosomes which could further increase 

the number of sites that are possibly visualised using a single-copy site-specific 

probe (Foote et al. 1997). 

 

1.2 – Meiotic processes 

Due to the complexity of meiosis, many cytogenetic processes have to occur 

before and during the process of meiosis to ensure the formation of normal viable 

gametes. The most important processes are pre-meiotic chromosome interactions; 

telomere bouquet formation; homologous chromosome alignment; formation of 

the proteinaceous SC; and recombination of DNA, synapsis and pairing. Needless 

to say, a plethora of proteins are required to function either in protein complexes 

or as individual molecules to ensure that these key processes are initiated and 

completed. 

 

1.2.1 – Pre-meiotic chromosome interactions 

 While observations of pre-meiotic chromosome interactions have been previously 

reported in some species, it does not appear to occur in the pre-meiotic interphase 

stage of all sexually-reproducing organisms. Some species that do display pre-

meiotic chromosome interactions include allohexaploid wheat and other members 

of the Triticeae family (Abranches et al. 1998, Martínez-Pérez et al. 1999, 

Schwarzacher 1997), budding yeast (S. cerevisiae) (Jin et al. 1998) and fission 
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yeast (Schizosaccharomyces pombe) (Chikashige et al. 2006). In these organisms, 

the chromosome centromeres congregate at one pole of the cell while the 

telomeres are spread out at the opposite pole. This pre-meiotic chromosome 

arrangement based on the interphase cell polarity is known as the Rabl 

configuration. In contrast, humans (Homo sapiens) (Scherthan et al. 1998) and 

maize (Zea mays) (Dong and Jiang 1998) are among the many organisms that 

display neither the pre-meiotic chromosome interactions nor the Rabl 

chromosome arrangement. 

 While budding and fission yeast share a similar pre-meiotic chromosome 

arrangement to that seen in bread wheat, a further level of complexity is present 

during the pre-meiotic association in wheat that is not normally seen in other 

species. During the initiation of telomere clustering at one pole of the cell, the 

centromeres are seen to form seven distinct clusters at the other pole of the cell. 

Both these events occur simultaneously just prior to entry of the cell into prophase 

I (Martínez-Pérez et al. 2003). The seven centromere clusters are also observed in 

diploid wheat progenitors suggesting their formation is independent of both the 

presence of homologous chromosomes and the number of genomes present 

(Martínez-Pérez et al. 2003, Martínez-Pérez et al. 2000). One possible 

explanation for this elaborate centromeric cluster association is to bring 

homologues into close proximity of each other for efficient DNA homology base 

searching. 

 The seven homoeologous centromere clusters persist throughout the 

formation of the telomere bouquet (discussed further in section 1.2.2), after which 

the centromeres elongate and form complex tripartite structures during the final 

formation of the telomere cluster. These tripartite complexes are thought to allow 
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resolution of any non-homologous centromere associations to ensure that only 

homologous centromere associations persist (Martínez-Pérez et al. 2003). Upon 

complete formation of the telomere cluster, the seven homoeologous centromere 

groups dissociate and appear as 21 paired homologous centromere groups. In 

wheat, this signals the onset of prophase I, the condensation of the diffused 

chromatin, and further pairing interactions along the length of each homologous 

chromosome pair. 

 

1.2.2 – Telomere bouquet formation 

During pre-meiosis, chromosomes remain unpaired along their lengths with the 

exception of centromeric and telomeric regions. The telomeres attach to the 

nuclear envelope randomly, actively brought to one pole of the cell, and 

subsequently arranged to form a tight cluster termed the telomere bouquet (Bass 

et al. 1997, Scherthan et al. 1998). The timing of this clustering occurs during late 

pre-meiosis/early leptotene in hexaploid wheat (Martínez-Pérez et al. 2003) and 

Arabidopsis (Armstrong et al. 2001) but differs between species. Previous studies 

in maize report that telomeric clustering and bouquet formation occur during the 

leptotene-zygotene transition in maize (Carlton and Cande 2002, Harper et al. 

2004), a much later stage compared to hexaploid wheat.  

 Telomere bouquet mutant analysis conducted in plants show that bouquet 

formation is not vital for the homologous chromosome pairing process to occur 

but seems to facilitate it (Hamant et al. 2006). By bringing the telomeres into 

close proximity with each other, the cluster may serve to keep homologous 

sequences in a small volume within the nucleus thus making the association of 

homologous telomeric and sub-telomeric regions easier. This is widely thought to 
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be part of the first step towards homologous chromosome recognition. Overall 

this results in more efficient pairing and synapsis of the homologues (Hamant et 

al. 2006, Martínez-Pérez et al. 1999). Indeed, maize mutant analysis conducted by 

Golubovskaya and colleagues (2002) shows that bouquet formation and 

homologous recombination are independent processes; but when coupled together 

lead to more efficient homologue pairing. 

 Telomere bouquet formation in fission yeast (S. pombe) has been proposed 

by Chikashige et al. (2006) to involve oscillation of chromosomes and the whole 

nucleus to bring the chromosomes together during what is known as the horsetail 

stage (Ding et al. 2004). While extensively studied in yeast, knowledge of the 

underlying mechanisms controlling telomere bouquet formation in cereals is 

relatively limited. One known difference between bouquet formation in fission 

yeast and plants is that cytoskeletal microtubules may play a different role. 

 Although Chikashige et al. (2006) hypothesise the use of cytoskeletal 

microtubules in the fission yeast model, no bouquet inhibition in the presence of 

microtubule depolymerising drugs such as amiprophos methyl (APM) was 

observed in rye (Secale cereale) (Cowan and Cande 2002). However colchicine, a 

known microtubule polymerisation inhibitor, was shown to inhibit bouquet 

formation even though the cytoskeletal microtubules were still present 15 hours 

post-colchicine treatment (Cowan and Cande 2002). This result suggests that in 

rye, and possibly plants in general, bouquet formation is not dependent on 

cytoplasmic microtubules and may occur via a different unknown cellular 

mechanism. This discrepancy serves to highlight that while meiotic processes in 

diploid organisms may be well-understood, the use of diploid meiosis models to 
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explain the same events in more complex organisms such as rye and wheat is not 

ideal. 

 

1.2.3 – Homologous chromosome alignment 

The formation of the homoeologous centromere clusters and their resolution into 

homologous centromere pairs, which occurs simultaneously with telomere 

bouquet formation, brings chromosomes within close proximity of one another. 

As previously discussed in section 1.2.2, this may lead to more efficient pairing of 

homologues by confining the chromosomes to a small volume within the nucleus 

thus making it relatively easier for the homologues to find and pair with each 

other. Upon entering into leptotene, rough alignment of homologous 

chromosomes is initiated in preparation for synapsis which occurs during 

zygotene (Schwarzacher 1997). The mechanism by which the rough alignment of 

homologous chromosomes occurs is not known though a number of mechanisms 

have been proposed. Wilson and colleagues (2005) suggested that it may occur by 

bringing specific DNA sequences located on homologues together at specific 

points, termed ‘rendezvous’ locations. The presence of highly-similar sequences 

such as telomeric and centromeric repeats, as well as highly-transcribed regions of 

DNA along both homologous chromosomes, is thought to facilitate the alignment 

process. Ribosomal RNA (rRNA) sequences present on certain chromosomes may 

also be utilised in this process (reviewed by Wilson et al. 2005; and references 

therein). 
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1.2.4 – Recombination, synapsis, and pairing 

Upon completion of rough chromosome alignment, further processes are initiated 

to bring homologous chromosomes into closer contact with one another. Intimate 

physical connections are required for correct alignment of chromosomes during 

metaphase I and subsequent segregation of the homologues during anaphase I. 

Previous work has shown that the mechanisms used to achieve this are species-

dependent. In organisms such as budding yeast (Peoples et al. 2002), Arabidopsis 

(Grelon et al. 2001), rye (Mikhailova et al. 2001) and maize (Ronceret et al. 

2009); the stable pairing of homologous chromosomes during meiosis is 

dependent on the mechanisms that control recombination and/or synapsis. This is 

in contrast to organisms such as fission yeast (Nabeshima et al. 2001) and worm 

(Caenorhabditis elegans) (Dernburg et al. 1998) that use processes independent 

of recombination and synapsis. 

 

1.2.4.1 – Recombination and its effects on chromosome pairing 

Homologous recombination of DNA is initiated by the formation of programmed 

double-stranded breaks (DSBs) of DNA. Previous research has shown that at least 

ten gene products are required for this process, namely: SPO11, RAD50, MRE11, 

NBS1, MEI2, MER2, REC102, REC104, REC114 and SKI8 (Hamant et al. 2006, 

Keeney 2001, Nag et al. 2006). 

 Szostak and colleagues (Szostak et al. 1983) initially proposed the classical 

recombination double-strand break repair (DSBR) model based on their findings 

in yeast and animal cells. In this model, recombination is initiated by a DSB that 

normally occurs in the non-sister chromatids of bivalents during meiosis. The 

DSB is caused by SPO11 (SPOrulation 11), a type II topoisomerase with in-built 
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transesterase activity, with the assistance of other proteins (Klapholz et al. 1985). 

In the plant kingdom, SPO11 has been identified in several species; however, 

several homologues of SPO11 have typically been identified within any given 

species. Arabidopsis is one such example, where three homologues of SPO11 

have been isolated. Even so, only one (AtSPO11-1) has been shown to be 

involved in catalysing or causing the DSB formation in meiotic recombination to 

date (Grelon et al. 2001, Hartung and Puchta 2000, Hartung and Puchta 2001). 

 In Arabidopsis, the DSB is then resected from 5' to 3' by the AtRAD50-

AtMRE11-AtNBS1 (Arabidopsis thaliana RADiation sensitivity protein 50 - 

Arabidopsis thaliana Meiotic REcombination 11 - Arabidopsis thaliana Nijmegen 

Breakage Syndrome 1) protein complex forming 3' single-stranded overhangs on 

the ends of the DNAs (Bleuyard et al. 2004, Daoudal-Cotterell et al. 2002, 

Waterworth et al. 2007). Recombinase proteins such as RAD51 (RADiation-

sensitive mutant 51) and DMC1 (Disrupted Meiotic cDNA 1), as well as other 

associated proteins are then recruited and loaded onto the single-stranded DNA 

(reviewed by Shinohara and Shinohara 2004; and references therein). Both 

RAD51 and DMC1 promote strand invasion, with DMC1 being vital for 

facilitating inter-homologue recombination (Schwacha and Kleckner 1997). A 

multitude of proteins interact to regulate this recombination process and help in 

the regulation of RAD51 and DMC1 activity (reviewed by Hamant et al. 2006; 

and references therein). In addition to its function as a recombinase; previous 

research conducted using nuclear magnetic resonance (NMR) imaging of the 

DNA-RAD51 nucleoprotein filament structure (Nishinaka et al. 1998), as well as 

in vitro DNA pairing assays, have shown that RAD51 is capable of homology 

searching and can promote homologous chromosome pairing over regions of 



 14 

DNA several kilobases in length (Eggler et al. 2002). 

 Upon completion of DMC1/RAD51 loading onto the 3' single-stranded 

DNA, one strand then invades the intact homologous double-stranded DNA of the 

partnering chromatid causing the formation of the D-loop. DNA repair synthesis 

of the invading strand commences using the intact DNA strand as the template. 

The second broken strand of DNA from the DSB follows the same process 

resulting in the formation of the double Holliday junction (dHJ). This process of 

strand invasion and the formation of the dHJ has been postulated as the 

mechanism by which the chromosomes are brought into intimate juxtaposition 

with one another thus bringing the homologues close enough to facilitate the 

installation of the proteinaceous elements of the synaptonemal complex (SC) and 

complete synapsis (Chen et al. 2004, Wilson et al. 2005). Resolution of the dHJ 

occurs during late metaphase I/early anaphase I by the cutting of the DNA on 

alternative strands. Crossover or non-crossover of genetic material is thus 

dependant on which strands are cut. 

 Alternatively, Bishop and Zickler (2004) hypothesised that the choice of 

which DNA strands are cut could be pre-determined in the early stages of 

recombination. They hypothesised the Early Crossover Decision model (ECD) 

that suggests there may be two different pathways after the D-loop formation, 

with the decision of which pathway is to be taken made much earlier. The first 

pathway leads to formation of the dHJ followed by its resolution resulting in a 

crossover event while the second pathway involves the repaired invading DNA 

strand dissociating from the intact template strand, re-annealing to the other 

broken end, and DNA repair synthesis rejoining the two strands. This restores the 

chromosome leading to a non-crossover event (Bishop and Zickler 2004, Borner 
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et al. 2004, Haber et al. 2004).  

 In either model, a vast number of proteins are required to function 

individually as well as in protein complexes to ensure that the processes of 

homologous recombination, homologue juxtaposition, and homologue pairing are 

achieved correctly. While some of these proteins have already been identified, 

many yet remain to be identified. Of those that have been identified, the roles of 

many of these proteins and/or complexes are yet to be fully understood.  

 

1.2.4.2 – Poor Homologous Synapsis 1 (PHS1) – a role in regulating 

recombination and homology searching? 

In addition to the already complex array of proteins required for recombination, 

the recent discovery of the maize gene PHS1 has added another level of 

complexity to the regulation of recombination events in plants. First discovered in 

a Mutator transposon-mutagenised maize population, analysis of the phs1-

knockout mutant (Zmphs1-0) showed that PHS1 had a meiosis-specific function 

with the mutant plants being sterile (Pawlowski et al. 2004). Based on sequence 

conservation searches of the databases, PHS1 appears to be a plant-specific gene 

with no reported homologues in any other non-plant species (Pawlowski et al. 

2004). Detailed microscopic and fluorescent in situ hybridisation (FISH) analyses 

of the Zmphs1-0 mutant meiocytes showed that the mutant had decreased levels of 

synapsis with improper alignment of the chromosomes in the synapsed regions 

observed. In addition to the mis-alignment, synapsis also occurs between multiple 

chromosome partners; highlighting the severity of the non-homologous 

chromosome interactions in the absence of the PHS1 protein (Pawlowski et al. 

2004). Interestingly, the number of RAD51 recombination foci was also 

dramatically decreased in the Zmphs1-0 mutant although the levels of RAD51 
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protein within the cells were equivalent to wild-type. This indicated that ZmPHS1 

regulated recombination during early meiosis and could possibly have a role in 

homology searching (Pawlowski et al. 2004). 

 The only other report on PHS1 details further characterisation in maize 

and Arabidopsis (Ronceret et al. 2009). Based on the FISH data obtained, 

Ronceret and colleagues (2009) concluded that PHS1 appeared to function in a 

similar manner regardless of genome size and complexity. Screening the maize 

and Arabidopsis phs1 mutant meiocytes in dual 3-dimensional immuno-

fluorescence localisation assays with antibodies against various meiotic proteins 

such as ASY1 and ZYP1 revealed that chromosome axis formation and 

installation of the SC components were similar to wild-type albeit with delayed 

ZYP1 loading observed in some instances (Ronceret et al. 2009). In contrast to 

ASY1 and ZYP1, the number of RAD50 foci within the nucleus was severely 

decreased in the phs1 mutants while cytoplasmic accumulation of RAD50 was 

observed. Using the same technique, both PHS1 homologues were localised to the 

cytoplasm during the early stages of meiosis with peak cytoplasmic accumulation 

of the PHS1 protein seen during zygotene. In contrast to the Arabidopsis 

meiocytes where PHS1 was localised solely to the cytoplasm, observations of the 

maize meiocytes revealed that some foci clustered along the nuclear envelope 

during zygotene and a few foci were observed within the nuclei during pachytene 

(Ronceret et al. 2009). Combining the localisation data of PHS1 and RAD50, 

Ronceret and colleagues (2009) hypothesised that PHS1 regulates the transport of 

RAD50 into the nucleus (thereby indirectly regulating recombination and 

homology searching). Indeed this data explained the loss of RAD51 foci observed 

by Pawlowski and colleagues (Pawlowski et al. 2004), as the MRN complex (of 
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which RAD50 is a part) is required for the resection of the DSB before RAD51 

can be recruited to the 3′ overhangs. 

 While these findings have added significantly to the current knowledge 

base, they have also raised some significant questions. Firstly, does PHS1 act as a 

direct shuttling protein for RAD50 and other, as yet unknown, meiotic proteins or 

does it regulate this process indirectly? What other proteins does it regulate? And 

does it have a direct role in homology searching? Seeing as there are subtle 

differences between the localisation profiles of the PHS1 homologues in both 

Arabidopsis and maize, do these differences translate into different functions for 

these proteins or suggest different regulation mechanisms in various plant 

species? Given that the absence of PHS1 leads to dramatically reduced levels of 

recombination, synapsis between multiple mis-aligned chromosomes, and non-

homologous chromosome interactions, PHS1 is a prime candidate for further 

research, especially so in a complex organism such as bread wheat which has 

three highly similar, yet distinct genomes. 

 

1.2.4.3 – Synaptonemal complex formation and synapsis 

Synapsis is the formation of the tripartite SC along the entire length of the 

homologous chromosomes. Once the homologues have been juxtaposed, the 

process of synapsis is initiated. During leptotene, axial elements are attached to 

the non-sister chromatids (Zickler and Kleckner 1999). When pairing occurs in 

the later stages of SC formation, the axial elements come together and are then 

referred to as the lateral elements. The assembly of the central transverse 

filaments between the lateral elements completes the structure of the SC 

(reviewed by Page and Hawley 2004). Previous research has shown that the 
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process of synapsis starts from the telomeric and centromeric regions of the 

homologues first (Pawlowski and Cande 2005, Schwarzacher 1997, Zickler and 

Kleckner 1999). 

 The presence of recombination nodules (sites where recombination 

occurs) is thought to be linked with initiation of chromosome synapsis, thus 

linking the processes of synapsis and recombination (Pawlowski and Cande 

2005). In yeast experiments, the recombinase enzyme, RAD51, localises within 

these nodules and has been shown to interact with ZIP3 (also known as CST9), a 

SC protein (Agarwal and Roeder 2000). ZIP3 itself has been shown to interact 

with other recombination proteins such as MSH4 (MutS Homologue 4) and 

MSH5 (MutS Homologue 5), which localise to late recombination nodules.  

 While both recombination and synapsis occur simultaneously during 

prophase I, they remain separate processes. However, recombination and synapsis 

could occur synchronously to stabilise chromosome associations during the 

process of recombination by holding the homologues in very close proximity. 

During pachytene, synapsis and recombination are completed. At this stage, the 

SC disassembles and the homologues are held together by the physical linking of 

the chiasmata that were formed during the recombination process (reviewed by 

Page and Hawley 2004, Zickler and Kleckner 1999). These chiasmata persist 

throughout metaphase I holding the homologues together as they align along the 

metaphase plate. Coupling the resolution of the chiasmata at late metaphase I/ 

early anaphase I with the removal of cohesion proteins such as SYN1 and AFD1 

(by a yet unknown plant protease) from the chromatids, allows the homologous 

chromosomes to segregate and separate correctly to opposite poles of the cell. In 

asynaptic zyp1 Arabidopsis mutants, homologous chromosome pairing and 
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bivalent formation are severely disrupted resulting in non-homologous 

chromosome associations, and in some cases, the formation of multivalents 

(interactions between more than two chromosomes) (Higgins et al. 2005). This 

serves to highlight the importance of the synaptonemal complex and the need for 

complete synapsis, due to significant downstream effects in the later stages of 

meiosis. However, even after decades of analysis, the role of the SC in pairing and 

recombination is still poorly understood and continues to be debated (reviewed by 

Hamant et al. 2006). 

 

1.2.4.4 – The roles of ASY1 and ZYP1 in SC formation and synapsis 

Two key proteins identified to have roles in synapsis and pairing of homologous 

chromosomes in plants are ASYnapsis 1 (ASY1) (Armstrong et al. 2002, Boden 

et al. 2007) and Molecular Zipper Protein 1 (ZYP1) (Higgins et al. 2005). Both 

have been shown to be directly or indirectly vital for synapsis and pairing to 

occur. ASY1 is also indirectly involved in homologous recombination as synapsis 

is an important event that leads to homologous recombination (Armstrong et al. 

2002, Boden et al. 2007). In wheat, ASY1 has been shown to associate with axial 

elements of homologous chromosomes in addition to promoting homologous 

chromosome interactions (Boden et al. 2009). Analysis of Taasy1 knock-down 

mutants have shown that lowered levels of TaASY1 leads to homoeologous 

chromosome interactions caused by the reduced promotion of homologous 

chromosome interactions (Boden et al. 2009). Gene expression analysis of 

TaASY1 in the pairing homoeologous 1 (ph1) mutant (ph1b) revealed that TaASY1 

expression is controlled by this locus and that absence of this locus results in a 

dramatic increase of the TaASY1 transcript. These increased levels of TaASY1 
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lead to an excess of TaASY1 protein being produced, which subsequently leads to 

both homologous and non-homologous chromosome interactions being observed 

(Boden et al. 2009). 

 Unlike ASY1, which is associated with the axial elements of the SC, the 

yeast ZYP1 homologue (known as Molecular ZIPper 1, ZIP1) is a coiled-coil 

protein with globular N- and C- termini and forms the transverse filaments of the 

SC (Figure 1.2) (Sym et al. 1993, Sym and Roeder 1995). Studies of the yeast 

ZIP1 protein show that the C-terminus of ZIP1 interacts with chromatin, while the 

N-terminus stretches out into the central region of the SC and interacts with the 

N-termini of other ZIP1 molecules (thus forming the central element of the SC) 

(Figure 1.2) (Dong and Roeder 2000). While ZIP has been extensively studied in 

yeast, the ZIP1 homologues of plants have only been recently discovered. 

 The Arabidopsis ZYP1a and ZYPb genes were the first plant homologues 

of ZIP1 discovered in addition to being the first two SC proteins isolated from 

plants (Higgins et al. 2005). The discovery of these genes has since paved the way 

for the isolation and/or characterisation of other ZYP1 homologues in both Secale 

cereale (ScZYP1) (Mikhailova et al. 2006) and Oryza sativa (OsZEP1) (Wang et 

al. 2010). In the analysis of the Atzyp1 mutants by Higgins and colleagues (2005), 

they observed non-homologous chromosome pairing interactions that resulted in 

non-homologous recombination of DNA. This led them to suggest that ZYP1, and 

possibly the SC as a whole, may act to ensure that homologous recombination 

proceeds correctly in plants. This role is in addition to the other roles, including 

physically holding homologous chromosomes together to stabilise the 

homologues during the recombination process. 
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 Localisation of the ZYP1 homologues of both Arabidopsis and rye have 

shown that ASY1 and ZYP1 do not co-localise but instead form a tripartite signal 

with ZYP1 being sandwiched by the ASY1 signal on either side. Such results 

confirm that these ZYP1 homologues share the same function as their yeast 

homologue even though the plant ZYP1 homologues share very little sequence 

similarities with their fungal homologue (Higgins et al. 2005, Mikhailova et al. 

2006). Although the plant ZYP1 homologues appear to have the same functions 

during the early stages of meiosis, differences in the localisation profiles of the 

ZYP1 homologues of various species have previously been reported. One 

example of this is the formation of ZYP1 foci seen in the leptotene stage of both 

Arabidopsis (Higgins et al. 2005) and rice (Wang et al. 2010), while ZYP1 signal 

appears as linear tracts in rye meiocytes of the equivalent stage (Mikhailova et al. 

2006). In a recent study of the rice ZEP1 homologue, Wang and colleagues found 

that unlike any previously reported ZYP1 homologues, the rice ZEP1 protein is 

re-loaded onto chromosomes two more times post-prophase II, and that ZEP1 is 

able to re-load onto the chromosomes normally even at the dyad and tetrad stages 

of pollen formation. This led Wang and colleagues (2010) to hypothesise that the 

ZEP1 protein may have a role in normalising chromosome behaviour after it has 

fulfilled its SC functions during the early stages of meiosis. Such differences in 

localisation profiles and functions highlight the need for species-specific studies 

to be conducted on the ZYP1 homologues. Considering that rice and wheat are 

closely related, the wheat ZYP1 homologue appears to be a prime candidate for 

characterisation using a gene-targeted approach as this protein may also reveal 

significant new data in terms of its function in a complex hexaploid species. 
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Figure 1.2 – Cartoon model of ZIP1 molecules within the synaptonemal complex. 
The ZIP1 protein molecule has a coiled-coil (green coils) central region capped at both 
ends by globular structures (C-terminus - yellow circles, N-terminus - grey circles). The 
C-termini of ZIP1 proteins interact with the lateral elements (LE, red rods) that are 
installed onto the chromatin (blue loops) while the N-termini interact with one another 
forming the central element of the SC. In doing so, the ZIP1 protein molecules form the 
transverse elements of the SC and hold the homologous sister chromosomes together. 
 

1.2.5 – Homoeologous pairing of chromosomes in bread wheat 

As previously discussed in section 1.1.2, bread wheat arose from hybridisation 

events between three independent progenitor species. While the early assumption 

that the three progenitor species were strongly differentiated was used to explain 

why hexaploid bread wheat displays diploid behaviour during meiosis, it was 

proven wrong when nullisomic-tetrasomic (compensation of a loss of one 

chromosome pair with another) experiments showed otherwise (Sears 1952, Sears 

1976). This established that the three genomes were actually very closely-related 
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in both gene content and order. It also raised new questions as to how bread wheat 

chromosomes pair in a diploid-like manner. This resulted in the hypothesis that 

cellular mechanisms must exist to regulate and control chromosome pairing in 

hexaploid bread wheat in an effort to actively prevent non-homologous 

chromosome pairing interactions that result in multivalent associations, improper 

chromosome segregation at anaphase I, and thus production of non-viable 

gametes with incorrect haploid chromosome numbers (Riley and Chapman 1958).  

 The genetic control of chromosome pairing in bread wheat has previously 

been shown to be dependent on a series of promoting and suppressing pairing 

homoeologous (Ph) loci. The two main suppressors of homoeologous pairing are 

the Ph1 and Ph2 loci. The Ph1 locus was first identified and located on the long 

arm of chromosome 5B (Riley and Chapman 1958, Sears and Okamoto 1958) 

while a second locus, termed Ph2, was identified and located on the short arm of 

chromosome 3D (Mello-Sampayo 1968, Mello-Sampayo 1971, Mello-Sampayo 

and Canas 1973). Of the two main suppressor loci, the Ph1 locus displays the 

strongest regulation of homologous chromosome pairing (Moore 2002, Sears 

1976). An X-ray irradiated deletion mutant of Ph1, designated ph1b (originally 

identified by Sears (1977)), has increased homoeologous pairing at metaphase I. 

Mapping of the deleted region has shown a loss of approximately 70 Mb, 

predicted to possibly account for the loss of 200 or more genes (Gill et al. 1993). 

However, recent work by Griffiths and colleagues (2006) has significantly 

reduced the size of the Ph1 locus to a region spanning only 2.5 Mb. A sub-

telomeric insertion from chromosome 3A as well as seven Cyclin-dependent 

kinase (Cdk)-like genes that share sequence similarities to the Cdk2 genes of both 

human and mouse (Griffiths et al. 2006, Martinez-Perez and Moore 2008) reside 
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within this refined Ph1 locus (Griffiths et al. 2006). The presence of these Cdk-

like genes within the Ph1 locus is a significant finding as a previous study of the 

mouse Cdk-2 deletion mutant has shown that homologous chromosome synapsis 

and recombination are severely disrupted in the absence of Cdk-2 (Ortega et al. 

2003, Viera et al. 2009). Furthermore, a study conducted by Al-Kaff and 

colleagues (2008) in wheat has shown that these Cdk-like genes within the Ph1 

region function to suppress the expression of their equivalents located on the 

chromosome 5A and 5D. In the absence of the Ph1 locus, the Cdk-like equivalents 

of the A and D genome are expressed at levels that are significantly higher than 

normal (Al-Kaff et al. 2008). This led Al-Kaff and colleagues to suggest that a 

possible role of the Ph1 locus is to coordinate the overall regulation of Cdk-like 

genes within the wheat genome. As previously discussed in section 1.2.4.4., one 

gene that appears to be directly regulated by the Ph1 locus is TaASY1, where the 

absence of the Ph1 locus results in a 20-fold increase in TaASY1 transcript 

expression during early meiosis (Boden et al. 2009). This mis-regulated 

expression of TaASY1 by the Cdk-like genes on the A and D genome may be the 

reason for the homoeologous chromosome pairing observed in the ph1b mutants. 

Similar to the initial studies of the Ph1 locus that focused on mutant 

analyses, two deletion mutants of Ph2 have also been identified, namely ph2a 

(Sears 1977) and ph2b (Wall et al. 1971). The ph2a mutant was generated by X-

ray irradiation (Sears 1977) with mapping of the deleted region showing a loss of 

approximately 80 Mb, predicted to account for the loss of at least 215 genes 

(Sutton et al. 2003). However, this figure could be as high as several thousand 

given the research reported in Sutton et al. (2003) which relied upon a 

comparative genetics approach with the completed rice genome sequence. The 
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ph2b mutant, which was generated by EMS (ethyl-methane sulfonate) 

mutagenesis, is thought to be either an INDEL (insertion/deletion) or a point 

mutation (substitution) (Wall et al. 1971). However, compared to the ph1b 

mutant, the ph2 mutants exhibit only a moderate level of homoeologous 

chromosome pairing (Sears 1976). 

 While a significant amount of research has been conducted to uncover the 

mechanisms by which suppression of homoeologous pairing is achieved via the 

Ph1 and Ph2 loci, much is still left unknown; more so in the case of the Ph2 

locus. Analysis of the ph1b and ph2b wheat mutants by Martinez and colleagues 

(2001) showed that synapsis is affected in the ph2b mutant, whereas synapsis 

progresses normally in the ph1b mutant. Scoring multivalent associations and the 

timing at which these associations were corrected, revealed that only Ph1 has a 

role in the correction of homoeologous associations. Taken together, these results 

suggest that the Ph1 and Ph2 loci work to promote homologous pairing and 

suppress homoeologous pairing via separate molecular pathways. More 

interestingly, these results raise the question as to whether the Ph2 locus is a true 

pairing homoeologous locus or a synapsis protein that was initially mis-

characterised (Martinez et al. 2001). 

 With the domestication of wheat over thousands of years, the selective 

pressures of plant breeding have led to a significant narrowing of the gene pool 

resulting in a loss of genetic diversity. The ability of the ph mutants to perform 

homoeologous pairing suggests that by understanding the molecular mechanisms 

of these loci, these loci may prove to be useful tools for increasing genetic 

diversity in current bread wheat lines. This could be achieved by the introgression 

of alien genetic material from closely-related plant relatives by either regulating 
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the Ph loci or by circumventing the effects of these loci. However, due to the 

presence of the seven Cdk-like genes within the Ph1b region, mutant analysis of 

the Ph1b region using RNAi mutants may prove unfeasible due to the relatively 

high levels of conservation between Cdk genes that could cause several of the (or 

all seven) Cdk-like genes to be silenced even if only one is targeted. One possible 

approach to overcoming this problem is to use proteomics to further study the ph 

mutants. 

 

1.3 – Proteomics: A global approach to cell biology 

Although DNA is viewed as the essential building block of life, the cell uses the 

translated gene products to perform all its required physiological and biochemical 

processes. Thus, while there is much to gain through studying the transcript levels 

of genes, the information gained from studies at the level of translated gene 

products may prove equally, if not more, important. Previous research on various 

species such as bacteria, yeast, and humans have shown the limitations of studies 

conducted solely at the transcript level, with many examples in the literature 

showing that levels of gene transcription are not indicative of the levels of the 

translated product (Bitton et al. 2008, Chen et al. 2002, Futcher et al. 1999, 

Ghaemmaghami et al. 2003, Gygi et al. 2000, Gygi et al. 1999a, Gygi et al. 

1999b, Tian et al. 2004, Unwin et al. 2006, Waters et al. 2006). In the worst case 

scenario, little or no correlation could be made between transcription and 

translation profiles of some genes (Gygi et al. 1999a). However, this is not to say 

that a coupled proteomic and mRNA-based approach (e.g. microarray analysis) 

does not work. Previous research by Greenbaum and colleagues (Greenbaum et 

al. 2002) showed that in some cases, a coupled approach yields two sets of data 
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that complement each other, allowing correlations to be made, and is thus able to 

provide even more in-depth information than could have been gained by either 

approach independently. 

 Generally however, the poor correlation between transcript and protein 

levels in addition to the non-predictive nature of the two processes serves to 

highlight the need for analysis at the end point of the central dogma. While 

mRNA expression is important and cannot be dismissed, too little is currently 

known about the cell to accurately predict when an increase in mRNA species 

results in protein production and functional activity. Multiple explanations have 

been suggested as to why such significant differences exist between the transcript 

and protein levels. Of the more plausible reasons, it has been suggested that some 

genes may encode multiple protein isoforms due to differential splicing and 

translational efficiencies (reviewed by Peck 2005; and references therein). In 

addition, post-transcriptional regulation of mRNA and post-translational 

modifications of proteins that determine protein half-life may contribute to the 

large discrepancies often observed (Varshavsky 1996).  

 Due to the constant interaction of the cell with its surroundings as well as 

its own cellular processes, the proteome of a cell is in a constant state of dynamic 

flux. The study of cell biology via a proteomics approach could therefore assist in 

presenting a direct and realistic representation of the cellular environment at the 

specific time of analysis. To this end many different tools have been developed to 

study the proteome including 2-dimensional gel electrophoresis (2DGE) coupled 

with Matrix-Assisted Laser Desorption Ionisation Time-of-Flight tandem mass-

spectrometry (MALDI-TOF/TOF). 2DGE allows separation and quantification of 

proteins while the MALDI-TOF-TOF allows identification of specific proteins. 
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1.3.1 – 2-dimensional gel electrophoresis (2DGE) 

2DGE is the separation of proteins in two consecutive dimensions; firstly by their 

isoelectric potentials (pI) using an isoelectric focusing (IEF) procedure, and 

secondly by their molecular weights (MW) using sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE). Since the first documentation of 

its use in 1975 (Klose 1975, O'Farrell 1975), the technology has significantly 

improved making it one of the most promising tools for proteomics (Fey and 

Larsen 2001, Görg et al. 2000, Harry et al. 2000). 

Previous research has shown that 2DGE has the ability to resolve 

thousands of individual proteins from a given sample (Klose and Kobalz 1995), 

making it an efficient high-throughput method to study cellular protein profiles at 

a global scale. With the addition of sample pre-fractionation, specialised pH 

gradient isoelectric focusing (IEF) strips, and a new ultra-sensitive fluorescent dye 

sample labelling technique known as 2-dimensional fluorescence difference gel 

electrophoresis (DIGE), the resolving power of this already powerful proteomics 

tool has been further enhanced. 

 

1.3.2 – A proteomics approach to plant meiosis 

While proteomics has previously been used to study meiotic processes, most of 

the work done has focused on animal systems. An example of this is the use of 

2D-DIGE coupled with MALDI-TOF/TOF to analyse the proteomic profiles of 

male rat cells at different stages of spermatogenesis (Rolland et al. 2007). The 

authors were able to identify 123 unique proteins that were differentially-
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expressed in male rat germ cells using this approach. More recent work in cows 

dissected the proteomic profile of male spermatozoa using differential detergent 

fractionation multi-dimensional protein identification technology (DDF-Mud PIT) 

and identified 125 putative biomarkers for bovine fertility (Peddinti et al. 2008). 

 Only two previous reports attempting to dissect the proteomic profiles of 

plant meiocytes at different stages of meiosis have been reported. Work by 

Sánchez-Morán et al. (2005) used a coupled 2DGE-MALDI-TOF/TOF approach 

to dissect the stage-specific proteomic profiles of Chinese cabbage (Brassica 

oleracea) double-haploid plants during meiosis. The results showed that between 

18% to 33% of the proteins identified through this method have putative roles in 

meiosis based on their sequence similarities with known meiotic proteins found in 

other species. Importantly, the authors showed that a proteomics approach to 

studying meiosis is a viable, albeit labour-intensive method with regards to the 

isolation of sufficient suitable meiotic material required for such analysis. 

 More recently, Phillips and colleagues (2008) utilised a combination of 

proteomics tools, which they collectively termed translation proteomics, to dissect 

meiosis in rye (S. cereale). Immunocytology using antibodies of known meiotic 

proteins and a 2DGE-Western blot showed that ASY1 and ZYP1 proteins 

probably had different functions when compared to their respective Arabidopsis 

homologues while there also appears to be multiple forms (active/inactive) 

present within the cell. 

 While a comprehensive chronological transcriptome profile of meiosis in 

allohexaploid bread wheat has already been constructed via microarray analysis 

(Crismani et al. 2006), there are no reported studies on the meiotic proteome of 

allohexaploid bread wheat. With only two previous studies on the plant meiotic 
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proteome published and the emerging awareness of the non-predictive nature of 

the transcriptome profile on the proteome profile, any study that aims to add to 

this limited knowledge-base is of significant importance. 

 

1.4 – Rationale of the current study 

While a significant volume of research has been conducted in model organisms 

such as yeast and Arabidopsis, much less is known about the proteins that are 

involved in the complex biochemical pathways that occur during meiosis in 

hexaploid bread wheat. With plant meiosis research, especially in more complex 

species lagging farther behind, this project has used two different approaches to 

study meiosis in hexaploid bread wheat. 

 The first component of this study involves using a broad-scale proteomics 

approach to identify and characterise proteins that are differentially expressed 

between stages of meiosis as well as between wild-type and the ph mutants. 

Through using such a strategy it is anticipated that novel meiotic proteins will be 

identified and characterised, and with the addition of the ph mutants, proteins that 

are differentially-expressed may also be detected. 

 The second component of this study involves a gene-targeted approach to 

isolate and characterise the wheat homologues of PHS1 and ZYP1. These 

candidates have been selected for characterisation to determine their function(s) 

and localisation profiles during early meiosis in order to further the current 

understanding of these proteins. In addition, the presence of ZYP1 loading in 

wild-type and Taasy1 knock-down mutants will be investigated to determine 

whether reduced levels of TaASY1 affects ZYP1 function. 
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 Broadly, the overall aim of this study is to increase the current knowledge 

base of bread wheat meiosis with a view that such results will eventually 

contribute to the development of molecular tools capable of introducing new 

genetic material into current wheat breeding lines. Such success will significantly 

accelerate plant breeding programs and allow for the generation of superior crop 

lines. 
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Chapter 2 – Identification of proteins with potential roles 

in meiosis via an optimised proteomics approach 

 

2.1 – Introduction 

Although meiosis research using yeast (Saccharomyces spp.) has been ongoing 

for decades, the focus of our understanding for this tightly coordinated process 

has only shifted to more complex organisms (such as plants) in the last 10 years. 

Consequently, the meiosis community has added significantly to our knowledge 

of specific gene function in plants such as Arabidopsis thaliana, Zea mays (maize) 

and Triticum aestivum (bread wheat). Examples include SPOrulation 11-1 

(SPO11-1) (Grelon et al. 2001), ASYnapsis 1 (ASY1) (Boden et al. 2009, Boden et 

al. 2007, Caryl et al. 2000, Ross et al. 1997), Molecular ZIPper 1 (ZYP1) 

(Higgins et al. 2005), Disrupted Meiotic cDNA 1 (DMC1) (Klimyuk and Jones 

1997) and the plant-specific Poor Homologous Synapsis 1 (PHS1) (Pawlowski et 

al. 2004, Ronceret et al. 2009). 

While many of these studies have relied on various classical genetic 

approaches, a possible alternative approach to study meiosis, especially in 

complex organisms, is proteomics. Proteomics has the potential to provide a more 

accurate profile of the cell as protein species present at a particular given time-

point are studied rather than the mRNA transcripts. Recent studies performed by 

various investigators in multiple fields of research have shown that gene 

expression levels do not always correspond directly to the levels of their protein 
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products within the cell, further highlighting the importance of proteomic data in 

truly understanding cellular processes (reviewed by Waters et al. 2006). 

Two dimensional gel electrophoresis (2DGE) is one of the many 

proteomics techniques available today. However, 2DGE has not been widely used 

to study meiosis in plants. Amongst the reported attempts are those by Sánchez-

Morán et al. (2005) and Phillips et al. (2008). Using protein samples extracted 

from Brassica anthers, Sánchez-Morán and colleagues (2005) showed that 2DGE 

was a viable and powerful tool for studying meiosis. Work by Phillips and 

colleagues (2008) showed that translational proteomics based on 2DGE 

experiments can also be used to further investigate post-translational 

modifications to protein species isolated from plant meiotic tissue. 

The objective of the work presented in this chapter was to optimise a 

2DGE proteomics approach for investigating meiosis in bread wheat with the aim 

of identifying proteins that have roles in meiosis. Among the many parameters 

investigated and subsequently optimised were protein extraction techniques to 

find a suitable method for total protein extraction from meiotic bread wheat tissue, 

the amount of total protein required for adequate spot detection, various spot 

visualisation techniques as well as horizontal and vertical resolution parameters 

for successful 2DGE gels. The optimised method was then used to detect 

differences between protein profiles of four pooled stages of meiosis. 

Comparative analyses of the protein profiles for tissue from the earlier stages of 

meiosis in wild-type and pairing homoeologous mutants (ph1b and ph2a) were 

also performed to help elucidate the mechanisms by which homologous pairing is 

achieved. 
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2.2 Materials & Methods 

2.2.1 – Staging and harvesting of wheat anthers and meiocytes 

2.2.1.1 – Collection of meiotic tissue 

Spikes were collected from Chinese Spring, ph1b and ph2a wheat plants grown in 

a controlled-environment room programmed with a 16 hr daylight 8 hr night 

photoperiod at approximately 23°C. 

 

2.2.1.2 – Staging and harvesting of meiotic anthers and meiocytes 

The anthers were staged and grouped into four pooled stages (pre-meiotic 

interphase to pachytene, PM-LP; diplotene to anaphase I, D-A; telophase I to 

telophase II, TI-TII; and tetrads to immature pollen, T-IP) prior to protein 

extraction (refer to Figure 2.1 for classification of stages used in this study). 

Florets and anthers were dissected under a Leica MZ 6 stereo dissecting 

microscope (Leica Microsystems, North Ryde, New South Wales, Australia). 

Using PrecisionGlideTM syringes (Becton Dickinson Medical (S) Pty Ltd., Tuas 

Avenue, Singapore), the central floret was removed and the remaining spike tissue 

kept on ice. Primary and secondary anthers were removed from this floret, placed 

on clear glass microscope slides (Livingstone International Pty Ltd., Rosebury, 

New South Wales, Australia), stained for 5 min with 2% aceto-carmine (see 

Appendix A) at room temperature, and then cut in half longitudinally. Cover-slips 

(HD Scientific Supplies Pty Ltd., Sunshine, Victoria, Australia) were placed over 

the anther halves on the microscope slides and then gently squashed to release the 

meiocytes. These were observed using a compound microscope (Olympus 

MODEL CK40-RPSL, Richmond, South Australia, Australia) at 400× to 1000× 
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magnification. Anthers from alternating florets along the spike were staged this 

way with the last five florets at each end of the spike being discarded. For whole 

anther samples, the anthers from identical stages were pooled, snap-frozen and 

stored at -80°C until required for extraction. For meiocyte-enriched samples, 

anthers from identical stages were cut on one end and the meiocytes extruded into 

an ice-cold drop of phosphate buffered saline (PBS). The drop was then put into a 

1.5 mL tube and treated the same as the pooled whole anther samples. 
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Figure 2.1 – Meiotic divisions I and II as observed in bread wheat (Triticum aestivum) meiocytes 
using light microscopy. Prophase I is represented by (A) pre-meiotic interphase, (B) leptotene-
zygotene transition, (C) zygotene, (D) pachytene, (E) diplotene, (F) diplotene-diakinesis transition 
and (G) diakinesis. The remaining stages of meiosis I are represented by (H) metaphase I, (I) early 
anaphase I, (J) late anaphase I and (K) telophase I. The second meiotic division is represented by (L) 
interphase II, (M) prophase II, (N) metaphase II, (O) anaphase II, (P) telophase II and (Q) tetrad 
formation. (R) and (S) represent immature and mature pollen respectively. The four pooled stages 
analysed in this study were PM-LP (A-D), D-A (E-J), TI-TII (K-P), and T-IP (Q-R). Scale bar, 5 µm. 
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2.2.2. – Optimising the protein extraction method from whole wheat 

anthers and meiocytes 

2.2.2.1 – Trichloroacetic acid (TCA)-acetone extraction and precipitation 

This protocol was previously described by Sánchez-Morán et al. (2005) for 

extracting proteins from Chinese cabbage (Brassica oleraceae) anthers. Pooled 

whole anther samples (40 mg) were vortex-ground using metal ball-bearings and a 

MS 3 Digital vortex (IKA Works, Petaling Jaya, Selangor, Malaysia) in the 

presence of liquid nitrogen. The homogenate was resuspended by vortexing for 20 

s in 2 mL of acetone containing 10% w/v trichloroacetic acid (Sigma) that was 

pre-chilled to -20°C. The sample was incubated overnight at -20°C then 

centrifuged at 13000 rpm at 4°C for 15 min. The supernatant was removed and the 

pellet was washed with 2 mL of acetone containing 20 mM DTT by incubating 

the pellet for 1 hr at -20°C. The pellet was then collected by centrifugation at 

13000 rpm at 4°C for 15 min. The wash and centrifugation steps were repeated 

twice more with 30 min incubations. A final wash using 90% (v/v) acetone in 

nanopure water was performed to remove excess salts from the sample. 

After the final centrifugation, the pellet was air-dried in a laminar-flow 

cabinet and resuspended with 200 µL of 7 M thiourea-2 M urea-2% (w/v) 3-[(3-

cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS) resuspension 

buffer (TUC buffer). The proteins were resuspended by 4 hr of slow vortexing at 

room temperature. Cellular debris was cleared from the resuspended solution by 

centrifugation at 9000 rpm for 15 min at room temperature. The supernatant was 

inserted into a fresh tube and the centrifugation step repeated to remove any 

residual debris. The resulting supernatant isolated was the cleared protein sample 

that was used for the 2DGE assay. 
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This protocol was subsequently further optimised by pre-chilling all tips, 

tubes and extraction solutions to -20°C prior to use. In addition, an additional 

wash step using 90% acetone (v/v) in nanopure water was added to reduce the salt 

concentration within the precipitated protein pellets. Two further centrifugation 

steps were also added post-resuspension of the samples in TUC buffer to help 

remove any residual tissue debris from the samples. 

 

2.2.2.2 – Urea-mercaptoethanol-NP40 extraction with acetone precipitation 

This protocol was previously described by Islam et al. (2003) for extracting 

proteins from endosperm tissue. Pooled whole anther samples (40 mg) were 

vortex-ground as previously described (Section 2.2.2.1). The homogenate was 

digested for 1 hr in 300 µL of lysis buffer [8 M urea, 2% (v/v) NP-40, 0.8% (v/v) 

ampholyte (Amersham Biosciences, Roosendaal, Netherlands), 5% (v/v) 2-

mercaptoethanol and 5% (w/v) polyvinylpyrryolidone-40]. The resuspended 

sample was centrifuged at 9000 rpm for 10 min prior to a 2 hr incubation of the 

pellet in 80% (v/v) acetone at -20°C. The sample was centrifuged at 9000 rpm for 

10 min and the pellets isolated and resuspended in 50 µL of lysis buffer. Residual 

cellular debris was removed from the resuspended sample by centrifugation at 

max speed for 10 min. The resultant supernatant was used for the 2DGE assay. 

 

2.2.2.3 – Phenol extraction with methanol/ammonium acetate precipitation 

This protocol was previously described by Carpentier et al. (2005) for extracting 

proteins from recalcitrant tissue. Pooled whole anther samples (40 mg) were 

vortex-ground as previously described (section 2.2.2.1). The homogenate was 

resuspended by vortexing for 30 s in 500 µL of ice-cold extraction buffer [50 mM 
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Tris-HCl pH8.5, 5 mM EDTA, 100 mM KCl, 1% (w/v) dithiothreitol (DTT), 30% 

(w/v) sucrose and one tablet of Roche CØmplete protease inhibitor cocktail 

(Roche Applied Science, Mannheim, Germany)]. Five hundred µL of ice-cold 

Tris-buffered phenol (pH 8.0) (Sigma) was added and the sample vortexed for 15 

min at 4°C followed by a 3 min centrifugation step (9000 rpm, 4°C). The phenolic 

phase was collected and the extraction, vortexing and centrifugation steps 

repeated. The phenolic phase was collected and 2.5 mL of 100 mM ammonium 

acetate in methanol was added to precipitate the extracted proteins. The sample 

was incubated overnight at -20°C then centrifuged at 10000 rpm for 30 min at 

4°C. The supernatant was removed and rinsed twice with 2.5 mL of ice-cold 

acetone/0.2% (w/v) DTT with 1hr incubations at -20°C between rinses.  The 

pellet was air-dried in a laminar-flow cabinet then resuspended by vortexing for 1 

hr at room temperature in 100 µL of lysis buffer [7 M urea, 2 M thiourea, 4% 

(w/v) CHAPS, 1% (w/v) DTT, 0.8% ampholyte (Amersham)]. 

 

2.2.3 – Protein Quantification 

Protein was quantified using a method adapted from Bradford (1976). Triplicates 

of 1/10 dilutions of samples were made using nanopure water. Two hundred µL of 

Bradford reagent (BIO-RAD Laboratories Inc., Hercules, California, USA) was 

added to 800 �L of each sample and incubated for 7 min at room temperature 

before the absorbance was measured at 595 nm using a spectrophotometer 

(Metertech SP8001, Metertech Inc., Nankang, Taipei, Taiwan, Republic of 

China). To develop a standard curve, a Bovine Serum Albumin (BSA) dilution 

series was made with concentration values of 13.7 �g mL-1, 10.275 �g mL-1, 6.85 

�g mL-1, 3.425 �g mL-1 and 1.37 �g mL-1 using the BIO-RAD Protein Assay 
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Standard II (BIO-RAD), lyophilised BSA and nanopure water. Each dilution was 

done in triplicate to ensure that an average value could be obtained. Each standard 

was then spectrophotometrically quantified in the same manner as the samples. 

The values of the dilution series were used to generate a BSA linear regression 

curve from which the protein concentrations of the samples were predicted using 

Genstat (version 11.0, Numerical Algorithms Group). 

 

2.2.4 – Visual assessment of protein quality via sodium dodecyl 

sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

2.2.4.1 – SDS-PAGE 

Either 1 �g or 5 �g of each extract was added to 2.5 �L of NuPAGE® LDS 

Sample Buffer (4�) (Invitrogen, Carlsbad, California, USA) and 1 �L of 

NuPAGE® Reducing Agent (10�) (Invitrogen). When the protocol was further 

refined, 8 µg of extract was used instead. Samples were then made up to a total of 

10 �L with nanopure water. The samples were heated at 70°C for 10 min before 

being loaded into 15-well NuPAGE® Novex® 4-12% Bis(2-hydroxyethyl)-imino-

tris(hydroxymethyl)-methane (Bis-Tris) mini gels (Invitrogen). Bio-Rad Precision 

Plus Dual Colour Protein Standard (10 �L) was also loaded onto the gels to 

estimate protein size. Electrophoresis was performed using 2-(N-morpholino)-

ethane sulphonic acid (MES) (Invitrogen) buffer according to the manufacturer’s 

instructions to separate the protein species within the samples according to their 

molecular weights.  
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2.2.4.2 – Fixing, staining and storage of Bis-Tris gels 

Upon completion of the SDS-PAGE in section 2.2.4.1, gels were removed from 

their cassettes and left to shake in 100 mL of fixing solution [10% (v/v) methanol, 

10% (v/v) glacial acetic acid, 40% (v/v) ethanol, nanopure water] for 1 hr. The 

fixing solution was then removed and replaced with 100 mL sensitisation solution 

[10% (w/v) ammonium sulphate, 1% (v/v) glacial acetic acid, nanopure water]. 

The sensitisation solution was then replaced with 100 mL of staining solution 

[0.125% (w/v) Coomassie Brilliant Blue R250 (CBB R250), 5% (v/v) glacial 

acetic acid, 45% (v/v) ethanol, nanopure water] and left to stain overnight on a 

TASP-OS1 orbital shaker (Thermoline, Northgate, Queensland, Australia). De-

staining of the gels was performed for 1 hr using de-stain solution I [5% (v/v) 

glacial acetic acid, 40% (v/v) ethanol, nanopure water], followed by de-stain 

solution II [3% (v/v) glacial acetic acid, 30% (v/v) ethanol, nanopure water] until 

the background of the gels were clear. Even though the protein bands could be 

seen clearly by eye under normal lighting conditions, a light-box was used to 

further illuminate the gels during analysis. Gel images were obtained by scanning 

using an Epson Perfection 4180 Photo scanner (Epson Australia Pty Ltd., 

Adelaide, South Australia, Australia). Analysed gels were stored in preservation 

solution [5% (v/v) glacial acetic acid, nanopure water] at 4°C. 

 

2.2.5 – 2-Dimensional Gel Electrophoresis (2DGE) 

2.2.5.1 – First dimension: Isoelectric focusing (IEF) of 2DGE samples 

Carrier ampholytes (GE Healthcare), DTT and bromophenol blue were added to 

samples from section 2.2.3 to final concentrations of 1% (v/v), 65 mM and 0.02% 

(v/v) respectively. Each sample (at 75 µg, 100 µg or 150 µg of protein as 
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determined by Bradford assay as per Section 2.2.3) was made up to a final volume 

of 125 µL for 7 cm strips and 200 µL for 11cm strips using TUC buffer. The 

sample was loaded into a Ettan IPGphor strip holder (GE Healthcare Life Science, 

Uppsala, Sweden) of the appropriate length corresponding to the use of either a 7 

cm or a 11 cm IPG Readystrip (BIO-RAD). During the optimisation of the 11 cm 

IPG Readystrip (BIO-RAD) IEF protocol, strips with pH 3-10, 3-6, 5-8 and 7-10 

ranges were used. The IPG strip was lowered gel-side down into the strip holder 

and subsequently covered with DryStrip Cover Fluid (GE Healthcare). The strip 

holder cover was then attached and the holder set in place in the Ettan IPGphor 

(GE Healthcare). The IEF protocol for the 7 cm strips was performed at 20°C with 

a set maximum of 50 mA per strip. The strip was passively rehydrated for 6 hr 

then focused at 30 V for 8 hr (step-and-hold), 1000 V for 0.5 hr (gradient), 5000 

V for 1 hr 20 min (gradient), 5000 V for 3000 Vhr (step-and-hold). During the 

optimisation of isoelectric focusing for the 11 cm strips, the same IEF protocol 

was repeated but with differing total Vhr used (35000 and 45000 Vhr) (Section 

2.3.2.1). The optimised 11 cm IEF protocol was performed at 20°C with a set 

maximum of 50 mA per strip focused at 30 V for 13 hr (step-and-hold), 200 V for 

1 hr (step-and-hold), 500 V for 1 hr (step-and-hold), 1000 V for 1 hr (step-and-

hold), 8000 V for 30 min (gradient), 8000 V for 45000 Vhr (step-and-hold). 

 

2.2.5.2 – Equilibration of IEF strips 

Prior to performing the second dimension SDS-PAGE, the IEF strips were 

removed from the strip holders and dried gently to remove excess Cover Fluid. 

The strips were then equilibrated with equilibration buffer [8M urea, 50 mM Tris, 

20% (v/v) glycerol and 2% (w/v) SDS; all components were mixed then adjusted 
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to a final pH of 8.8] containing 1% w/v DTT for 20 min on a platform mixer 

(Ratek Instruments Pty Ltd., Boronia, Victoria, Australia) before being rinsed 

with sterile nanopure water. The equilibration and rinsing process was repeated 

with equilibration buffer containing 2.5% (w/v) iodoacetamide. 

 

2.2.5.3 – Second dimension: SDS-PAGE 

The equilibrated IEF strips were slotted into BIO-RAD Criterion XT Bis-Tris 11 

cm gels (4-12.5%, 10% or 12%) and sealed in place with 0.5% (w/v) agarose 

dissolved in MES buffer. The gels were electrophoresed in a Criterion 11 cm 

SDS-PAGE cell (BIO-RAD) under the following conditions and parameters: 

23°C, 200V constant for 45 min in 1×MES buffer, starting at 200 mA and 

finishing at 110 mA per gel. The same was done for the 7 cm strips with 

NuPAGE® 4-12.5% ZOOM Bis-Tris gels (Invitrogen) with the exception that gel 

running parameters were as per the manufacturer’s protocol. 

 

2.2.6 – 2DGE gel staining 

During the optimisation process, gels were initially fixed, stained and visualised 

using the CBB R250 protocol as per section 2.2.4.2. Upon completion of an 

optimised 2D protocol, optimised gels were stained using an eriochrome black T 

(EBT) silver staining procedure post-CBB R250 staining and de-staining. To stain 

each gel using the EBT technique, 100 mL of the following solutions were made 

fresh: sensitiser solution [0.006% (w/v) EBT, 30% (v/v) ethanol, silver solution 

[0.25% (w/v) silver nitrate, 0.037% (v/v) formaldehyde (added just before use)], 

developer solution [2% (w/v) potassium carbonate, 0.04% (w/v) sodium 

hydroxide, 0.002% (w/v) sodium thiosulphate, 0.007% (v/v) formaldehyde (added 
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just before use)], and stop solution [30% (v/v) ethanol, 10% (v/v) acetic acid]. To 

silver-stain the gels, de-stained CBB R250 gels were sensitised for 2 min with 

sensitiser solution, de-stained for 2 min with de-stain solution, washed twice for 2 

min with deionised water, incubated in silver solution for 5 min, washed twice for 

2 min with deionised water, and incubated in developer solution until the desired 

staining intensity was achieved. The developing reaction was quenched with stop 

solution. All steps were performed at room temperature on a TASP-OS1 orbital 

shaker (Thermoline). 

Imaging of protein spots from CBB R250 gels and silver stain gels was 

done using either an Epson Perfection 4180 Photo scanner (as per section 2.2.4.2) 

or an ImageScanner (GE Healthcare) operated by the Lab-Scan 3.00 software (GE 

Healthcare). Intensity calibration of the Imagescanner was performed using an 

intensity stepwedge prior to gel image capture. Image analysis was performed 

using the ImageMaster 2D Elite 4.01 software (GE Healthcare). Gels were 

compared manually as well as using the automated spot detection mode. Once 

spot matching was completed, the background was subtracted using the ‘average 

on boundary’ method while spot normalisation was performed using the ‘total 

spot volume’ method. The normalised spot volume data for each spot was then 

used in a one-way analysis of variance (ANOVA) test in Genstat (version 11.0, 

Numerical Algorithms Group) to determine the least significant difference (LSD) 

(p < 0.05) between the mean volume for the spots in each treatment. 
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2.2.7 – 2-Dimensional Fluorescence Difference Gel Electrophoresis 

(DIGE) 

2.2.7.1 – Sample pH adjustment 

Due to the nature of the fluorescent dyes used in DIGE, the pH of the protein 

sample has to be adjusted prior to addition of the dyes to the sample. Protein 

sample (1 µL) was spotted onto a pH-Fix 4.5-10.0 indicator strip (Macherey-

Nagel GmbH & Co.KG, Düren, Germany) to determine the pH of the sample. The 

sample pH was then adjusted to the pH 8.5 using 50 mM sodium hydroxide. 

 

2.2.7.2 – Preparation of CyDyes and protein labelling 

Prior to labelling, the CyDye 2-D Fluorescence Difference Gel Electrophoresis 

(DIGE) Fluor minimal dyes (GE Healthcare) were reconstituted then diluted 

according to the manufacturer’s protocol using 99.8% anhydrous N,N-

dimethylformamide (Sigma). Fifty µg of each protein sample (as determined by 

the Bradford assay as per section 2.2.3) was labelled with 400 pmoles of its 

respective CyDye (Cy3 or Cy5) and left to incubate for 30 min on ice in the dark. 

One µL of 10 mM L-lysine monohydrochloride (Sigma) was then added to each 

sample to stop the labelling reaction. The samples were incubated on ice for 10 

min before they were snap-frozen with liquid nitrogen and kept in the -80°C 

freezer until required for isoelectric focusing. The internal standard protein 

sample, which is a mixture of all the protein samples required for the experiment, 

was labelled with the Cy2 dye and treated exactly like the other protein samples. 
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2.2.7.3 – IEF and SDS-PAGE of DIGE samples 

The Cy2-labelled internal standard was mixed with the Cy2- and Cy3-labelled 

protein samples before carrier ampholytes (GE Healthcare), DTT and 

bromophenol blue were added to the sample to final concentrations of 1% (v/v), 

65 mM and 0.02% (v/v) respectively. The mixed sample was made up to 200 µL 

using TUC buffer. The sample was applied to an 11 cm IPG Readystrip (pH5-8) 

(BIO-RAD) as per section 2.2.5.1 with the final IEF step modified to reach a total 

of 35000,  45000 or 55000 Vhrs. IEF strips were then equilibrated as per section 

2.2.5.2 and the second dimension (SDS-PAGE) run as per section 2.2.5.3. 

 

2.2.7.4 – Visualisation of DIGE protein spots 

Gels were transported on ice to the Flinders Proteomics Centre where they were 

removed from their cassettes and placed on a low fluorescence glass plate before 

being scanned using a Typhoon 9400 Laser Scanner (GE Healthcare). Gel images 

were analysed using both DeCyder 2D (version 6.5; GE Healthcare) and 

ImageMaster 2D Elite 4.01 (GE Healthcare). 

 

2.3 – Results 

2.3.1 – Optimisation of a suitable protein extraction technique 

In order to determine a suitable protocol for extracting total cellular proteins from 

wheat meiotic tissue, three different extraction protocols were investigated. 

Extraction protocol 1 was a TCA-acetone extraction and precipitation protocol 

while extraction protocol 2 utilised a urea-mercaptoethanol-NP40 extraction 

followed by acetone precipitation. Extraction protocol 3 consisted of a phenol 
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extraction step followed by methanol/ammonium acetate precipitation. Results of 

Bradford assays conducted on the protein extracts obtained indicated that protocol 

2 (both soluble and insoluble PVP) yielded the most protein followed by protocol 

1 and lastly protocol 3 (data not shown). However, SDS-PAGE analysis of the 

protein extracts revealed that the quality of the extracts were significantly 

different (Figure 2.2). Intact protein species (as evidenced by tight bands) were 

observed for extracts using protocol 1 and 3 with extracts using protocol 1 

containing more bands over a broader range of molecular weights. Samples 

extracted using protocol 2 (soluble PVP) appeared smeary within the gel 

suggesting protein degradation had occurred. Although 1 or 5 µg of total protein 

(as quantified via the Bradford assay) were loaded into the gel lanes, no bands or 

smears were present in lanes loaded with extracts of protocol 2 (using insoluble 

PVP). This was most likely due to contaminating residual PVP debris giving false 

spectrophotometric readings of the samples in the Bradford assay. Based on this 

result, protocol 1 was chosen for further optimisation. 
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Figure 2.2 – Qualitative SDS-PAGE evaluation of proteins extracted from wheat 
anthers (T-IP) using three different extraction techniques (extraction protocol 1 – 
TCA/acetone extraction and precipitation; extraction protocol 2 – urea-
mercaptoethanol-NP40 extraction with acetone precipitation; extraction protocol 3 
– phenol extraction with methanol/ammonium acetate precipitation). Total protein 
extracts of three biological replicates from three technical replicates of extraction 
protocols 1 and 3 were loaded while four were loaded for protocol 2 (for both insoluble 
and soluble PVP respectively). The presence of defined protein bands in protocols 1 and 
3 indicated that the two protocols worked better than protocol 2 which yielded no bands 
with insoluble PVP and degraded proteins with soluble PVP.  
 

 When the TCA-acetone extraction was further refined (section 2.2.2.1), far 

superior yields and much more defined protein bands in subsequent extractions 

were observed (Figure 2.3).  
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Figure 2.3 – Qualitative SDS-PAGE evaluation of total protein extracts from wheat 
anthers (T-IP) using the optimised protocol 1. Optimisation of extraction protocol 1 
resulted in an increased number of protein species being extracted as evidenced by the 
increased number of bands (compared to Figure 2.2), higher protein yields, and minimal 
protein degradation. Total protein extracts of three biological replicates from three 
technical replicates are shown with 8 µg of total protein from each sample loaded. 
 

 Further assessment of the protein extracts involved pilot 2DGE 

experiments using 7 cm IEF strips (pH 3-10) to ensure samples obtained from the 

optimised extraction protocol 1 were suitable for use in 2DGE experiments 

(Figure 2.4). 
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Figure 2.4 – Suitability of protein extracts for use in 2DGE was assessed in pilot 
experiments using a 7 cm 2DGE gel format. Fifty µg of total protein extracted from 
pooled T-IP wheat anthers was loaded onto an IEF strip (pH 3-10), focused in the first 
dimension for 8164 Vhr then separated on a 4-12% NuPAGE Bis-Tris gel. The presence 
of well-defined spots over a large molecular weight range indicated that the samples 
obtained from the optimised extraction protocol 1 were of suitable quality for 2DGE. 
 

2.3.2 – Optimisation of 2DGE gel resolution 

2.3.2.1 – Horizontal resolution (1st dimension of 2DGE) 

In an effort to increase the horizontal resolution of the 2DGE gels obtained, an 11 

cm IEF strip and gel format was adopted. In order to determine the appropriate 

amount of protein required for good separation and visualisation of protein spots 

in this gel format, different amounts of protein (50, 100 or 150 µg) were 

investigated (Figure 2.5). The results indicated that while 50 µg of protein (Figure 

2.5 A) was insufficient; little difference was seen between gels loaded with 100 or 

150 µg of protein (Figure 2.5 B and C). One difference observed was the over-

representation of high abundance protein species in gels loaded with 150 µg of 

protein which led to larger protein spots that masked spots of low abundance 

proteins. One hundred µg of total protein was therefore deemed an appropriate 

amount for loading onto the 11 cm format. In addition, determining the 
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appropriate amount of protein required was important due to the large amount of 

time and effort required for staging and pooling the wheat anthers according to the 

four pooled stages as well as for extracting sufficient amounts of protein from the 

meiotic tissue. 

 Initial pilot experiments (refer to Figure 2.5) focused for the recommended 

35000 Vhr resulted in some spots remaining diffuse and smeary, indicative of the 

samples being under-focussed. IEF parameters were then investigated to ensure 

that proper separation of the protein species within the 100 µg of protein extracts 

was achievable. This involved increasing the length of the IEF protocol to a total 

of 45000 Vhr. Comparisons between gels loaded with 100 or 150 µg of total 

protein focused for 35000 (Figure 2.6 A and C) and 45000 Vhr (Figure 2.6 B and 

D) revealed that at both protein loads, the prolonged IEF protocol resulted in 

superior protein spot separation and definition while also reducing background 

smears in the gels. 
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Figure 2.5 – Three different amounts of proteins were loaded onto the 11 cm gel 
format to determine the appropriate amount of protein required for adequate 
visualisation of the spots using the nanogram-sensitive CBB R250 staining technique 
used in this study. Gels with only 50 µg of protein (A) showed reduced loading, while 
little difference was seen between the spot patterns of gels loaded with 100 or 150 µg of 
protein (B and C respectively). Compared to gels loaded with 100 µg, gels with 150 µg 
displayed spots that appeared slightly less well-defined with spots of high abundance 
protein species (that appear as larger darker spots) masking spots of low abundance 
proteins. IEF strips used were pH 3-10, focused for 35000 Vhr. 
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 In an effort to further increase the horizontal resolution obtainable using the larger 11 

cm format, narrow range pH strips were utilised. This involved using IEF strips with narrow 

pH ranges from pH 3-6, 5-8, and 7-10 (Figure 2.7 B, C, and D). Results showed that while 

some protein species had isoelectric potentials between pH 3-6 and 7-10, the majority of the 

proteins appeared to have isoelectric potentials within the pH 5-8 range. Comparisons 

between the relative horizontal resolutions afforded by broad range pH 3-10 (Figure 2.7 A) 

and narrow range pH 5-8 (Figure 2.7 C) strips showed that narrow range pH 5-8 strips gave 

far superior protein spot resolution while also encompassing the majority of protein species 

present within the samples analysed. 
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2.3.2.2 – Vertical resolution (2nd dimension of 2DGE) 

Optimisation of vertical resolution was achieved by loading 100 µg aliquots of the 

same T-IP protein extract onto 11 cm IEF strips that were focused then inserted 

into Bis-Tris gels of differing percentages (Figure 2.8 A and B). Vertical 

separation of the proteins by molecular weight was significantly better in 12% 

Bis-Tris gels compared to that of 10% gels. This was evident when comparing the 

distances between equivalent spots in each gel. 

 

Figure 2.8 – Optimising vertical resolution for 2DGE. Aliquots (100 µg) of T-IP 
protein extracts were focused for 45000 Vhr then separated in the second dimension in 
10% Bis-Tris gels (A) and 12% Bis-Tris gels (B). Four reference spots (denoted by the 
red, purple, yellow and green ovals) were identified and the distances between them 
measured for each gel. In all cases, the 12% gels gave greater vertical separation by 
molecular weight than the 10% gels. 
 

2.3.3 – Optimising a spot visualisation technique 

In addition to the nanogram sensitive CBB R250 spot visualisation technique 

used, other visualisation techniques such as the super-sensitive 2-dimensional 

fluorescence difference gel electrophoresis (DIGE) method and mass-
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spectrometry (MS) compatible Eriochrome black T (EBT) silver staining were 

investigated. This was done to determine whether an increase in spot visualisation 

sensitivity and hence increased spot data, could be obtained from the 2D gels. 

 

2.3.3.1 – 2-dimensional fluorescence difference gel electrophoresis (DIGE) 

The use of fluorescent CyDyes in DIGE appeared to be a good alternative to 

classical visualisation techniques such as Coomassie staining and silver staining. 

This is because CyDyes allow for much more sensitive detection of protein spots 

resulting in less protein sample(s) needing to be loaded per gel. In addition to 

following the manufacturer’s protocol, optimisation of the DIGE protocol 

included varying the length of the IEF protocol and reducing the ampholyte 

concentration from 2% to 1%. However, DIGE was not compatible with the 

samples in this study (Figure 2.9) with a significant amount of smearing present 

within the gels, most likely indicative of under- or over-focusing of the samples. 

This isoelectric focusing problem could not be remedied by decreasing (Figure 

2.9 A) or increasing (Figure 2.9 C) the total Vhr of the IEF protocol even though 

the reduced ampholyte concentration ensured that the samples were focused at the 

maximum voltage of 8000 V. 
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Figure 2.9 – Significant amounts of smearing were detected in DIGE gels with protein samples 
analysed in this study. One hundred µg of protein (33.33 µg of Cy2-tagged sample, 33.33 µg of 
Cy3-tagged sample, and 33.33 µg of an equivalent mixture of both samples tagged with Cy5 to be 
used as an internal standard), added with 1% ampholyte (v/v), was loaded onto each narrow range pH 
5-8 11 cm IEF strip and then focused for (A) 35000 Vhr, (B) 45000 Vhr or (C) 55000 Vhr. 
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2.3.3.2 – MS compatible eriochrome black T (EBT) silver staining 

Having determined that DIGE was not compatible, a MS compatible EBT silver 

stain protocol was investigated (section 2.2.6.2). Although less sensitive than 

DIGE, EBT silver staining is significantly more sensitive than the CBB R250 

method. Consequently, only 75 µg of protein had to be loaded per gel instead of 

the 100 µg required for the CBB R250 method. This protocol involved staining 

the gels with CBB R250, de-staining and then staining the gels with the EBT 

silver stain. The resulting gels had a larger number of spots that were more 

defined (Figure 2.10 A and B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 – Sensitivity of protein spot visualisation was increased by using the 
EBT protocol post-CBB R250 staining. Protein (75 µg) was loaded onto an 11 cm pH5-
8 IEF strip and focused for 45000 Vhr then separated on a 12% Bis-Tris gel. The gel was 
stained with CBB R250 (A) and a scanned image obtained before being de-stained. The 
gel was re-stained with the EBT silver stain, and another scanned image obtained (B). 
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2.3.4 – 2DGE of anther proteins from four pooled stages of meiosis 

The triplicate gels of each pooled stage showed consistent spot patterns in 

addition to an increase in spot number across the triplicate gels of the four pooled 

stages (Figure 2.11). The gels also showed a decrease in lower molecular weight 

proteins and a consequent increase in those with higher molecular weights. In 

addition, visual analyses of the gels showed that PM-LP and D-A gels had almost 

identical spot patterns. Thus comparisons between the pooled stages were only 

conducted between the PM-LP and TI-TII pooled stages. 

Gel analysis was however complicated by the large number of spots 

present within each gel leading to the 2DGE software being unable to correctly 

detect and match equivalent protein spots accurately even with manual spot 

matching of numerous spots. To overcome this, the tissue type used for this study 

was refined from anthers to meiocytes in an effort to reduce ‘contaminating’ 

protein species extracted from mitotic cells that constitute the anther sac. A pilot 

experiment showed that protein extracts from meiocyte-enriched samples (Figure 

2.12 A) resulted in a reduced number of protein spots compared to that of whole 

anthers (Figure 2.12 B).  
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Figure 2.12 – Changing the tissue type analysed from whole anthers (A) to meiocytes (B) 
reduced the number of spots present in the 2DGE gels. Total protein was extracted from whole 
anthers and meiocyte-enriched samples (where meiocytes were extruded from the anther sacs) using 
the TCA-acetone precipitation method. Total protein (75 µg) was loaded onto each narrow range pH 
5-8 IEF strip and focused for 45000 Vhr then separated on 12% Bis-Tris gels. Gels were then stained 
with CBB R250, de-stained and then stained with the EBT silver stain protocol. 
 

2.3.5 – 2DGE of PM-LP meiocyte-enriched samples 

Based on the results shown in section 2.3.4, further analyses were conducted using total 

protein extracts from meiocyte-enriched samples. Due to the specific nature of this study 

(that is, the identification of proteins required during the early stages of meiosis), and the 

extensive amount of time required to obtain meiocyte-enriched samples as well as the limited 
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availability of the tissue samples; only two pooled stages were analysed – namely PM-LP and 

TI-TII. For analyses between stages, wild-type Chinese Spring PM-LP and TI-TII samples 

were used while PM-LP samples of wild-type and ph mutants (ph1b and ph2a) were used to 

investigate differences that are present between the three genotypes during the early stages of 

meiosis. 

 Analyses of the gels conducted using both 2DGE analysis software and manual visual 

detection revealed three regions with differences (Figure 2.13), with six spots being 

differentially detected (named KK01, KK02, KK03, KK04, KK05, and KK06) (either 

between pooled stages, genotypes, or both) (Table 2.1, Figure 2.14 and Figure 2.15). The 

physicochemical properties of these regions are detailed in Table 2.1. 

 

Table 2.1 – Approximate physicochemical properties of six candidate spots identified via 2DGE 
analyses. Total protein extracts from two pooled stages (PM-LP and D-A) of Chinese Spring were 
analysed to determine differences between stages of meiosis while PM-LP samples of both ph 
mutants were compared to that of Chinese Spring to identify possible spot differences between the 
genotypes that may help elucidate the mechanisms that control homologous pairing.

Spot name(s) Notation of 

region in 

Figure 2.13 

Notation of spot 

in Figure 2.14 

Approximate 

molecular weight of 

region 

Approximate pH 

of region 

KK01 

Red square 

Red oval 

20-25 kD pH 6.0-6.5 
KK02 Blue oval 

KK03 Orange circle 

KK04 Green circle 

KK05 Blue rectangle Yellow circle 60-100 kD pH 7.0-7.5 

KK06 Green rectangle Purple oval 50-100 kD pH 7.5-8.0 



 
64

 

 Fi
gu

re
 2

.1
3 

– 
2D

G
E

 a
na

ly
se

s 
be

tw
ee

n 
PM

-L
P 

an
d 

T
I-

T
II

 p
ro

te
in

 e
xt

ra
ct

s 
of

 C
hi

ne
se

 S
pr

in
g 

(A
 a

nd
 B

 r
es

pe
ct

iv
el

y)
 a

nd
 t

he
 P

M
-L

P 
ex

tr
ac

ts
 o

f t
he

 p
h 

m
ut

an
ts

 (p
h1

b 
– 

C
, p

h2
a 

– 
D

 r
es

pe
ct

iv
el

y)
 r

ev
ea

le
d 

th
re

e 
re

gi
on

s w
ith

 d
iff

er
in

g 
sp

ot
 p

at
te

rn
s.

 S
ix

 c
an

di
da

te
 sp

ot
s (

K
K

01
 

– 
K

K
06

) w
er

e 
id

en
tif

ie
d 

to
 b

e 
di

ff
er

en
tia

lly
 d

et
ec

te
d 

ei
th

er
 b

et
w

ee
n 

po
ol

ed
 s

ta
ge

s 
or

 g
en

ot
yp

es
, o

r b
ot

h.
 K

K
01

, K
K

02
, K

K
03

 a
nd

 K
K

04
 w

er
e 

lo
ca

te
d 

w
ith

in
 t

he
 r

ed
 s

qu
ar

e 
w

hi
le

 K
K

05
 a

nd
 K

K
06

 w
er

e 
lo

ca
te

d 
w

ith
in

 t
he

 b
lu

e 
an

d 
gr

ee
n 

re
ct

an
gl

es
 r

es
pe

ct
iv

el
y.

 G
el

s 
sh

ow
n 

ar
e 

re
pr

es
en

ta
tiv

e 
of

 th
re

e 
te

ch
ni

ca
l r

ep
lic

at
es

 o
f t

hr
ee

 b
io

lo
gi

ca
l r

ep
lic

at
es

. 



 65 

 

Figure 2.14 – Magnified view of the three regions with spot differences seen in 
Figure 2.13 (A – red square; B – blue rectangle, C – green rectangle). Candidate spots 
KK01 (red circle), KK02 (blue oval), KK03 (orange circle) and KK04 (green circle) were 
identified within the region denoted by the red square in Figure 2.13 while KK05 (yellow 
circle) and KK06 (purple oval) were identified within the blue and green rectangles in 
Figure 2.13 respectively. Spots were identified using ImageMaster 2D Elite software as 
well as by manual inspection. 
 

 Candidate spot KK01 was present only in the wild-type PM-LP sample 

while KK02 was present in both PM-LP samples of wild-type and the ph2a 

mutant (Figure 2.14 A, red oval and blue oval respectively). Analyses of KK03 

and KK04 were complicated due to the fact that both spots appeared at almost the 

same coordinates within the gels albeit with KK04 having a slightly higher pI and 

spot intensity in the ph2a PM-LP samples than KK03 in the wild-type TI-TII 

samples (which possibly indicated that they were isoforms of the same protein 
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species). KK05 was present in all PM-LP samples but was absent in the later 

stages of meiosis (Figure 2.14 B, yellow circle) while KK06 was present in both 

pooled stages of the wild-type but absent in both PM-LP samples of the ph 

mutants (Figure 2.14 C, purple oval). Statistical analyses of the normalised spot 

volumes revealed all spots were present at different levels of abundance which 

were statistically significant (p<0.05) (Figure 2.15). The spots were then excised 

from the gels and sent for mass-peptide identification (refer to Chapter 3). 

 

 

Figure 2.15 – Comparisons of normalised spot volumes of the six candidate spots 
identified. KK01 was present only in the wild-type PM-LP sample while KK02 was 
present in PM-LP samples of both wild-type and the ph2a mutant. Statistical analysis was 
conducted on the assumption that KK03 and KK04 were isoforms of the same protein 
species. However, if these were indeed separate protein spots, KK04 was present at 
significantly higher levels (based on LSD value) in the PM-LP ph2a samples than KK03 
was in the TI-TII wild-type samples. KK05 was present in all PM-LP samples analysed 
albeit at very low levels while KK06 was only present in both pooled stages of the wild-
type. LSD values (p < 0.05) for KK01, KK02, KK03, KK04, KK05 and KK06 were 
558.7, 116.8, 70.5, 70.5, 32.62 and 74.0 respectively. Data shown are the mean ± SE of 
three biological replicates for each sample (n=12). 
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2.4 – Discussion 

The aim of this study was to optimise a proteomics methodology that was suitable 

for investigating meiosis in bread wheat with a view to identifying proteins that 

have roles in meiosis. This was achieved by determining and optimising a suitable 

protein extraction technique from wheat anthers and meiocytes, systematically 

optimising parameters that affect 2DGE, investigating protein spot visualisation 

techniques of differing sensitivities, and refining the tissue type used for the 

analyses. 

 An essential factor in any proteomic analysis is sample quality which is 

directly affected by the protein extraction method utilised. The choice of 

extraction technique used is influenced by multiple factors such as the starting 

material (tissue type, availability and time required for harvesting the samples), 

the quantity and quality of the extracted sample required for downstream 

experiments as well as the subset of proteins targeted for analysis. Protein species 

extracted by any given protocol are determined by the biochemical properties of 

the proteins and their compatibility with the protocol used. Thus, no one single 

extraction is able to extract all cellular proteins; with differing protein extraction 

techniques having been shown to yield different subsets of protein species 

(Carpentier et al. 2005). 

Of the three extraction techniques investigated in this study, the TCA-

acetone extraction and precipitation technique proved the most successful with 

proteins of a broad molecular weight range (10 kD to 250 kD) being extracted. 

While the amount of protein yielded using this technique was lower than that of 

the other two investigated (data not shown), the quality of the proteins extracted 

was significantly better (as analysed by visual inspection of SDS-PAGE gels, 
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Figure 2.2) with tight bands indicating intact protein species were extracted. In 

comparison, both the urea-mercaptoethanol-NP40 and phenol extraction 

techniques yielded smears within the gel lanes, most likely indicative of protein 

degradation and possible contamination by interfering substances. Although either 

1 or 5 µg of total protein (as quantified via the Bradford assay) were loaded into 

the gel lanes, no bands or smears were present in lanes loaded with extracts of 

extraction protocol 2 (using insoluble PVP). This was most likely due to 

contaminating substances (such as residual PVP debris from the extraction buffer, 

free amino acids, or plant pigment molecules) giving false spectrophotometric 

readings during the Bradford assay. 

The use of the TCA-acetone extraction method had the added benefits of 

being a rapid, economical and efficient protocol with highly reproducible results 

(Figure 2.3). In addition, proteases and other modifying enzymes can be instantly 

inactivated thus preventing proteolysis and unwanted modifications to the proteins 

extracted (Wu and Wang 1984). To further prevent residual enzymatic activity 

and degradation, only pre-chilled solutions and apparatus were used. 

A minor drawback of the TCA-acetone protocol is the high level of 

residual salts in the extracts that leads to high current conductivity during IEF 

resulting in heat build-up (Mao and Pawliszyn 1999) that can cause carbamylation 

of the protein samples (Isaacson et al. 2006). This consequently leads to 

incomplete sample focusing resulting in smearing of protein spots and possibly 

the presence of carbamylation trains in 2D gels. To avoid this, the protocol was 

optimised by the addition of a 90% acetone (v/v) in nanopure water wash step to 

reduce the salt concentration. A prolonged active rehydration step (30 V for 13 hr) 

and an initial low voltage step (200 V for 1 hr) were also used to draw 
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contaminating salt ions to the electrodes. In combination, these optimisation steps 

allowed complete isoelectric focusing to be achieved with samples reaching 8000 

V and 50 µA per IEF strip. However, some residual salt contamination was still 

present and led to light spot smearing and background staining at the acidic end of 

the 2D gels (Figure 2.11 and 2.13).  

Spot resolution for this study was increased by the use of an 11 cm IEF 

strip and gel format after initial tests using 7 cm strips and gels were completed. 

Optimisation of this larger format involved investigating the appropriate amount 

of protein to load and the IEF parameters required for correct focusing of the 

samples. While the manufacturer’s protocol recommends 35000 Vhr, the results 

showed that spot resolution was increased and background noise decreased when 

the total IEF time was increased to 45000 Vhr (Figure 2.6, comparing A and C 

with B and D). These gel results further highlight the importance of optimising an 

IEF protocol that is specific to the samples used in each study.  

Horizontal resolution was further increased by using narrow range pH IEF 

strips that allowed more targeted protein spot analyses. Final analyses of all 

samples was done using narrow range pH 5-8 strips as the majority of the protein 

spots appeared within this range (Figure 2.7).  

 Vertical resolution of the 2D gels was optimised by investigating the 

migration of reference protein spots in different percentage Bis-Tris gels. 

Experiments were conducted with Bis-Tris gels which had a significantly lower 

pH value (6.5) compared to that of a Tris-glycine system, which has a pH value of 

8.5. Previous work done by Anfinsen and Haber (1961) has shown that the pH 

value at which a SDS-PAGE system operates influences the rate of protein 

migration through the gel. They showed that cysteine residues, required for 
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disulphide bond formation, have a pKa value of between 8 and 9. Disulphide bond 

formation therefore possibly increases at the pH of 8.5 used in a Tris-glycine 

SDS-PAGE system, This could have negative consequences on an SDS-PAGE 

conducted under denaturing conditions as refolding of proteins back to their 

tertiary configurations allows movement through the gel at different rates 

(Anfinsen and Haber 1961). This was avoided in this study by using the Bis-Tris 

system which has a lower pH value allowing denatured protein species to separate 

more efficiently and precisely according to their molecular weights. The use of 

fixed percentage gels was also preferred to that of gradient gels as fixed 

percentage gels allowed for more accurate molecular weight estimation. Twelve 

% gels were used in the final analyses as they gave superior vertical resolution 

compared to the 10% gels (refer to Figure 2.8). 

 Although the spot resolution achieved was deemed sufficient for this 

study, future work could investigate using even longer IEF strips and larger gel 

formats. This would increase resolution dramatically but would also require a 

larger amount of protein per gel. A possible way to overcome the requirement for 

increased amounts of protein is to use a more sensitive visualisation technique. 

Indeed, this study investigated three spot visualisation techniques in an effort to 

reduce the amount of protein needed as well as to generate the best possible gel 

data for analysis. The amount of protein loaded per strip is largely dependent on 

the sensitivity of the visualisation technique used downstream. When the 

nanogram-sensitive CBB R250 technique was used, 100 µg of protein was 

required while only 75 µg was needed for MS-compatible EBT silver staining. 

Impressively, only 33.33 µg of each protein extract was required with the super-

sensitive DIGE technique. Moreover, DIGE also allows two different samples as 
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well as an internal standard (consisting of a mixture of both samples) to be run 

within a single gel due to the use of three Cy-dyes that fluoresce at different 

excitation wavelengths. This reduces gel-to-gel variation and allows for more 

accurate spot analyses. Substantial amounts of time and funds were invested to 

optimise this technique but multiple attempts were unsuccessful with unfocussed 

spots and smearing present even when ampholyte concentrations were reduced to 

1% and varying lengths of total Vhr were used in the IEF protocol. Due to time 

and financial constraints, DIGE was deemed non-viable for this study and was 

replaced with the MS-compatible EBT silver stain technique. Although the EBT 

silver staining technique does not allow 100% accurate quantification of protein 

spots, this study successfully used it to identify six spots that were present at 

different levels within the cell.  

  Software analyses of 2D gels loaded with total cellular proteins extracted 

from wheat anthers that had been pooled into four stages proved difficult and 

time-consuming due to the large number of spots present (Figure 2.11). This was 

not completely unexpected as previously published literature has shown that spot 

detection software is not sophisticated enough to detect large numbers of spots, 

decipher complex spot patterns, nor can it accurately and reliably pair equivalent 

spots across multiple gels in large experiments without a large amount of manual 

assistance that can be subjective (reviewed by Clark and Gutstein 2008). Despite 

this, observation of the gels showed an increased number of protein spots as 

meiosis progressed, in agreement with mRNA transcript data previously 

published by Crismani and colleagues (2006). Manual inspection of the gels 

revealed that the spot patterns present on PM-LP and D-A gels were very similar 

with no discernable differences seen. Two possible explanations for this 
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observation are: 1) some protein species present during the PM-LP stage may also 

have roles (or persisting roles) during the D-A stage and hence are maintained 

within the cell; or 2) degradation of PM-LP proteins no longer required during the 

D-A stage is not yet complete (due to the short time-frame between the end of 

pachytene and the start of anaphase I). The T-IP gels however revealed a clear 

increase in higher molecular weight proteins and that the majority of the proteins 

resided within the 25 – 100 kD range. This was reflective of 2D gels loaded with 

protein extracts from rice anthers at the equivalent stage (Imin et al. 2001). 

 The change of tissue type used from whole anther to enriched meiocyte 

samples was made to reduce the complexity of the spot patterns obtained (Figure 

2.12). The removal of the anther sac (which is made of mitotic cells) encasing the 

meiocytes helped reduce ‘contamination’ caused by proteins extracted from these 

cells. Conversely, enriching for meiocytes should result in the enrichment of 

proteins vital for meiotic cell division and development. 

 Both software and manual analyses of 2D gels loaded with total cellular 

proteins extracted from the PM-LP stage meiocyte-enriched samples of both wild-

type and ph mutants as well as the D-A stage wild-type samples proved more 

manageable (Figure 2.11). Three regions, with a total of six spots which were 

present at differing levels either between stages of meiosis (PM-LP vs. D-A) or 

between genotypes (wild-type vs. ph1b vs. ph2a), were detected (Table 2.1, 

Figure 2.13, Figure 2.14 and Figure 2.15). The presence of KK01 and KK06 in 

wild-type samples but not in samples of the ph mutants suggests that these 

proteins may have roles in the mechanism by which homologous chromosome 

pairing is achieved or simply that they are protein products of genes present on 

the sections of the genome that are missing from each of the ph mutants. 
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Alternatively, they could also be protein products of genes located elsewhere in 

the genome but that are regulated by the respective ph loci absent in the mutants. 

KK06 is unique in that it appears to be present in both pooled stages of meiosis 

analysed but is absent in the PM-LP stage of both ph mutants. One plausible 

explanation is that the KK06 gene is regulated by a combination of factors from 

both the ph loci where absence of either locus leads to the KK06 protein not being 

expressed. The presence of KK02 during early meiosis when the three tightly-

linked processes of chromosome synapsis, homologous pairing and DNA 

recombination occur makes KK02 an interesting meiotic candidate. Its absence in 

the ph1b mutant further suggests that the KK02 gene either resides within the ph1 

deletion region or is regulated by a ph1 mechanism as has been seen in the case of 

another meiotic gene, TaASY1 (Boden et al. 2009). Given that KK03 is only 

present in the TI-TII stage in wild-type samples, KK03 is likely to be a late 

meiosis protein and/or required for tetrad or pollen maturation. Interestingly, 

KK04 is present at almost the same coordinates within the PM-LP ph2a gels 

albeit at higher levels. Whether or not these two spots are the same, with KK04 

representing abnormal regulation of the KK03 gene due to the loss of the ph2a 

locus, will be determined through mass-peptide identification of both proteins 

(Chapter 3). Similar to KK01 and KK02, KK05 appears to be required during 

early meiosis. However, the presence of KK05 in all three genotypes indicates 

that it neither resides within the ph loci nor is it regulated by them. Results of the 

mass-peptide identification of these six spots as well as the characterisation of the 

proteins and the genes that encode them are detailed in Chapter 3. 

  In conclusion, 2DGE is a viable but time-consuming and labour-intensive 

proteomics tool for investigating the wheat meiotic proteome. In addition, there 
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are limitations in its application especially when dealing with limited amounts of 

starting material and protein samples. Further optimisation to remove the residual 

salts and contaminants carried over from the extraction method used may enable 

the use of the DIGE procedure that would most likely overcome these limitations. 

In the future, the use of cutting-edge cell flow-cytometry techniques may enable 

the sorting of meiocytes into each stage (or even sub-stage) of meiosis thus 

reducing sample harvesting time and allowing more detailed analyses of the wheat 

meiotic proteome. However, even with the limitations imposed by this technique, 

six protein spots whose expression differed in a context likely to be biologically 

important were identified. 
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Chapter 3 – Characterisation of proteomics candidates 

3.1 – Introduction 

While plant meiosis research has been ongoing for decades, most studies have 

relied on various genetic-based approaches including mutant population screens, 

microarray analyses, cloning and transgenesis. However, protein-based 

approaches such as proteomics have been seldom reported, at least in 

investigating cellular processes like meiosis (Phillips et al. 2008, Sánchez-Morán  

et al. 2005). 

One advantage of using a proteomics-based approach is that it provides a 

broad snap-shot of the dynamic protein profile present within a given cell type at 

any developmental stage. In addition, proteomics data is as important, if not more 

important, than transcript expression profiling data as it allows researchers to 

study the proteins, the work-horses of the cell, rather than the mRNA transcripts 

that may yet be post-transcriptionally regulated. Ideally, both transcriptional and 

proteomics data should bolster one another but multiple previous studies have 

proven otherwise (reviewed by Waters et al. 2006 and references therein). This 

highlights the need for proteomics as a research tool in our efforts to understand 

the cellular mechanisms of the living cell. Although 2DGE has been one of the 

most widely used proteomics approaches for studying various facets of cellular 

biology, 2DGE has only been utilised recently to study plant meiosis (Phillips et 

al. 2008, Sánchez-Morán  et al. 2005). 

The objective of the work presented in this chapter was to isolate and 

characterise candidate genes that encode the protein products responsible for the 

six spots (KK01-KK06) that were identified to be differentially expressed in 
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Chapter 2. Characterisation of selected candidates was achieved using several 

approaches including RACE PCR, Southern blot analyses, Q-PCR profiling, and 

in vitro DNA-binding assays. Through these combined approaches, two 

candidates with possible roles during the early stages of meiosis in bread wheat 

have been identified. 

 

3.2 – Materials & Methods 

3.2.1 – Mass-peptide identification of candidate spots 

3.2.1.1 – Preparation of candidate protein spots 

Gels were placed in a transparent glass tray over a light-box and the six spots 

were excised from their respective gels using 200 µL pipette tips that were 

snipped at the end to fit the size of the spots. Gel plugs obtained with these tips 

were washed twice for 20 min in 100 mM ammonium bicarbonate (Sigma) and 

then dried with a SpeedVac SVC100 (Selby Instruments, Notting Hill, Victoria, 

Australia). Samples were rehydrated in 100 mM ammonium bicarbonate and in-

gel digestion was conducted with 40 ng of Trypsin Gold (Promega Corporation, 

New South Wales, Australia) at 37�C for 4 hr. The supernatants containing the 

digested proteins were recovered post-centrifugation at 13000 rpm and analysed 

by tandem mass spectrometry (MS/MS). This was conducted at the Flinders 

Proteomics Centre in conjunction with Dr Tim Chataway using Ion-Trap Liquid 

Chromatography-Electrospray Ionisation tandem mass spectrometry (MS/MS). 
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3.2.1.2 – Mass spectrometry (MS) 

The digested peptides were analysed with a Thermo LTQ XL linear ion trap mass 

spectrometer fitted with a nanospray source (Thermo Electron Corp, San Jose, 

CA, USA). The samples were applied to a 300 �m i.d. x 5 mm C18 PepMap 100 

precolumn and separated on a 75 �m x 150 mm C18 PepMap 100 column using a 

Dionex Ultimate 3000 HPLC (Dionex Corp, Sunnyvale, CA, USA) with a 55 min 

gradient from 2% acetonitrile to 45% acetonitrile containing 0.1% formic acid at a 

flow rate of 200 nl min-1 followed by a step to 77% acetonitrile for 9 min. The 

mass spectrometer was operated in positive ion mode with one full scan of 

mass/charge (m/z) 300-2000 followed by product ion scans of the three most 

intense ions with dynamic exclusion of 30 s and collision induced dissociation 

energy of 35%. 

The MS spectra were searched with Bioworks 3.3 (Thermo Electron Corp, 

San Jose, CA) using the Sequest algorithm against the Rice Genome Annotation 

(Build 6.1) using Trypsin digestion as the protease and allowing for two missed 

cleavages, with the following filters: 1) the cross-correlation scores (Xcorr) of 

matches were greater than 1.5, 2.0 and 2.5 for charge state 1, 2 and 3 peptide ions 

respectively; and 2) peptide probability was greater than 0.01. The mass tolerance 

for peptide identification of precursor ions was 1 Da and 0.5 Da for product ions. 

 

3.2.2 – Analyses of peptides identified by mass spectrometry 

3.2.2.1 – Basic Logic Alignment Search Tool (BLAST) analyses of peptides 

obtained from mass spectrometry 

Peptides obtained from the mass spectrometry were analysed using the online 

protein BLAST (BLASTp) website of the National Center for Biotechnology 
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Information (NCBI) (http://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins, 

NCBI-Genbank Flat File Release 173; accessed 27th October 2009). Searches 

were conducted using the default settings with the Triticeae and Oryza filters. 

BLASTp searches were also conducted using The Institute for Genomic Research 

(TIGR) Rice Genome Database (http://blast.jcvi.org/euk-

blast/index.cgi?project=osa1, Rice Genome Annotation Build 6.1; accessed 27th 

October 2009). A 50% sequence identity cut-off point was used to reduce the non-

specificity of the hits caused by the short peptide sequences used in the searches. 

In 2010, post-isolation of the candidate transcripts, the Brachypodium distachyon 

genome was completely sequenced. A second round of BLASTp searches was 

conducted against the completed Phytozome BLAST database 

(http://www.phytozome.net/search.php?show=blast, Version 5.0; accessed 2nd 

September 2010). Default settings were used with Brachypodium distachyon 

selected as the target genome. 

 

3.2.3 – Isolation and amplification of candidate transcripts 

3.2.3.1 – Primer design 

Peptide sequences that passed the filtering and selection criteria in section 3.2.2.1 

were back-translated to obtain their corresponding DNA sequences. 5′ and 3′ 

Rapid Amplification of cDNA (RACE) primers were designed from these DNA 

sequences according to the guidelines provided by the GeneRacer Kit 

(Invitrogen). Each RACE primer was evaluated by its annealing temperature, 

whereby primers with annealing temperatures lower than 52°C were rejected. 

Degenerate primers (with random nucleotides in the codon wobble positions) 

were also designed in some instances to increase the chances of amplifying a 
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product. Multiple rounds of RACE primers were designed based on sequencing 

results obtained after each RACE experiment (see Table 3.1). Primers were also 

designed based on the sequences of the RACE products (section 3.2.3.11) to 

amplify the full-length coding sequences of the candidate genes. 

 

3.2.3.2 – Collection and staging of meiotic anthers 

Staging and collection of Chinese Spring, ph1b, and ph2a wheat anther tissue 

from plants grown in a controlled-environment room programmed with a 16/8 hr 

photoperiod at approximately 23°C was performed as per section 2.2.1. Stages of 

anthers collected were Chinese Spring at PM-LP and TI-TII stages, and ph1b and 

ph2a at PM-LP stage. 

 

3.2.3.3 – RNA extraction and quantification 

Frozen anther tissue was vortex-ground using three 0.3 cm diameter metal ball-

bearings in 2 mL microfuge tubes (Genomics Products Pty Ltd., Belconnen 

Business Centre, Australian Central Territory, Australia). Total RNA was 

extracted using TRI-REAGENT (Astral Scientific Pty Ltd., Caringbah, New 

South Wales, Australia) according to the manufacturer’s instructions. The purified 

RNA samples were resuspended in 50 �L of 10 mM 

Tris[hydroxymethyl]aminomethane (TRIS) (pH7.5). 

 The quality of the extracted RNA was determined by gel electrophoresis. 

RNA samples (5 �L) were mixed with 3 �L of 6� Ficoll loading buffer and 

separated on a 1.5% agarose gel (w/v) using a gel electrophoresis tank (AdeLab 

Scientific Pty Ltd., Thebarton, South Australia, Australia). Visualisation of the 

RNA was conducted using ethidium bromide (Amresco) and illuminated using a 
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UVP First Light UV Illuminator (Ultra-Violet Products Ltd., Cambridge, United 

Kingdom). 

 Quantification of the RNA concentration was determined 

spectrophotometrically using a ND-1000 nanodrop machine (NanoDrop 

Technologies Inc., Wilmington, Delaware, USA). TRIS (10 mM; 1 �L) was used 

as a blank sample while 1 �L of each test/experimental sample was used to obtain 

the RNA concentrations and absorbance ratios (A260/280). 

 Samples with low concentrations of RNA were concentrated to a volume 

of approximately 10 �L using a SpeedVac SVC100 (Selby Instruments) and 

quantified again as described above. 

 

3.2.3.4 – Construction of cDNA and RACE libraries 

5′ and 3′ RACE libraries were synthesised from 2.5 �g of total RNA per reaction 

using a GeneRacer Kit (Invitrogen) according to the manufacturer’s instructions. 

The 5′ RACE library construction was performed over two days with RNA pellets 

frozen and stored overnight at −20°C in ethanol during the ‘Ligation of RNA 

Oligo to Decapped mRNA’ procedure. Total cDNA libraries for Chinese Spring 

at PM-LP and TI-TII stages, and ph1b and ph2a at PM-LP stage were also 

constructed using 1 �g of total RNA per IScript™ cDNA Synthesis Kit (BIO-

RAD) reaction according to the manufacturer’s protocol. 

 

3.2.3.5 – 5′ and 3′ RACE Polymerase Chain Reaction (PCR) 

Multiple rounds of 5′ and 3′ RACE were conducted according to the 

manufacturer’s protocol with some modifications. Firstly, both primary and 

secondary reaction volumes were scaled down to 25 µL. Secondly, lowered 
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annealing temperatures were used in some instances to accommodate the lower 

annealing temperatures (Tm) of the primers (see Table 3.1 for primers and 

annealing temperatures used). Thermocycling was conducted in a BIO-RAD 

DNA Engine Dyad Cycler (BIO-RAD). A lowered annealing temperature of 55°C 

was also used in tandem with a doubled cDNA concentration for KK02, KK04 

and KK05 primers when no products could be amplified with their ideal annealing 

temperatures. 

 

3.2.3.6 – Agarose gel electrophoresis and gel purification of PCR products 

Each PCR product (25 �L) obtained was mixed with 5 �L of 6× Ficoll dye and 

separated on a 1.0% agarose gel (w/v). The gels were ran at 110 V for 1 hr in 1× 

TAE buffer. HyperLadder I (Invitrogen) (5 �L) was used as the molecular weight 

ladder. Visualisation was done using ethidium bromide and UV illumination in a 

Firstlight® UV Illuminator (Ultra-Violet Products Ltd). 

 The PCR products were excised from the gel and extracted using a 

PureLink™ Quick Gel Extraction Kit (Invitrogen), as per the manufacturer’s 

instructions. The PCR products were eluted with 50 �L of warm elution buffer to 

achieve approximately 95% recovery. The samples were then concentrated down 

to approximately 10 - 15 �L in a SpeedVac. 

 

3.2.3.7 – Ligation of PCR products and bacterial transformation 

The concentration of each PCR product insert was initially determined using a 

ND-1000 nanodrop machine. This was to ensure that the 3:1 ratio of PCR product 

to plasmid vector was used in each ligation reaction. 
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 Ligation of PCR products was then completed using the 

pCR®8/GW/TOPO® TA Cloning® Kit (Invitrogen) according to the 

manufacturer’s protocol. Ligation reactions were put into the BIO-RAD DNA 

Engine Dyad Cycler (BIO-RAD) for a 15 min incubation period at 23°C to allow 

the ligation reaction to occur. The ligated vector was then transformed into One 

Shot® Competent E. coli cells (Invitrogen) by heat shock treatment according to 

manufacturer’s instructions. 

 Transformed cells were plated onto Luria Bertani (LB)-agar plates 

containing spectinomycin (100 �g mL-1) (Sigma) as a selective agent and left to 

grow overnight at 37°C in an OM11 orbital mixer incubator (Ratek Instruments 

Pty Ltd.). 

 

3.2.3.8 – Colony PCR screening: Identification of positive 

pCR®8/GW/TOPO® clones with candidate cDNA inserts 

The transformed colonies were picked and screened for the presence of the inserts 

using a PCR-based assay. Each PCR reaction contained 3.2 �L of 10 mM dNTPs, 

1.0 �L of 10 �M forward and reverse primers (refer to Table 3.1), 2.0 �L of 10� 

Immolase PCR buffer (Bioline Pty Ltd., Alexandria, New South Wales, 

Australia), 0.75 �L of 50 mM MgCl2 (Bioline), 0.2 �L of Immolase DNA 

polymerase (Bioline), and 11.85 �L of autoclaved nanopure water. 

 Individual colonies were selected from plates using sterile 200 �L pipette 

tips, which were subsequently swirled in the PCR reaction mix. After selection of 

colonies and addition of bacterial cells to the PCR mix, the pipette tips were 

placed in 5 mL aliquots of LB media containing spectinomycin (100 �g mL-1) and 

grown O/N as previously described (section 3.2.3.7). Colony PCR cycle 



 83 

conditions used were as follows: initial denaturation step at 95°C for 5 min, then 

35 cycles of 96°C for 30 sec, Tm°C for 30 sec, 72°C for 1 min 15 sec, followed by 

a final extension step at 72°C for 10 min. The Tm°C used differed between primer 

pairs (refer to Table 3.1). 

 Upon completion of the PCR reactions, each PCR product (20 �L) was 

separated by agarose gel electrophoresis and visualised as per section 3.2.3.6. 

After positive colonies were identified from the colony PCR screen, plasmids 

produced from the positive colonies were purified using a PureLink™ Quick 

Plasmid Miniprep Kit (Invitrogen) according to the manufacturer’s instructions. 

All steps were performed, including the optional additional wash step. Elution 

was conducted using 50 �L of warm TE buffer. Glycerol stocks were made for all 

positive clones by adding 1 mL of bacterial culture to 1 mL of 50% glycerol. The 

stocks were snap-frozen using liquid nitrogen and stored at -80ºC. 

 

3.2.3.9 – Sequencing reactions for positive pCR®8/GW/TOPO®-candidate 

insert clones 

Sequencing reactions comprised of 2 �L of purified plasmid DNA template, 1.5 

�L of Big Dye buffer (Institute of Medical and Veterinary Science – IMVS, 

Adelaide, South Australia, Australia), 0.5 �L of Big Dye (IMVS) and 1 �L of 

either 10 �M GW1 forward or GW2 reverse primer (see Table 3.1). Multiple 

positive colonies were selected for sequencing. Typically three reactions were 

conducted using the GW1 forward primer and two reactions with the GW2 

reverse primer per clone to ensure sufficient coverage of the PCR insert and to 

allow for sequencing redundancy to identify and remove errors. 



 84 

 Sequencing cycle conditions were as follows; initial denaturation step at 

96°C for 30 sec, then 25 cycles of 96°C for 10 sec, 50°C for 5 sec, 60°C for 4 

min. This sequencing reaction method was optimised for sequencing with the ABI 

3730 DNA Analyser (Applied Biosystems, Scoresby, Victoria, Australia). 

 

3.2.3.10 – Clean-up of sequencing reactions 

Sequencing reactions were allowed to equilibrate to room temperature following 

completion of the PCR cycling. Forty �L of fresh 75% isopropanol (v/v) (Chem-

Supply) was added to each sequencing sample and left to incubate for 20 min at 

room temperature, during which time the DNA precipitated. Samples were then 

centrifuged for 20 min at maximum speed in a Heraeus Biofuge® Pico centrifuge 

(Kendro Laboratory Products Ltd., Hong Kong). Supernatant was then carefully 

discarded and the DNA pellets were washed with 200 �L of fresh 75% 

isopropanol (v/v). 

 Samples were centrifuged a second time at maximum speed for 10 min 

and the supernatant removed with a pipette; being careful not to dislodge the 

DNA pellets. The tubes were allowed to air-dry in the dark. Samples were 

submitted to IMVS for capillary separation using the ABI 3730 DNA Analyser 

(Applied Biosystems). 

 

3.2.3.11 – Contig construction and sequence analysis of pCR®8/GW/TOPO®-

candidate insert clones 

The sequence data from individual clones were uploaded into the Contig Express 

program (Informax, VNTI Advance, Version 9.1, USA) and contigs representing 

the sequence of individual clones were generated. DNA sequence files were 
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generated using Vector NTI (Informax, VNTI Advance, Version 9.1, USA), and 

compared using AlignX (Informax). Using AlignX and Contig Express, sequence 

information from the candidate cDNA clones derived from Chinese Spring were 

obtained to form consensus sequences for each candidate. The sequences were 

then used in tBLASTX, BLASTp and BLASTn searches against online databases 

as per section 3.2.2 to ensure that the correct coding sequences were isolated. 

 

3.2.4 – Isolation and amplification of full length candidate open 

reading frames (ORFs) 

3.2.4.1 – High fidelity amplification and purification of candidate ORFs from 

meiotic cDNA 

High fidelity amplification of the ORFs was conducted using Platinum Taq DNA 

Polymerase High Fidelity (Invitrogen). Each PCR mixture contained 2.5 µL of 

10× High Fidelity Buffer, 3.2 µL of 10 mM dNTPs, 0.75 µL of 50 mM MgSO4, 1 

µL each of forward and reverse ORF primer, 0.5 µL of Chinese Spring meiotic 

cDNA (synthesised in section 3.2.3.4), 0.25 µL of Platinum Taq DNA Polymerase 

High Fidelity (Invitrogen) (5 units µL-1) and 15.8 µL of sterile nanopure water. 

The PCR cycle conditions for each set of ORF-specific primers were as follows: 

initial denaturation step at 95°C for 5 min, then 35 cycles of 96°C for 30 sec, 

Tm°C for 30 sec, 72°C for 1 min 30 sec, followed by a final extension step at 72°C 

for 10 min. The Tm°C used differed between primer pairs (refer to Table 3.1). 

Agarose gel electrophoresis separation and extraction of the PCR products was 

carried out according to the protocol in section 3.2.3.6. 
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3.2.4.2 – Production, screening and sequencing of pCR®8/GW/TOPO®-

candidate ORF clones 

Refer to sections 3.2.3.7 - 3.2.3.10. 

 

3.2.4.3 – Contig construction and sequence analysis of pCR®8/GW/TOPO®-

candidate ORF clones 

Contig construction and sequence analyses were conducted as per section 

3.2.3.11. In addition, nucleotide sequences of all the clones were compared using 

AlignX to ensure that the ORF clones corresponded to the initial sequencing 

results from section 3.2.3.11. One positive ORF clone for each candidate was then 

selected for the construction of their respective heterologous protein expression 

plasmid (refer to section 3.2.7). 

 

3.2.5 – Quantitative real-time PCR (Q-PCR) 

3.2.5.1 – Q-PCR primer design 

Primer design was conducted by analysing full-length transcripts obtained from 

section 3.2.4 using Primer3 (http://frodo.wi.mit.edu/primer3/) and NetPrimer 

(http://www.premierbiosoft.com/netprimer/index.html). Parameters used for 

Primer3 were as follows: product sizes – 150-300 bp; Max 3′ stability – 7.0; 

primer Tm was set to a minimum of 60°C, optimum of 65°C, and a maximum of 

70°C; Max self-complementarity – 6.0; and, Max 3′ self-complementarity – 2.0. 

Primers designed can be viewed in Table 3.1. 
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3.2.5.2 – Testing of Q-PCR primers 

A standard PCR protocol was performed with the Q-PCR primers as per section 

3.2.4.1. The PCR cycle conditions for each set of primers were as follows: initial 

denaturation step at 95°C for 5 min, then 35 cycles of 96°C for 30 sec, 50°C for 

30 sec, 72°C for 30 sec, followed by a final extension step at 72°C for 10 min. 

Agarose gel electrophoresis separation and extraction of the PCR products was 

carried out according to the protocol in section 3.2.3.6. Extracted PCR products 

were sent to IMVS for sequencing. 

 

3.2.5.3 – Q-PCR 

Q-PCR was conducted in triplicate according to Crismani et al. (2006). 

Amplification of products was completed using gene specific Q-PCR primers (see 

Table 3.1). The optimal acquisition temperatures for KK01, KK03, KK04, and 

KK06 were 83°C, 79°C, 82°C and 85°C respectively. cDNA samples used were 

total cDNA libraries synthesised from wheat anther RNA in section 3.2.3.4. 

 
Table 3.1 – Comprehensive list of primers used in this study to isolate and 
characterise candidates identified to be differentially expressed via 2DGE 
experiments in Chapter 2. The list includes primers required for RACE PCR, nested 
primers for determining nucleic acid sequences in large PCR products, degenerate 
primers for attempted amplification of candidates KK02 and KK05, ORF-isolation 
primers as well as Q-PCR primers.  
 
2DGE Candidate 3′ RACE primers 

Primer name Sequence (5′ → 3′) Tm 
(°C) 

KK01 F1 GCCGACGACGTGGGCTCC 59 
KK01 F2  AAGCTTCGGAGCTGGTACCAGAATTTGGTA 62 
KK01 F3  GCAAATACTCTTGCAACTGGGGAG 57 
KK01 F6 GCGATGAATCAGAAGGAGACAAGAACGAGGT 63 
KK02 F1  GAAATCGTGGCCGGCAACGAGATGCAA 63 
KK02 F2 
(degenerate 
primer) 

GANATNGTNGCNGGNAANGANATNCANCGN 63 

KK03 F1  ATGAATGTGTGGCGGTTTATCCACACAATCAATGAG 63 
KK03 F2  GGCGGCAAGCAAGGGGACGCC 64 
KK03 F3 ACCCCTCGTGTCGAGCCTGTG 60 
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KK04 F1 ATGGGGAGCATGCGGAGCACCTTGTTTCCTAACTTT 67 
KK04 F3  AAAGCAATTCTCACCAAGAATTATGAAGTGTTA 57 
KK04 F5 TGATGACGGTCTGGCTCCAGATGAAG 61 
KK05 F1 CGAACGCTCTTGATTCGCTTCATCTCT 60 
KK05 F3  GAAGAAAACAATCAGATCACCTGGACA 57 
KK05 F4 
(degenerate 
primer) 

CGNACNCTNTTNATNCGNTTNATNTCN 57 

KK05 F5 
(degenerate 
primer) 

GANGANAANAANCANATNACNTGNACN 56 

KK06 F1.1 GCGGAGGGAGCTTTCAAG 52 
KK06 F1.2  AAGATGGTGCAGGAGGCG 52 
KK06 F1.3  GTGGGTGCAGAGGGTGCC 57 
KK06 F4  GACCCACAGACTCAGAAGGAAATGAAGATGGTGCCTTA 67 
KK06 F5  AACATAGAAGACGAACTGGTGCAGATGCTCCAGCTC 67 
KK06 F7  GTTCAAAAGTTATTATATGGTGTCTTAATTACCGTC 59 
KK06 F8 
(nested 
primer) 

GGGCTGCCATTCAGGGTGGCATCTTGA 64 

KK06 F10 CTCCGTGGAGATGTCAAAGAGCTTCTTCTCCTTGA 68 
KK06 F11 CAGCCCGGCGTGCTCATCCAGGTATATGA 69 
GeneRacer™ 
3′ Primer GCTGTCAACGATACGCTACGTAACG 76 

GeneRacer™ 
3′ Nested 
Primer 

CGCTACGTAACGGCATGACAGTG 72 

2DGE Candidate 5′ RACE primers 
KK01 R1 GGAGCCCACGTCGTCGGC 59 
KK01 R2 TACCAAATTCTGGTACCAGCTCCGAAGCTT 62 
KK01 R3 CTCCCCAGTTGCAAGAGTATTTGC 57 
KK01 R6 CGCCACGGTAGCTCGCACTGTTCATGTA 64 
KK02 R1 TTGCATCTCGTTGCCGGCCACGATTTC 63 
KK02 R2 
(degenerate 
primer) 

NCGNTGNATNTCNTTNCCNGCNACNATNTC 63 

KK03 R1 CTCATTGATTGTGTGGATAAACCGCCACACATTCAT 63 
KK03 R2  GGCGTCCCCTTGCTTGCCGCC 64 
KK03 R3 CACAGGCTCGACACGAGGGGT 60 
KK03 R4 CGCCTCCAACCTTTTCTTCTTCTTCTTCCATA 62 
KK03 R5 CTGTCAAGTCATGTCTCTCATTGATTGTGTGGATAAA 62 
KK03 R6 CAGCTTCAGTGTGGAACTGCGAGTTCTCA 63 
KK04 R1 AAAGTTAGGAAACAAGGTGCTCCGCATGCTCCCCAT 67 
KK04 R3 TAACACTTCATAATTCTTGGTGAGAATTGCTTT 57 
KK04 R5 TGCTGCTACTTCTTCCCACACCACCCATTAT 63 
KK05 R1 AGAGATGAAGCGAATCAAGAGCGTTCG 60 
KK05 R3 TGTCCAGGTGATCTGATTGTTTTCTTC 57 
KK05 R4 
(degenerate 
primer) 

NGANATNAANCGNATNAANAGNGTNCG 57 

KK05 R5 
(degenerate 
primer) 

NGTNCANGTNATNTGNTTNTTNTCNTC 56 
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KK06 R1.1 CTTGAAAGCTCCCTCCGC 52 
KK06 R1.2 CGCCTCCTGCACCATCTT 52 
KK06 R1.3 GGCACCCTCTGCACCCAC 57 
KK06 R4 TAAGGCACCATCTTCATTTCCTTCTGAGTCTGTGGGTC 67 
KK06 R5 GAGCTGGAGCATCTGCACCAGTTCGTCTTCTATGTT 67 
KK06 R7 GACGGTAATTAAGACACCATATAATAACTTTTGAAC 59 
KK06 R8 
(nested 
primer) 

CCTGACCACTTCCGCAGGGACCTTGTCTTT 66 

KK06 R9 CAGCGCGTTCTTGGCGTCCACCTTCTTC 66 
KK06 R10 CAGCCATCTCCACCCAGGCATCACCATTT 64 
GeneRacer™ 
5′ Primer CGACTGGAGCACGAGGACACTGA 74 

GeneRacer™ 
5′ Nested 
Primer 

GGACACTGACATGGACTGAAGGAGTA 78 

2DGE Candidate ORF isolation primers for KK01, KK03, and KK06 
KK01 ORF1 
F1 ATGGACGACGACGCCGGC 

60 KK01 ORF1 
R1 TCAGATTCTTGGCCTCACCCTACG 

KK03 ORF1 
F1  ATGGGCGACTCTGGCGGCTC 

60 KK03 ORF1 
R1 CTAAACCCTGAGATTGGCTCGCGTC 

KK06 ORF1 
F1 ATGGCCATCGGATCTCTCCTCGC 

60 KK06 ORF1 
R1 CTACATCTTGGCCTCCTTGGGGTCCT 

2DGE Candidate Q-PCR primers for KK01, KK03, KK04 and KK06 
KK01 QPCR 
F2 GGCAAGGGCAAGCACAAGGT 

62 KK01 QPCR 
R2 AAGTCCGATGTCTCAAGGGCA 

KK03 QPCR 
F1 TGCGAGGAGGCTCTGCTGTA 

63 KK03 QPCR 
R1 TGCGAGTTCTCACCGACAAATATCA 

KK04 QPCR 
F2  TGCCCCTGGAGGTCATCAC 

59 KK04 QPCR 
R2 AGTCTTCCGTATCTGCTCTCTTTG 

KK06 QPCR 
F1 CGGACCCACAATCATCATCACG 

63 KK06 QPCR 
R1 GCACCTTCAGCATTCTCAATCACC 

Plasmid sequencing primers 
GW1 GTTGCAACAAATTGATGAGCAATGC 55 
GW2 GTTGCAACAAATTGATGAGCAATTA 55 
T7 forward TAATACGACTCACTATAGGG 55 
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3.2.6 – Chromosome location of candidates 

3.2.6.1 – Southern blot analyses using nullisomic-tetrasomic membranes 

3.2.6.1.1 – Pre-hybridisation of nullisomic-tetrasomic nylon membrane 

Southern blot hybridisations were performed to determine the chromosome 

locations of each candidate within the three respective wheat genomes. The 

chromosome location of each gene was determined using nylon membranes 

containing nullisomic-tetrasomic Chinese Spring genomic DNA which had been 

digested with one of the following enzymes: BamHI, DraI, EcoRI, EcoRV or 

XbaI. All membranes were courtesy of Margie Pallotta from the Australian Centre 

for Plant Functional Genomics (Adelaide, South Australia). 

Prior to pre-hybridisation, the hybridisation solution (which was also used 

as the pre-hybridisation solution) was made according to the following recipe: for 

100 mL of hybridisation solution, a 5 mL volume of nanopure water was added to 

30 mL of 5× HSB, 30 mL of Denhardt’s III reagent, 30 mL of 25% dextran 

sulphate (v/v) and 5 mL of denatured salmon sperm (5 mg mL-1). All components 

of the hybridisation solution were mixed together and heated at 65°C for 5 min. 

Membranes were rinsed twice for 5 min with 2× SSC (0.3 M NaCl, 0.03 

M tri-sodium citrate) and then rinsed briefly with reverse osmosis (RO) water. 

Each membrane was then placed in a hybridisation bottle, to which 10 mL of 

hybridisation buffer was added. The membranes were incubated overnight at 

65°C with constant rotation in a hybridisation oven. The following day the 

solution was discarded and replaced with another 10 mL of hybridisation solution. 
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3.2.6.1.2 – Probe labelling and hybridisation 

The Q-PCR fragment clone of each candidate from section 3.2.5 was used as 

template for the synthesis of labelled probes. In separate reactions, 3 µL (~150 ng) 

of each candidate probe with 1 µL (from a 10 µM stock) of each of its respective 

forward and reverse primers were combined with 3 µL of 10 µM random 9-mer 

primer mix and denatured at 100°C for 5 min, followed immediately by 5 min 

incubation on ice to maintain the DNA in single-stranded conformation. 12.5 µL 

of 2× Oligo-buffer was then added, in addition to 1 µL of Klenow polymerase 

(Roche) and 4 µL of radioactive 32P (µ-dCTP, Amersham) (10 mCi mL-1). The 

synthesis reaction was incubated at 37°C for approximately 60 min. 

The probes were then made up to a total of 50 µL and purified using the 

illustra™ ProbeQuant™ G-50 Micro Column kit (GE Healthcare). The eluted 

probes were denatured at 100°C for 5 min, and subsequently incubated on ice for 

5 min. The probes were then added to the hybridisation bottles which were 

incubated overnight at 65°C with constant rotation. 

 

3.2.6.1.3 – Membrane washes 

Excess labelled probe and hybridisation buffer were decanted from the 

hybridisation bottles. Membranes were washed at 65°C with 40 mL of the 

following solutions for 20 min until an appropriate level of radioactivity (1 to 2 

counts per second) was achieved: wash 1 - 2× SSC, 0.1% SDS (w/v); wash 2 - 1× 

SSC, 0.1% SDS (w/v); wash 3 - 0.5× SSC, 0.1% SDS (w/v); wash 4 - 0.2× SSC, 

0.1% SDS (w/v) and wash 5 - 0.1×SSC, 0.1% SDS (w/v). 
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3.2.6.1.4 – Autoradiography 

The membranes were sealed in plastic sleeves and placed into X-ray cassettes 

along with X-ray film (Fuji HR-G-30 and Kodak Biomax were commonly used). 

The cassettes were stored at –80°C for 5 to 10 days depending on the intensity of 

the radioactive signal. The X-ray films were developed using an AGFA CP1000 

Developer. 

 

3.2.6.2 – Southern blot analyses using genotype membranes 

3.2.6.2.1 – Genomic DNA extraction 

To determine whether the KK06 candidate gene was located within the ph1b 

deletion region, Southern blots utilising genomic DNA extracted from Chinese 

Spring and the ph1b mutant were performed. 10 cm pieces of young healthy leaf 

tissue were collected and put into 2 mL tubes, snap-frozen and vortex-ground with 

ball-bearings. Six hundred µL of DNA Extraction Buffer (1% sarkosyl, 100 mM 

Tris-HCl, 100 mM NaCl, 10 mM EDTA, pH8.0), pre-warmed to 65°C, was added 

to each sample. Samples were left to incubate at 65°C for 30 min with occasional 

mixing before 600 µL of phenol/chloroform/iso-amyl alcohol (25:24:1) was 

added. Samples were mixed by continuously inverting the tube for 10 s then left 

to incubate on a rotary wheel for 10 min followed by 10 min of centrifugation at 

maximum speed in a micro-centrifuge. The upper aqueous phase was then 

transferred to a fresh tube and the phenol extraction, mixing, and centrifugation 

steps were repeated. Upon completion, the upper aqueous layer was transferred to 

a fresh tube. 60 µL of 3 M sodium acetate (pH4.8) and 600 µL of isopropanol 

were added and the samples were gently mixed by inversion. Samples were 

incubated at room temperature for 2 min then centrifuged for 10 min at maximum 
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speed in a microcentrifuge. The supernatant was removed and the DNA pellet 

washed with 1 mL of 70% ethanol. Samples were centrifuged for 5 min and the 

supernatant discarded before being dried at 37°C. DNA pellets were resuspended 

by first adding 100 µL of R40 buffer (TE buffer containing 40 µg/mL RNAse A) 

and incubating at room temperature for 10 min followed by a 5 min incubation at 

37°C. Samples were then left to dissolve overnight at 4°C. The following day, 

samples were frozen and thawed twice. Concentrations of the samples were then 

determined using an ND-1000 nanodrop machine (NanoDrop Technologies Inc.). 

 Agarose gel electrophoresis was performed using 1 µg of DNA per sample 

as outlined in section 3.2.3.3 to ensure that the extracted genomic DNA was of 

sufficient quality. 

 

3.2.6.2.2 – Enzymatic digestion of genomic DNA 

Screening of the KK06 ORF with Vector NTI (informax) showed that it did not 

contain restriction sites for BamHI and DraI. 30 µg of each genomic DNA sample 

was digested with BamHI (New England Biolabs, Genesearch Pty. Ltd., 

Queensland, Australia) and DraI (NEB) according to the manufacturer’s protocol. 

 

3.2.6.2.3 – Capillary transfer of digested genomic DNA 

Thirty µg of digested genomic DNA from each genotype was separated on a 1 % 

agarose gel (w/v). The DNA was then transferred onto Hybond-N+ nylon 

membranes (Amersham) using a standard capillary transfer blotting technique 

with 0.4 M NaOH. 
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3.2.6.2.4 – Southern blot procedure 

Pre-hybridisation, probe-labelling and hybridisation, membrane washes and 

autoradiography were performed as per section 3.2.6.1. 

 

3.2.6.3 – In silico mapping of the KK06 gene candidate 

BLASTn searches of the TIGR Rice Genome Database (http://blast.jcvi.org/euk-

blast/index.cgi?project=osa1, Rice Genome Annotation Build 6.1; accessed 4th 

April 2011) was used to match the KK06 candidate coding sequence with its 

equivalent rice gene (Rice locus identifier: LOC_Os09g31486). This EST was 

then mapped in relation to the Hyp6 gene (Rice locus identifier: 

LOC_Os09g30410), previously mapped by Griffiths and colleagues (2006) as the 

last gene definitively located within the ph1b deletion region. 

 

3.2.7 – Preparation of candidate ORF clones for heterologous protein 

expression 

3.2.7.1 – Construction of pDEST17-candidate ORF clones 

Upon confirming that each candidate ORF sequence was correct and orientated 

appropriately within its respective pCR®8/GW/TOPO® vector (section 3.2.4.4), an 

LR recombination reaction was conducted to transfer the candidate ORF insert to 

the pDEST17 expression plasmid (Invitrogen). The pDEST17 plasmid vector 

encodes a 6� histidine (6�His) tag at the 5� end of the insert entry site which 

enabled protein purification via nickel affinity chromatography in section 3.2.9.2. 

 The concentration of the purified miniprep-ed pCR®8/GW/TOPO®-

candidate ORF plasmid samples selected in section 3.2.4.4 was determined using 
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a ND-1000 nanodrop machine (NanoDrop Technologies Inc.). The appropriate 

volume containing 150 ng of pCR®8/GW/TOPO®-candidate ORF clone plasmid 

DNA was then used in the LR recombination reaction. pDEST17 (1 �L at 150 ng 

�L-1) was added to the sample with the appropriate volume of TE buffer (pH 8.0), 

to give the LR recombination reaction mix a final volume of 8 �L. 2 �L of LR 

Clonase™ II enzyme mix (Invitrogen) was then added to the reaction mix. The 

reaction mix was incubated in the BIO-RAD DNA Engine Dyad Cycler (BIO-

RAD) for 1 hour at 25ºC before adding 1 �L of 2 �g �L-1 Proteinase K solution 

(Invitrogen). Samples were then incubated for a further 10 min at 37ºC to 

terminate the ligation reaction. 

 Transformation with One Shot® Competent E. coli was performed as per 

section 3.2.3.7, except that the selective antibiotic used for pDEST17 was 

ampicillin. Colony PCR screening and mini-prep procedures were conducted as 

per section 3.2.3.8. Directional sequencing of the positive pDEST17-candidate 

ORF clones was performed as outlined in section 3.2.3.9 except that the T7 

forward primer was used. Chromatogram files containing the sequence data from 

individual clones were uploaded into the Contig Express program (Informax), and 

contigs representing the sequence of individual clones were generated. Using this 

information, pDEST17-candidate ORF clones with their respective candidate 

ORF inserts cloned in-frame and in the correct orientation were identified for 

heterologous protein expression.  
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3.2.8 – Protein production of candidates 

3.2.8.1 – Transformation of BL21A1 E. coli cells with the pDEST17-

candidate ORF clones 

BL21-A1 E. coli cell lines containing each of the pDEST17-candidate ORF 

clones were produced by transforming the cells with one of each selected 

pDEST17-candidate ORF clones identified in section 3.2.7. The transformation 

protocol used was as per section 3.2.3.7; with the exception that ampicillin (100 

�g mL-1) was used as the selective antibiotic. 

  

3.2.8.2 – Culturing of pDEST17-candidate ORF-transformed BL21-A1 cell 

lines 

One transformed colony was picked from each of the plates made during the 

transformation procedure of section 3.2.8.1 and placed into a culture tube 

containing 10 mL of LB/carbenicillin (50 �g mL-1). This starter culture was left to 

grow overnight at 37°C in an orbital mixer incubator (Ratek). Ten 25 mL 

secondary cultures were then set up using 24 mL of LB/carbenicillin (50 �g mL-1) 

and 1 mL of each starter culture. The secondary cultures were grown overnight at 

37°C in an orbital mixer incubator (Ratek) before each was used to inoculate 225 

mL of LB/carbenicillin (50 �g mL-1) in 1 L conical flasks. These 250 mL cultures 

were then grown at 37°C in an orbital mixer incubator (Ratek) until the cell 

density was OD600 = 0.4. The OD600 readings were obtained using a Metertech 

UV/Vis SP8001 spectrophotometer. 

 

 

 



 97 

3.2.8.3 – Induction of protein production and subsequent cell harvesting 

Upon reaching the required cell density, the cultures were cooled in ice baths to 

16°C. Protein production was induced by the addition of L-(+)-arabinose (Sigma-

Aldrich) and 0.1 M IPTG (Sigma-Aldrich) to a final concentration of 0.1% (w/v) 

and 1 mM respectively. For the non-induced control sample, glucose was added to 

a final concentration of 0.5% (w/v) to repress any leaky expression. The cultures 

were left to grow at 16°C in an orbital incubator for 6 hr prior to cell harvesting. 

Thereafter, the cell cultures were spun at 7000 rpm for 10 min at 16°C to pellet 

down the cells, with the supernatant discarded. The wet weight of the cell pellets 

were recorded and the pellets then snap-frozen using liquid nitrogen and stored at 

-800C until protein extraction and purification. 

 

3.2.9 – Denatured extraction, purification and visualisation of proteins 

3.2.9.1 – Cell lysis and protein extraction 

Prior to starting this procedure, a 5 L stock solution containing 100 mM NaH2PO4 

(AnalaR), 10 mM Tris-Cl (Sigma), and 8 M urea (Bio-Rad) was made. The stock 

solution was divided into five 1 L aliquots and adjusted to different pH values 

using either concentrated NaOH (AnalaR) or HCl (AnalaR) to make five solutions 

(Lysis buffer B, pH 8.0; Wash buffer C1, pH 7.1; Wash buffer C2, pH 6.3; Wash 

buffer D, pH 5.9; and Elution buffer E, pH 4.5). 

 The cell pellets from section 3.2.8.3 were thawed on ice for 15 min then 

resuspended in Lysis buffer B at a concentration of 1 g wet weight per 5 mL. The 

cells were lysed by rotation on a rotary wheel for 1 hr at 4°C with gentle shaking 

every 15 min. The cell lysate was then sonicated six times in 10 sec bursts using 

power output 4 (25 W) (Branson Sonicator B-12, Danbury, Connecticut, USA) to 



 98 

ensure total cell lysis. The lysate was centrifuged at 8950 rpm for 15 min at room 

temperature to pellet down cell debris and clear the lysate solution. The cleared 

lysate was collected while the pelleted debris was discarded. 

 

3.2.9.2 – Purification of 6×His-tagged candidate proteins via nickel-affinity 

chromatography 

Prior to starting this procedure, a 20 �L aliquot of the cleared cell lysate from 

section 3.2.9.1 was taken as the Cell Lysate (CL) sample. Nickel-nitrilotriacetic 

acid (Ni-NTA) agarose beads (8 mL) (QIAGEN Pty Ltd., Clifton Hill, Victoria, 

Australia), which had been washed and equilibrated with 15 mL of Lysis buffer B, 

was added to the cleared cell lysate sample and allowed to bind the 6�His-tagged 

candidate protein. The cell lysate-Ni-NTA bead slurry was incubated on a rotary 

wheel in a 4°C cold-room for 2 hr to increase binding efficiency. The cell-lysate-

Ni-NTA bead slurry was spun down at 2000 rpm for 2 min to pull down the 

beads. The supernatant was aspirated and kept as the Flow-Through (FT) sample. 

 For the washing procedure, 15 mL of Wash buffer C1 was added to the 

bead slurry, which was then vortexed briefly at low speed, and left to incubate on 

ice for 3 min. The beads were then spun down at 2000 rpm for 2 min and the 

supernatant aspirated and kept as Wash 1 (W1). The wash procedure was repeated 

using 15 mL of Wash buffer C2, and 15 mL of Wash Buffer D. The supernatant 

for each wash was aspirated and kept as Wash 2 (W2) and Wash 3 (W3) 

respectively. Elution of the 6�His-tagged candidate proteins was then conducted 

thrice, each time using 1 mL of Elution buffer E using the same procedure as the 

washing steps. The eluted candidate protein samples (E1 - E3) were snap-frozen, 

along with all other samples, and stored at -80°C until SDS-PAGE was conducted. 
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3.2.9.3 – SDS-PAGE for separation of proteins by molecular weight 

A total of 6.5 �L of each sample collected in section 3.2.9.2 (CL, FT, W1, W2, 

W3, E1, E2, E3) was added with 2.5 �L of NuPAGE® LDS Sample Buffer (4�) 

(Invitrogen), and 1 �L of NuPAGE® Reducing Agent (10�) (Invitrogen). The 

samples were heated at 70°C for 10 min before being loaded into 15-well 

NuPAGE® Novex® 4-12% Bis(2-hydroxyethyl)-imino-tris(hydroxymethyl)-

methane (Bis-Tris) mini gels (Invitrogen). Bio-Rad Precision Plus Dual Colour 

Protein Standard (6 �L) was also loaded into the gels as the molecular weight 

marker. Electrophoresis was performed according to the manufacturer’s 

instructions. Gel fixing, sensitisation, and staining with only coomassie blue was 

conducted as outlined in section 2.2.4. 

 

3.2.10 – Native extraction, purification and visualisation of proteins 

3.2.10.1 – Cell lysis and protein extraction 

Native protein extractions were done to isolate the candidate proteins in native 

form for functional analyses such as DNA-binding assays. Prior to starting this 

procedure, a 3 L stock solution containing 50 mM NaH2PO4 (AnalaR) and 300 

mM NaCl (Sigma) was made and adjusted to pH 8.0 with concentrated NaOH 

(AnalaR). The stock solution was divided into three 1 L aliquots and each was 

added with differing amounts of imidazole (sigma) to make three solutions (Lysis 

buffer, 10 mM imidazole; Wash buffer, 20 mM imidazole; and Elution buffer, 250 

mM imidazole). 
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 The cell pellets from section 3.2.8.3 were thawed on ice for 15 min and 

resuspended in Lysis buffer at a concentration of 1 g wet weight per 5 mL. 

Lysozyme was added to a final concentration of 1 mg/mL and the cell suspensions 

left to incubate on ice for 30 min. The cell suspensions were then sonicated six 

times in 10 s bursts using power output 4 (25 W) (Branson Sonicator B-12) to 

ensure total cell lysis. The lysates were centrifuged at 8950 rpm for 15 min at 4°C 

to pellet down cell debris and clear the lysate solution. The cleared lysate was 

collected while the debris pellet was discarded. 

 

3.2.10.2 – Purification of 6×His-tagged candidate proteins via nickel-affinity 

chromatography 

Prior to starting this procedure, a 20 �L aliquot of the cleared cell lysate from 

section 3.2.10.1 was taken as the Cell Lysate (CL) sample. Protein purification 

was then conducted using Ni-NTA spin columns (QIAGEN) which had been 

equilibrated with 600 �L of Lysis buffer. The cleared cell lysate was spun through 

the Ni-NTA spin columns at 4°C and the flow-through (FT) kept for running on 

SDS-PAGE. The columns were washed with 9× column volumes of Wash buffer. 

The first, fourth and seventh washes were kept (W1, W2, and W3 respectively). 

Elution of the 6�His-tagged candidate proteins was then conducted thrice, each 

time using 100 �L of Elution buffer. The eluted candidate protein samples (E1 - 

E3) were snap-frozen, along with all the other samples, and kept at -800C until 

required. 
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3.2.10.3 – SDS-PAGE for separation of proteins by molecular weight 

6.5 �L of each sample (CL, FT, W1, W2, W3, E1, E2, and E3) collected in 

section 3.2.10.2 was separated by SDS-PAGE as outlined in section 3.2.9.3. 

 

3.2.11 – Functional analyses of candidates 

3.2.11.1 – Competitive DNA-binding assay 

Recombinant candidate proteins extracted under native conditions were quantified 

using the Bradford assay (Bradford 1976). The competitive DNA binding assay 

was conducted as described by Pezza et al. (2006) with modifications as per Khoo 

et al. (2008). DNA binding ability was tested with ΦX174 circular single-stranded 

DNA (ssDNA) (virion) (30 μM per nucleotide) (NEB) and ΦX174 linear double-

stranded DNA (dsDNA) (RFI form PstI-digested) (15 μM per base pair) (NEB). 

 

3.3 – Results 

3.3.1 – Mass-peptide analyses of 2DGE protein spots 

The six protein spots identified to be differentially expressed between stages and 

genotypes from Chapter 2 were analysed using Ion-Trap Liquid Chromatography-

Electrospray Ionisation tandem mass spectrometry (MS/MS). The spots were 

named KK01 to KK06, with the numbers corresponding to the numbering given 

in Chapter 2 (refer to Figure 2.14). The peptides identified were matched against 

the complete rice proteome (obtained from the Rice Genome Annotation, Build 

6.1) using the Bioworks 3.3 Sequest algorithm (refer to Appendix B1 for the 

summary reports of the MS/MS analyses). Searches of the rice proteome database 
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using the sequences obtained from the identified peptides using the BioWorks 3.3 

program showed that none of the peptides obtained from each spot could be 

matched to the same rice database hit. Consequently, identified peptide sequences 

of each spot were used in BLASTp searches against the NCBI database (with 

Triticeae and Oryza filters selected), Rice Genome Database, and the 

Brachypodium distachyon Phytozome BLAST database to identify candidates 

within these databases that were matched by multiple peptides identified from the 

same spot. This strategy did not yield any successful results as no single database 

hit that was found matched more than one of the identified peptides from each 

spot. Thus a secondary round of BLAST analyses was carried out to identify the 

best possible hits (limited to Triticeae sequences, and where not available, to 

Oryza sativa or Hordeum vulgare) for each of the identified peptides (Table 3.2). 

In addition, the protein matches obtained from the MS/MS data of peptides from 

the KK03 and KK04 protein spots (that had mapped to coordinates very close to 

one another in the 2D gels) (Figure 2.14 A) were most likely the result of different 

protein species. 
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3.3.2 – Isolation and characterisation of the candidate gene transcripts 

Based on the BLAST data obtained, 5′ and 3′ RACE primers were used to isolate and identify 

possible candidate genes that encode the six protein products from which these peptides were 

obtained. 

Full-length candidate coding transcripts of KK01 (1281 bp ORF), KK03 (1047 bp 

ORF), and KK06 (2055 bp ORF) were successfully isolated using multiple rounds of 5′ and 3′ 

RACE (Figure 3.1 A, B, and D respectively) (refer to Appendix B2 Figures 1, 2 and 4 for 

nucleotide sequences). In contrast, RACE reactions using primers for KK02 and KK05 failed 

to amplify specific PCR products. Degenerate primers (with random nucleotides inserted in 

the wobble position of each codon) were designed in an effort to overcome this problem but 

this approach did not yield any specific products either (Figure 3.2). No products were 

obtained even when RACE PCR reactions were performed with a lowered annealing 

temperature of 55°C and increased amounts of template cDNA. In contrast to KK02 and 

KK05, a portion of the KK04 coding sequence, 1598 bp in length, was successfully isolated 

using the KK04 F1 primer (Figure 3.1 C, and Appendix B2 Figure 3). However subsequent 

primers designed to isolate the remainder of the coding sequence failed to amplify any 

products, even at lowered annealing temperatures. The isolation of two different candidate 

coding sequences for KK03 and KK04 further affirmed the MS/MS data that the KK03 and 

KK04 spots seen in the 2D gels were indeed from different protein species. 

Matching the predicted proteins encoded by the candidate genes for KK01, KK03, 

and KK06 as well as the partial peptide encoded by the partial KK04 candidate showed that 

only one peptide identified by the MS/MS data could be found within each of their predicted 

amino acid sequences (Figure 3.3). 
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Figure 3.1 – Successful isolation of the full-length ORFs of KK01, KK03, KK06 and a partial 
product for KK04. A) Isolation of the full-length 1281 bp KK01 ORF. B) Isolation of the full-length 
1047 bp KK03 ORF. C) Isolation of a partial KK04 coding sequence 1598 bp in length. D) Isolation of 
the full-length 2055 bp KK06 ORF. 
 

 

 

 

 

 

 

 

 

 

 
Figure 3.2 – Isolation of KK02 and KK05 candidates were unsuccessful even when degenerate 
primers were used. A) 3′ RACE using KK02 F2 degenerate primer. B) 5′ RACE using KK02 R2 
degenerate primer. C) 3′ RACE using KK05 F2 degenerate primer. D) 5′ RACE using KK05 R2 
degenerate primer. 
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3.3.3 – Characterisation of the candidate protein products 

The full-length ORF of the KK01 candidate encoded a protein with a predicted MW of 

46.267 kD and a pI of 5.09. BLASTp analyses of this protein revealed that it shared a high 

level of sequence conservation (Identities = 90%, Positives = 95%, E-value = 0.0) with the 

rice Bric-a-Brac, Tramtrack, Broad Complex (BTB) domain with Meprin and TRAF 

Homology (MATH) domain speckle-type POZ protein (Rice locus identifier: 

LOC_Os07g07270.1). Consequently, KK01 possesses a complete MATH domain (spanning 

amino acids 44 to 177) and a partial BTB domain (spanning amino acids 203 to 283) (Figure 

3.4 A). 

 Candidate KK03 encoded a protein with a predicted MW of 38.860 kD and a pI of 

7.04. BLASTp analyses of this protein revealed that it is very similar to the rice pollen-

specific protein SF21 (Rice locus identifier: LOC_Os06g36740) (Identities = 88%, Positives 

= 95%, E-value = 9.0e-173). An esterase lipase domain spans amino acid positions 22 to 256 

of the KK03 candidate protein (Figure 3.4 B). 

 Although only a portion of the KK04 candidate coding sequence was successfully 

isolated, a partial ORF was identified within the KK04 transcript. The resulting peptide was 

425 aa in length and shared high levels of sequence similarities with a barley hexose 

transporter (GenBank accession: CAD58958) (Identities = 98%, Positives = 99%, E-value = 

0.0) and a putative rice transporter family protein (Rice locus identifier: 

LOC_Os10g0539900) (Identities = 92%, Positives = 98%, E-value = 0.0). Based on 

comparisons with the barley and rice hexose transporter sequences which are both 2220 bp in 

length, 927 bp of sequence in the 5′ direction of the isolated KK04 coding sequence is 

required to form the full-length KK04 ORF. Even so, a Major Facilitator Superfamily (MFS) 

domain was detected within the isolated sequence and spans position 205 to 396 of the 

peptide (Figure 3.4 C). 
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 The full-length ORF of KK06 encoded a protein 683 aa in length with a predicted 

MW of 72.697 kD and a pI of 6.04. It shared high levels of sequence similarity with a rice 

Heat Shock Protein 70 hypothetical protein (GenBank accession: NP_001175918) (Identities 

= 91%, Positives = 95%, E-value = 0.0) and a maize Heat Shock Protein 70 (GenBank 

accession: NP_001152601) (Identities = 89%, Positives = 93%, E-value = 0.0). Inter-

kingdom comparisons revealed that the KK06 candidate shares relatively high levels of 

sequence similarity with the HSP70-2 variants found in mammalian species such as humans 

(GenBank accession: NP_068814.2) (Identities = 50%, Positives = 66%, E-value = 1e-159) 

and mice (GenBank accession: NP_001002012) (Identities = 50%, Positives = 66%, E-value 

= 1e-159). In addition, KK06 possesses a complete dnaK domain that spans amino acids 

position 69 to 683 (Figure 3.4 D). 
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3.3.4 – Chromosome location of the candidate genes 

Southern blot results indicated that the KK01 candidate resides on chromosome group 2, with 

at least one copy on each of the A, B and D genomes (Figure 3.5 A). The absence of a band 

in the lane nullisomic for 5B-tetra-compensated with 5D was due to chromosome 2D also 

being deleted within that nulli5B-tetra5D mutant sample (post-communication with Ms 

Margie Pallotta). KK03 is located on chromosome group 7 with copies on the A, B and D 

genomes (Figure 3.5 B), with the faint banding pattern being a result of the small probe size 

used. KK04 and KK06 were identified on chromosome groups 1 and 5 respectively, both with 

one copy on each of the A, B and D genomes (Figure 3.5 C and D respectively). The faint 

banding pattern observed in the lane nullisomic for 1D-tetra-compensated with 1B of the 

KK06 Southern blot result was caused by uneven loading of the DNA on this membrane 

(post-communication with Ms Margie Pallotta). 

Given that KK06 was identified on chromosome group 5, Southern analysis with 

membranes prepared from genomic DNA of wild-type and ph1b mutant plants was 

conducted to determine whether this candidate is located within the ph1b deletion region. 

Hybridisation results indicated that the KK06 candidate resides outside of the ph1b region, 

with equivalent banding patterns present in both the wild-type and ph1b mutant lanes 

(Appendix B3, Figure 1). To substantiate this, in silico mapping of the KK06 candidate was 

also conducted by mapping the genomic location of its rice homologue with regards to the 

wheat Hyp6 gene, previously mapped as the last gene definitively located within the ph1b 

deletion region (Griffiths et al. 2006). In rice, the Hyp6 gene and the rice equivalent of the 

KK06 candidate are located roughly 477 kb apart while the start of the ph1b deletion 

breakpoint region has been mapped to a region between the Hyp6 and Elp1 gene that are 

separated by a distance of only 1 kb (Griffiths et al. 2006). The results of this approach 
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therefore suggest that the KK06 candidate gene is located outside of the ph1b region, based 

on rice-wheat syntenic mapping (Figure 3.5 E). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.5 – Chromosomal locations of KK01, KK03, KK04 and KK06 candidate genes within the 
wheat genome. A) The KK01 candidate resides on chromosome group 2. B) The KK03 candidate 
resides on chromosome group 7. C) The KK04 candidate resides on chromosome group 1. D) The 
KK06 candidate resides on chromosome group 5. In all autoradiographs (A-D), white arrows indicate 
missing bands. E) A simplistic cartoon that highlights the predicted location of the KK06 candidate 
gene in comparison to the wheat ph1b deletion region (see next page). 23 rice YACs were contigged 
to form the region of the rice chromosome 9L that corresponds to the wheat ph1b deletion region 
(only seven that completely span the region are shown here). The green line on rice chromosome 9 
indicates the 477 kb distance between the rice homologue of the KK06 candidate and the ph1b 
breakpoint located between the rice Hyp6 and Elp1 genes while the green line in the wheat 
chromosome 5BL denotes an undefined distance of the equivalent region in wheat. Marker allocations 
are as previously defined by Griffiths et al. (2006). Cartoon is not drawn to scale (see next page). 
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3.3.5 – Q-PCR analysis of candidate genes 

To determine whether the gene expression profiles of the candidate genes reflected their 

proteomic profiles, Q-PCR analysis was performed on KK01, KK03, KK04 and KK06 using 

total cDNA obtained from PM-LP staged anther tissue of the Chinese Spring wild-type, ph1b 

and ph2a mutants as well as TI-TII staged anther tissue of the wild-type (Figure 3.6). 

Comparisons between the three genotypes analysed showed that the KK01 candidate 

transcript levels were significantly higher in the PM-LP stage in the wild-type compared to 

the two ph mutants (Figure 3.6 A). In contrast to the proteomics results of Chapter 2 where 

the KK01 protein spot was only present in the PM-LP wild-type gels, comparisons between 

the PM-LP and TI-TII stages in the wild-type showed that there was no significant difference 

in the mRNA transcript copy numbers of the KK01 candidate. 

 Profiling of the KK03 candidate revealed it was a relatively low-abundance transcript 

that was expressed in the wild-type TI-TII stage (Figure 3.6 B). This was in line with the 

proteomic profile of the KK03 protein spot that was only present in the TI-TII stage wild-

type gels. However, KK03 transcripts were also detected (albeit at significantly lower levels) 

in the PM-LP stage of wild-type, ph1b and ph2a. 

 The KK04 transcript expression levels were the highest of all four candidates 

analysed. The highest expression level of KK04 was seen in the TI-TII stage of the wild-type 

followed by the PM-LP stage of both the ph2a mutant and wild-type (Figure 3.6C). However, 

the differences between the Chinese Spring and ph2a PM-LP values were not significant. 

This is in contrast to the 2DGE data that had shown that the KK04 protein spot was only 

present in the PM-LP stage of the ph2a mutant. 

 Profiling of the KK06 candidate revealed that it was a low abundance transcript 

(Figure 3.6 D). Within the PM-LP stage, KK06 transcript levels were significantly higher in 

the wild-type compared to the ph1b and ph2a mutants. In the wild-type, KK06 transcript 
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levels were present at a significantly higher level in the PM-LP stage than the TI-TII stage. 

This data corresponded somewhat with the proteomics data where the KK06 protein spot was 

present in the PM-LP and TI-TII stages of wild-type but absent in the ph1b and ph2a mutants 

at the equivalent stage. 

 

Figure 3.6 – Q-PCR analysis of the candidate genes. The expression profiles of the four candidates 
were analysed in the PM-LP stage of the Chinese Spring wild-type, ph1b and ph2a mutants, as well as 
the TI-TII stage of the wild-type. A) KK01 showed significantly higher expression levels in both 
stages of the wild-type compared to the ph mutants during PM-LP. B) Expression of KK03 was 
highest in the TI-TII stage of the wild-type compared to the wild-type and ph mutants during PM-LP. 
C) KK04 appears to be a relatively high abundance transcript with no significant difference in its 
expression in the wild-type and ph2a mutant during PM-LP. D) KK06 is a low abundance transcript 
with significantly higher levels of expression seen in the wild-type during PM-LP. Error bars 
represent the standard deviation of three replicate experiments. 



 116 

3.3.6 – In vitro characterisation of proteins encoded by the candidate genes 

3.3.6.1 – Extraction and isolation of protein products encoded by candidates transcripts  

Construction of pDEST17 protein expression plasmids with the full-length candidate 

transcripts of KK01, KK03, and KK06 allowed the proteins to be heterologously-expressed in 

E. coli. The 6×His-tagged proteins were then extracted under both denaturing and native 

conditions and purified using nickel affinity chromatography. All three protein products 

migrated close to their predicted molecular weights within denaturing SDS-PAGE gels 

(Figures 3.7, 3.8 and 3.9). Unlike KK01 and KK06 that were successfully isolated from their 

respective cell lysates, the KK03 protein product was completely lost in the washing steps. 

However, the production of the KK03 protein was still clearly seen as large bands (at its 

predicted molecular weight) in the cell lysate and flow-through lanes of the induced cell 

culture that are absent in the non-induced culture. 

 

 

 

 

 

 

 

 

 

 
Figure 3.7 – SDS-PAGE analysis of the KK01 protein product. L – BIO-RAD Precision Plus 
molecular weight marker, Cell lysate (CL), Flow-through (FT), Wash 1 (W1), Wash 2 (W2), Wash 3 
(W3), Elution 1 (E1), Elution 2 (E2) and Elution 3 (E3) samples are shown for the induced cell 
culture while W2, W3, and E3 were omitted from the non-induced cell culture as they were not 
required for the analysis of the result. The red rectangle highlights the 46.267 kD KK01 product. 
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Figure 3.8 – SDS-PAGE analysis of the KK03 protein product. L – BIO-RAD Precision Plus 
molecular weight marker, Cell lysate (CL), Flow-through (FT), Wash 1 (W1), Wash 2 (W2), Wash 3 
(W3), Elution 1 (E1), Elution 2 (E2) and Elution 3 (E3) samples are shown for the induced cell 
culture while W2, W3, and E3 were omitted from the non-induced cell culture as they were not 
required for the analysis of the result. The red rectangle highlights the 38.860 kD KK03 product that 
was produced but not captured within the column while the green rectangle highlights the residual 
38.860 kD protein species that was lost in the first wash. 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 – SDS-PAGE analysis of the KK06 protein product. L – BIO-RAD Precision Plus 
molecular weight marker, Cell lysate (CL), Flow-through (FT), Wash 1 (W1), Wash 2 (W2), Wash 3 
(W3), Elution 1 (E1), Elution 2 (E2) and Elution 3 (E3) samples are shown for the induced cell 
culture while W2, W3, and E3 were omitted from the non-induced cell culture as they were not 
required for the analysis of the result. The red rectangle highlights the 72.697 kD KK06 product. 
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3.3.6.2 – DNA-binding capabilities of full-length proteins KK01 and KK06  

Purified samples of the KK01 and KK06 proteins extracted under native conditions were 

used in competitive DNA-binding assays to determine whether these proteins were able to 

interact with DNA in vitro. The competitive DNA-binding assays showed that both KK01 

and KK06 were able to interact with single-stranded DNA (ssDNA) and double-stranded 

DNA (dsDNA) in vitro (Figure 3.10). KK01 preferentially interacted with ssDNA when 

equivalent amounts of ss- and dsDNA were present as the retardation of the ssDNA species 

was more apparent at lower concentrations of the KK01 protein (Figure 3.10 A). However, a 

slight retardation of the dsDNA species was observed when the KK01 protein concentration 

was increased. In contrast, KK06 interacted with both DNA species indiscriminately as the 

rates of migration for both DNA species were equally retarded (Figure 3.10 B). In addition, 

the retardation of the dsDNA species in the KK06 samples was more apparent at each 

concentration compared to KK01. At 6 µM, the KK06-DNA-protein complexes had only just 

migrated into the gel matrix from the well (Figure 3.10 B).  
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3.4 – Discussion 

The use of 2DGE paired with MS/MS to identify protein species has proven to be 

exceptionally useful, especially when the proteins to be identified come from an 

organism with a fully sequenced genome. Previous work conducted in 

Arabidopsis by Casasoli et al. (2008) and humans (Sharma et al. 2009) have 

shown the usefulness of working with a fully sequenced genome. Indeed, this 

approach has also been successfully used to varying degrees in the proteomic 

analyses of organisms without fully sequenced genomes as was reported by 

Sánchez-Morán et al. (2005) who conducted their study in Brassica oleracea. 

This was made possible by the high level of gene conservation (in excess of 85%) 

between Brassica and Arabidopsis (Cavell et al. 1998). Similarly, the aim of this 

study was to identify proteins that were present during the early stages of wheat 

meiosis by exploiting the gene conservation that exists between rice (Oryza 

sativa) and allohexaploid bread wheat (Triticum aestivum). In addition to having a 

fully sequenced genome, rice is also a closer relative to wheat compared to 

Arabidopsis, thus increasing the odds of gene conservation between the two 

species (Bolot et al. 2009). 

 This chapter reported on the isolation and characterisation (where 

possible) for the full-length coding sequences of genes responsible for encoding 

the proteins identified in Chapter 2. To achieve this, peptides of the six digested 

protein spots were matched against the rice proteome. In general, high level 

peptide matching accuracy is achieved when at least five peptides, which in 

combination cover at least 15% of an entire protein sequence, can be matched to a 

protein database hit (reviewed by Mann et al. 2001; and references therein). 

However, the results of the matching process in this study were limited. While the 
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MS/MS data reported multiple peptide species within each spot analysed, none of 

the peptides of each spot could be successfully matched to the same protein hit 

within the rice proteome database.  

A few possible explanations exist as to why this was the case; firstly, the 

level of amino acid sequence conservation between the rice and wheat proteome 

may not be sufficiently high enough. This explanation is plausible based on the 

fact that the wheat genome is 40× larger than the rice genome with approximately 

20-30% gene duplication (Akhunov et al. 2003, Arumuganathan and Earle 1991). 

In addition, comparative analysis of the fully-sequenced rice genome with the 

incomplete wheat genome have previously reported the presence of partial wheat 

ESTs that were mapped to regions of poor conservation within the rice genome 

(Sorrells et al. 2003). Akhunov and colleagues (2003) have previously 

hypothesised that genes within such regions may experience increased rates of 

recombination leading to formation of new genes due to the physical location of 

the genes on the chromosome arms. Therefore, in general, while a large 

proportion of rice and wheat proteins may share relatively good sequence 

conservation some wheat and rice proteins may only retain short regions of 

sequence similarities. As a consequence of the heavy reliance of this study on the 

amino acid sequence similarities between rice and wheat proteins, cross-species 

homology searches to identify such proteins would be highly difficult. 

A second explanation is that the amino acid residues were misidentified 

due to the presence of post-translational modifications that were unaccounted for. 

To date, hundreds of post-translational modifications of amino acid residues have 

been identified (Wold 1981). However, only a few of these amino acid 

modifications have been fully characterised, with much of the work focused on 
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phosphorylation, glycosylation, SUMOylation and ubiquitination (reviewed by 

Ytterberg and Jensen 2010, and references therein). The physicochemical changes 

such modifications have on amino acid residues remain unknown and cannot be 

accounted for in MS/MS data. As a consequence, spectral data obtained from a 

highly-modified protein may be confounded by differences in molecular masses 

possibly leading to the misidentification of amino acids residues when analysed. 

Within this study, the Bioworks Version 3.3 software was configured to take into 

account three post-translational modifications (phosphorylation, glycosylations 

and SUMoylation) but did not take into account any other modifications; largely 

due to the lack of published data available. Furthermore, de novo sequencing was 

used to manually calculate the masses of the peptides identified in an effort to 

ensure that the amino acid sequences obtained were accurate. 

However, the most likely explanation is that multiple protein species were 

present in each of the spots isolated thus resulting in a mix of peptides of the 

different protein species. Spectral data obtained from such a mixture would result 

in the identification of different protein hits within the database depending on the 

peptides used in the database search. The presence of multiple proteins within a 

single spot could have been caused by insufficient resolution by the 2D gel format 

used or by sample contamination. While the initial optimisation results reported in 

Chapter 2 showed sufficient resolution of protein spots using the 11 cm gel 

format, it is still possible that multiple proteins with the same (or very similar) 

MW and pI properties may not have been sufficiently resolved. Proteins with 

identical physicochemical properties migrate to the same coordinates within 2D 

gels and cannot be separated via this technique while proteins with highly similar, 

but not identical properties may not have been resolved far enough due to the size 
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of the 2D gels used. Furthermore, while the silver-staining protocol was very 

sensitive, it is possible that some of these protein spots (if they were present at 

low abundances) were not stained resulting in ‘invisible’ spots very close to the 

six identified spots analysed. Another possibility is that the samples may have 

been contaminated with keratin during the manual handling of the gels 

downstream of the 2DGE process. However this is less likely as peptides resulting 

from keratin contamination were automatically filtered and eliminated by the 

configured Bioworks Version 3.3 software. Furthermore, some proteins with 

different molecular weights and pI values could still have been held together in 

their protein complexes even under the denaturing conditions used in the protein 

extraction and 2DGE. Previous reports have shown that in some instances, strong 

protein-protein interactions lead to complexes being resistant not only to 

denaturation by SDS but also digestion by proteases (Haering et al. 2008, 

Kreisberg et al. 2002, Kubista et al. 2004, Manning and Colon 2004). 

 In an effort to overcome the fact that no two peptides identified from a 

single spot were able to be matched to any one protein within the rice database, 

primers were made based on the coding sequences of the codons for each peptide 

obtained from the MS/MS data, and were then used in RACE PCR experiments. 

To this end, full-length candidate coding sequences were successfully isolated for 

three of the spots (KK01, KK03 and KK06) while a partial coding sequence was 

also isolated for KK04. Optimisation steps used in an effort to generate PCR 

products when the standard protocol yielded none included the use of degenerate 

primers, reduced annealing temperatures, and increased template cDNA 

concentrations. The use of degenerate primers and reduced annealing 

temperatures would have decreased the specificity of the primer binding 
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capacities thus increasing the chances of amplifying a PCR product while the 

increased cDNA concentrations eliminated the possibility that the candidate 

transcripts may have only been present at very low levels. New RACE libraries 

were also synthesised and used to eliminate the possibility that the RACE libraries 

used were degraded. However, these optimisation steps did not yield any specific 

PCR products for KK02 and KK05. One likely explanation for the failure in 

isolating KK02 and KK05 is that the primers were made against misidentified 

peptide sequences. 

 Analyses of the four candidate coding sequences isolated (KK01, KK03, 

KK04 and KK06) revealed that the RACE primer sequences used to amplify these 

sequences were present. In addition, these nucleotide sequences were in-frame 

with the rest of the ORFs and generated codons that corresponded to the amino 

acid sequences of their respective peptides obtained in the MS/MS data (Figure 

3.3 and Table 3.2). This gave a reasonable level of confidence that the correct 

transcripts were isolated. Furthermore, BLASTp results of the predicted amino 

acid sequences of these four candidates against the rice database showed that 

KK03, KK04 and KK06 corresponded to search results yielded from the Bioworks 

software comparisons of the MS/MS peptide data against the rice proteome. 

Although KK01 was the only transcript not to encode a protein that was identified 

by the Bioworks software, its predicted amino acid sequence did contain a stretch 

of amino acids that were identical to one of the peptides identified in the MS/MS 

data of protein spot KK01. Comparisons of the four predicted amino acid 

sequences against their rice homologues revealed that they shared relatively high 

levels of sequence similarities. This suggests that the other peptides isolated from 

the MS/MS data of the protein spots were most likely caused by protein 
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contamination or by changes to the masses of the amino acids by any of the 

hundreds of post-translational modifications that could lead to the 

misidentification of the amino acid residues and hence peptides. 

 Analyses of the predicted protein sequence of KK01 revealed that it shared 

high levels of sequence similarity to a rice speckle-type POZ protein and 

possesses a complete N-terminal MATH domain and a partial C-terminal BTB 

domain (Figure 3.4 A). Proteins which possess both these domains have 

previously been characterised and been shown to have the same domain order as 

as that seen in KK01 (Stogios et al. 2005). Furthermore, previous work has shown 

that the MATH and BTB domains are found in dimerising proteins that are 

capable of interacting with DNA (thus regulating the transcriptional expression of 

target genes through the recruitment of nuclear corepressor proteins by the BTB 

domain) (Sunnerhagen et al. 1997, Wolffe 1997). Such data suggested that KK01 

could interact with DNA and play a role in gene expression regulation or 

chromatin architecture modification.  

The predicted amino acid sequence of KK03 showed high sequence 

similarity with the rice pollen-specific SF21C1 gene and possesses an esterase 

lipase superfamily domain (Figure 3.4 B). While not much is known about the 

SF21 gene in rice, previous work conducted in Helianthus annuus (sunflower) has 

shown that the SF21 gene family consists of multiple members that are 

differentially expressed in a tissue-dependant manner with different splice 

variants present within different cell types (Krauter-Canham et al. 1997, 

Lazarescu et al. 2006). Based on BLAST and homology search results against 

publicly-available databases, KK03 is similar to the sunflower SF21C1 gene. In 

sunflower, this gene encodes at least three splice variants whose protein products 
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vary in length, the longest being 355 amino acid residues while the other two 

variants are truncated products of 90 and 138 amino acids respectively (Lazarescu 

et al. 2006). These splice variants are detected in various organs with one of the 

truncated variants only found in pollinated florets (Lazarescu et al. 2006). The 

SF21 gene family has previously been shown to be evolutionarily linked to the 

Negative differentiation regulator (Ndr) gene family (Krauter-Canham et al. 

2001). However, the precise function(s) of both these gene families are not yet 

known although they have been hypothesised to be required for cell 

differentiation (Okuda and Kondoh 1999) and appear to have an enzymatic 

function due to their sequence similarities to hydrolase enzymes and the ligand-

binding region of the inositol 1,4,5, triphosphate receptor (Hotelier et al. 2004, 

Krauter-Canham et al. 1997). In poppy, inositol 1,4,5, triphosphate has previously 

been shown to be part of the calcium signalling pathway required for pollen tube 

growth (Franklin-Tong et al. 1996). Previous work conducted by Nas and 

colleagues (2005) indicated that the rice SF21 gene they identified was 

temperature-sensitive and controls male sterility; while the SF21 protein in 

tobacco is localised to the tips of pollen tubes (Lazarescu et al. 2006). In light of 

the fact that the SF21 protein shares moderate sequence similarity with the 

inositol 1,4,5 triphosphate receptor and that it localises to the tips of pollen tubes 

in tobacco, SF21 protein may be required for pollen tube growth (Allen et al. 

2010). 

Although isolation of the full-length KK04 coding sequence proved 

unsuccessful, analysis of its predicted amino acid sequence showed it shares 

sequence homology with two putative barley hexose transporter-like proteins. 

These putative proteins are hypothesised to transport hexose sugars to the mitotic 
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endosperm cells during the early stages of grain tissue development (Weschke et 

al. 2003). 

In contrast to KK04, the full-length coding sequence of the KK06 

candidate was successfully isolated. The high levels of sequence similarity seen 

between KK06 and the HSP70-2 proteins found in both humans and mice may 

provide clues as to its role and explain why it was so abundant in the Chinese 

Spring PM-LP gels in Chapter 2. Previous studies have shown that the HSP70-2 

protein of both mammalian species form part of the synaptonemal complex during 

spermatogenesis and are vital for disassembly of the synaptonemal complex 

(Allen et al. 1996, Dix et al. 1996, Dix et al. 1997, Zakeri et al. 1988). Thus the 

KK06 candidate isolated may possibly play a similar role in bread wheat. 

Nullisomic-tetrasomic Southern blot analyses revealed that KK01, KK03 

and KK04 were not located within the ph1b or ph2a deletion regions. Although 

KK06 was present on chromosome group 5 with a copy on all three genomes, 

genotype Southern blots (as well as in silico rice-wheat synteny mapping) 

revealed that this candidate is located outside of the ph1b deletion region. When 

taken into account with the proteomics results of Chapter 2, these results can be 

used to decipher the proteomics data. For the case of KK01 that was only present 

in the PM-LP sample of the wild-type, this indicates that KK01 is either directly 

or indirectly regulated by a combination of elements encoded by both the Ph loci 

or that the KK01 protein levels are severely affected in mutants with 

homoeologous pairing phenotypes. Similarly, when the KK06 mapping and 

proteomics results are considered together, the data suggests that KK06 may also 

be directly or indirectly regulated by a combination of elements from both Ph loci 

where the absence of either locus leads to reduced levels of the KK06 protein. The 
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data from this component of work also indicated that KK04, that resides on 

chromosome group 1 and is only present in the PM-LP ph2a gels, may possibly 

be mis-regulated in the absence of the Ph2 locus leading to ectopic expression in 

the PM-LP stage of the ph2a mutant.  

Q-PCR expression analysis of the four candidates was performed to 

determine whether their transcript profiles could be correlated to the presence of 

their respective spots in the proteomics data of Chapter 2. While the presence of 

the KK01 spot being present in the PM-LP Chinese Spring gels is explained by 

the high levels of KK01 expression during PM-LP, the absence of the KK01 spot 

in the TI-TII stage gels was at odds with the Q-PCR data that detected KK01 

transcripts at levels similar to the PM-LP stage (Figure 3.6 A). This could be due 

to post-transcriptional regulation of the mRNA transcripts resulting in no KK01 

protein being produced in the TI-TII sample. Indeed, such differences in gene 

expression and protein levels have previously been reported and are not 

uncommon (reviewed by Waters et al. 2006, and references therein). KK01 

expression was also detected in the PM-LP stage of both ph mutants albeit at 

significantly lower levels (Figure 3.6 A) which may have resulted in the KK01 

protein being produced at levels that were too low to detect in Chapter 2. This 

may explain the absence of the KK01 spot in the PM-LP stage gels of both ph 

mutants as well as strengthen the hypothesis that the KK01 candidate is 

directly/indirectly regulated by a combination of elements from both these loci 

and that KK01 protein levels are severely affected in these mutants. The KK03 

candidate expression profile fits its putative role as a SF21C1 pollen-specific gene 

as it showed increased transcript levels as meiosis progressed from PM-LP to the 

TI-TII stage in wild-type (Figure 3.6 B). This data was in agreement with the 
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proteomics data that showed that the KK03 protein was only present in the TI-TII 

gels. In contrast to the proteomics data where the KK04 spot was only present in 

the PM-LP stage ph2a gels, KK04 expression levels were relatively similar 

between both stages of the wild-type and the PM-LP stage of the ph2a mutant but 

was significantly lower in the ph1b mutant (Figure 3.6 C). This conflicting gene 

expression and proteomics data may be explained by post-transcriptional 

regulation of the KK04 transcript (leading the KK04 transcript to only be 

translated in the ph2a mutant). Both the proteomics data and the Q-PCR 

expression profile of KK06 fit its putative function as a HSP70-2 variant that may 

form part of the synaptonemal complex and regulate chromosome desynapsis 

during early meiosis as it is highly expressed during the PM-LP stage of wild-type 

and reduces significantly during the TI-TII stage (Figure 3.6 D). The significantly 

reduced levels of KK06 transcript seen in both ph mutants again reaffirms the 

hypothesis that this gene may be directly/indirectly regulated or affected by the 

actions of a combination of elements encoded by both Ph loci. Both the 

similarities and differences in the proteomics and Q-PCR expression datasets of 

all four candidates highlights the need to study cellular processes at the protein 

level and that much more research must be conducted before we can truly grasp 

the complexities of gene transcription and translation. 

While heterologous expression and purification of the KK01 and KK06 

full-length candidates were straightforward, KK03 could not be purified even 

though induction of protein production was successful. The SDS-PAGE results 

showed that the KK03 candidate protein did not bind to the Ni-NTA column and 

that any residual KK03 protein was washed out in the first wash step. The 

inability of the 6×His-tag to bind to the Ni-NTA column could have been caused 



 130 

by the 6×His-Tag interacting with a region of negatively-charged amino acid 

residues within the KK03 protein (thus becoming unavailable for ligand 

interaction with the Ni-NTA resin). An alternative approach using a glutathione-

S-transferase (GST) tag instead of the 6×His-tag could have overcome this 

problem. However, due to time constraints, this alternative approach was not 

investigated. 

The results of the DNA-binding assays confirmed the putative functions of 

KK01 and KK06 in vitro. Similar to some MATH-BTB domain proteins, KK01 

interacts with DNA (Figure 3.10 A). Although KK01 preferentially bound ssDNA 

in the competitive DNA-binding assay, it is possible that KK01 is able to interact 

much more strongly with dsDNA in planta through protein-protein interactions 

with partner proteins that were not present in the assay. The slight shift of the 

dsDNA species at high concentrations of KK01 protein indicates that it does 

weakly interact with dsDNA when present alone. In contrast, the KK06 protein 

product interacts with both species of DNA indiscriminately regardless of the 

protein concentration used in vitro (Figure 3.10 B). The ability to interact with 

both species of DNA suggests that it could be a component of the synaptonemal 

complex and that it may interact with chromatin during early meiosis. Now that 

the basic characterisation of the KK01 and KK06 candidate proteins have been 

completed and their putative functions of DNA-binding confirmed in vitro, future 

work can focus on characterising the functions of both these proteins in planta. 
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Chapter 4 – Poor homologous synapsis 1 (PHS1) interacts 

with chromatin but does not co-localise with ASYnapsis 1 

(ASY1) during early meiosis in bread wheat 
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Abstract  
Background 
Chromosome pairing, synapsis and DNA recombination are three key processes 

that occur during early meiosis. A previous study of Poor Homologous Synapsis 1 

(PHS1) in maize suggested that PHS1 has a role in coordinating these three 

processes. 

Results 
Here we report the isolation of wheat (Triticum aestivum) PHS1 (TaPHS1), and 

its expression profile during, and post-meiosis. While the TaPHS1 protein has 

sequence similarity to other plant PHS1/PHS1-like proteins, it also possesses a 

unique region of oligopeptide repeat units. In addition, we show that TaPHS1 

interacts with both single- and double-stranded DNA in vitro, and provide 

evidence of the protein region that imparts the DNA-binding ability. 

Immunolocalisation data from assays conducted using an antibody raised against 

TaPHS1 clearly show that TaPHS1 associates with chromatin during early 

meiosis, with the signal persisting beyond chromosome synapsis. Furthermore, 

TaPHS1 does not appear to co-localise with the asynapsis protein – TaASY1 – 

possibly suggesting that these proteins are independently coordinated. 

Conclusions 
Significantly, the data from the DNA-binding assays and 3-dimensional 

immunolocalisation of TaPHS1 during early meiosis indicates that TaPHS1 

interacts with DNA – a function not previously observed in either the Arabidopsis 

or maize PHS1 homologues. As such, these results provide new insight into the 

function of PHS1 during early meiosis in bread wheat. 
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Background  
For the majority of sexually reproducing organisms, meiosis is a cellular process 

required for gamete formation, and is composed of one round of DNA replication, 

followed by two rounds of chromosome division. During meiosis I, a reductional 

division event leads to the segregation of homologous chromosome pairs while an 

equational division during meiosis II leads to the segregation of the sister 

chromatids. 

 For the successful juxtaposition of homologous chromosomes, three key 

processes occur during prophase I, namely pairing, synapsis and recombination. 

Previous studies investigating the molecular mechanisms of homologous 

chromosome pairing have revealed complex interplay between these three tightly-

linked processes (Armstrong et al. 2001, Chen et al. 2004, Higgins et al. 2005, 

Kerzendorfer et al. 2006, Martínez-Pérez et al. 2003). 

 In allopolyploid organisms such as bread wheat (Triticum aestivum), 

correct alignment and pairing of homologous chromosomes is complicated by the 

presence of genetically similar genomes, known as homoeologous genomes. 

Although bread wheat possesses three homoeologous genomes (termed A, B and 

D), meiosis proceeds as if the organism is a diploid, in that pairing only occurs 

between homologous chromosomes from the same genome (Able et al. 2009, 

Able and Langridge 2006, Able et al. 2007, Moore and Shaw 2009, and 

references within). This strict pairing interaction between homologous 

chromosomes has previously been shown to be controlled by Pairing 

homoeologous (Ph) loci (Riley and Chapman 1958, Sears 1977). The most 

extensively studied of these loci is the Ph1 locus located on the long arm of 

chromosome 5B. While the molecular mechanism by which the Ph1 locus 

operates is still subject to intensive research, Ph1 appears to indirectly promote 
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homologous chromosome pairing by suppressing homoeologous chromosome 

interactions through regulation of the specificity of chromosome interactions at 

centromeric and telomeric regions (Martinez-Pérez et al. 2001, Prieto et al. 2004). 

 In ph1 deletion mutants, the chromatin is prematurely and asynchronously 

remodelled, leading to abnormal chromosome conformation that results in 

increased interactions between homoeologous chromosomes (Colas et al. 2008, 

Prieto et al. 2004). These mutants also display other meiotic defects such as the 

arrest of synapsis during zygotene and the presence of uncorrected multiple axial 

element associations, which in wild-type are normally corrected prior to entry into 

pachytene (Holm 1988, Holm and Wang 1988). While the deletion region in the 

ph1b mutant is extensive, the Ph1 locus has recently been refined to an area that 

contains, among other genes, seven Cyclin-dependent kinase-like (Cdk-like) genes 

(Al-Kaff et al. 2008, Griffiths et al. 2006). 

 Our current knowledge of other meiotic genes mostly comes from research 

on model species such as yeast and Arabidopsis. However, putative homologues 

of many of these genes have also been identified in the cereals (Bovill et al. 

2009). Some of the early meiotic genes characterised in various plant species 

include ASY1 (ASYnapsis 1) (Boden et al. 2009, Boden et al. 2007, Caryl et al. 

2000, Nonomura et al. 2004, Ross et al. 1997), RAD51 (RADiation sensitive 51) 

(Bleuyard et al. 2005, Li et al. 2007) and PHS1 (Poor Homologous Synapsis 1) 

(Pawlowski et al. 2004, Ronceret et al. 2009). In wheat, ASY1 (TaASY1) is 

involved in chromosome synapsis and promotes homologous chromosome pairing 

during meiosis I (Boden et al. 2009, Boden et al. 2007). Interestingly, Taasy1 

knock-down mutants have been reported to display defective chromosome 

characteristics similar to that of the ph1b mutant (Boden et al. 2009). In the 
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absence of Ph1, the expression of TaASY1 is approximately 20-fold higher 

compared to wild-type while the localisation of its protein product is also affected. 

This indicates that TaASY1 is intimately involved in the Ph1-dependent control of 

chromosome pairing in wheat (Boden et al. 2009, Moore and Shaw 2009). 

 PHS1 was first identified in a Mutator transposon-mutagenised maize 

population, with no known homologues in yeast or other non-plant species 

(Pawlowski et al. 2004). While phenotypic analysis of the phs1-0 mutant by 

Pawlowski et al. (Pawlowski et al. 2004) revealed no vegetative defects, meiosis 

was disrupted resulting in male and female sterility. Transmission electron 

microscopy of meiotic spreads from Zmphs1-0 meiocytes revealed significantly 

reduced levels of synapsis during zygotene and improper alignment of the 

chromosomes in the synapsed regions observed. Additionally, the chromosomes 

showed synapsis with multiple partners. Coupled together with results of their 

fluorescent in situ hybridisation (FISH), the data indicated that non-homologous 

chromosome synapsis was present in the Zmphs1-0 mutant. 

 FISH results from recent work by Ronceret et al. (Ronceret et al. 2009) on 

the Arabidopsis homologue of PHS1 (AtPHS1) showed that PHS1 appears to 

function in a similar manner in different species independent of genome size and 

complexity. Chromosome axis formation and installation of the synaptonemal 

complex components in both wild-type and phs1 mutant cells of Arabidopsis and 

maize appeared similar albeit with ZYP1 loading being delayed in some instances 

(Ronceret et al. 2009). Immunolocalisation in Arabidopsis and maize revealed 

that PHS1 is located within the cytoplasm during the early stages of meiosis with 

some foci clustered along the nuclear envelope during zygotene and present in the 

nucleus during pachytene. With a reduced number of RAD50 foci observed in the 
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nuclei of the phs1 mutants, Ronceret and colleagues (Ronceret et al. 2009) 

concluded that PHS1 regulates meiotic recombination and chromosome pairing by 

controlling the transport of RAD50; a protein which is required during double-

strand break processing. 

 Our analysis of the PHS1 protein in bread wheat, provides evidence that 

TaPHS1 possesses DNA-binding capabilities even though no known DNA-

binding domains were identified in silico. Our data also show that PHS1 is up-

regulated in the ph1b bread wheat mutant when compared to wild-type, and that 

TaPHS1 is associated with chromatin and is present on the nucleolar periphery 

during the early stages of meiosis as indicated through immunolocalisation 

analysis using an antibody that was raised against the full-length wheat PHS1 

protein. 

 

Results  
 

PHS1 is highly similar across plant species and in wheat it encodes a 

predicted protein product with a unique oligopeptide repeat sequence  

PCR amplification from whole meiotic spike cDNA using the primers listed in 

Table S1 (Additional Information File 1) resulted in the isolation of TaPHS1 

which has a 1071 bp ORF. This encodes a 357 amino acid protein with a 

predicted molecular weight of 38.958 kD and a pI of 5.23. Despite no nuclear 

localisation signal (NLS) peptides being detected within the TaPHS1 amino acid 

sequence using SignalP 3.0, WoLF PSORT analysis predicted that TaPHS1 is 

most likely to be located within the cell nucleus. Using AlignX, comparative 

amino acid sequence analysis of full-length annotated PHS1 or PHS1-like 
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proteins obtained through database searches (refer to Methods) showed that 

TaPHS1 shared relatively high levels of sequence identity with its homologues in 

other species (Sorghum bicolor [SbPHS1] – 53.6%; Zea mays [ZmPHS1] – 

51.2%; Oryza sativa [OsPHS1] – 41.4%; and Arabidopsis thaliana [AtPHS1-like] 

– 21.5%). We propose that there are four prominent regions within the PHS1 

amino acid sequence that are well-conserved (Figure 1A). While a portion of 

Region 2 (corresponding to amino acid positions 99 – 145 of TaPHS1) was 

previously identified to contain two conserved domains (Pawlowski et al. 2004), 

inter-species comparisons made in the current study suggest that this conserved 

region can now be extended by 11 amino acid residues toward the N-termini of 

PHS1 proteins in monocot species (Figure 1A, dashed line). In addition there is a 

short region of oligopeptide repeats from position 242 to 265 

[YSGFPEGYSGFPEGYSGFPEGYSG] unique to TaPHS1 (Figure 1A, boxed 

feature). 

 To assess the phylogenetic relationships between the five homologues 

shown in Figure 1A, a neighbour-joining tree was constructed using the full-

length amino acid sequences (Figure 1B). As expected, Arabidopsis is the most 

divergent, while sorghum and maize share a higher degree of similarity with one 

another. Although wheat and rice fall within the same cluster, the internal branch 

length difference between the two species suggests that a significant level of 

sequence divergence has occurred. To determine whether other PHS1 sequences 

could be identified in the public databases, the more sensitive Hidden Markov 

Model (HMM) and MaxHom functions of the PredictProtein program were used. 

Three additional sequences were identified that were similar to TaPHS1, and all 

from dicot species; namely poplar (Populus trichocarpa) (E-value: 7E-97), grape 
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(Vitis vinifera) (E-value: 7E-91) and castor oil (Ricinus communis) (E-value: 2E-

97). The addition of these three sequences to the phylogenetic analysis shows that 

they cluster with Arabidopsis, the only other dicot species (Figure 1C). 

 Southern blot analysis showed that TaPHS1 is located on chromosome 

group 7, with a copy on each of the three genomes (Figure 2). In silico mapping 

revealed that TaPHS1 is likely to reside on the short-arm of this chromosome 

group (Bin 7AS8-0.45-0.59, data not shown). To determine this, rice genetic 

markers that are located close to OsPHS1 (on rice chromosome 6) were used to 

screen wheat deletion bins. One marker previously bin-mapped to wheat 

chromosome group 7 [GenBank: BE404111.1] was identified to be approximately 

35 kb from OsPHS1. 

 

TaPHS1 interacts with DNA and is expressed during meiosis  

Previously reported homology searches using the maize PHS1 protein revealed 

low levels of sequence similarity with two families of fungal helicases, possibly 

indicating that PHS1 may interact with DNA (Pawlowski et al. 2004). However, 

extensive in silico amino acid analysis of TaPHS1 revealed that it has no known 

conserved DNA-binding domains. To determine whether TaPHS1 interacts with 

DNA, a competitive DNA-binding assay using recombinant TaPHS1 extracted 

under native conditions was conducted (Figure 3A). Interactions occurred with 

both single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA). 

Interestingly there appears to be a higher affinity for ssDNA with a dsDNA shift 

only occurring at higher concentrations of TaPHS1. Competitive DNA binding 

assays using partial TaPHS1 peptides corresponding to the four prominent 

conserved regions identified in this study revealed that only Region 1 possesses 
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DNA-binding capabilities (Figure 3B-E). Region 1, like the full-length TaPHS1 

protein, appears to have a higher affinity for ssDNA compared to dsDNA. 

Sequence analysis of Region 1 shows that it contains two S/TPXX motifs (TPPP 

– amino acid positions 46 to 49; and SPAA – amino acid positions 71 to 74 ), 

which have previously been reported to bind DNA (Suzuki 1989). 

 Quantitative real-time PCR (Q-PCR) profiling of TaPHS1 in wild-type 

Chinese Spring shows that it has relatively low transcript abundance during 

meiosis (Figure 4). Although TaPHS1 is expressed in wheat anther tissue 

throughout all stages of meiosis examined and beyond, peak expression occurs 

during pre-meiotic interphase and immature pollen. Between the pooled stages of 

leptotene-pachytene and diplotene-anaphase I, there is no statistically significant 

difference in TaPHS1 expression. Given that Boden et al. (Boden et al. 2009) 

demonstrated that the TaASY1 transcript was significantly up-regulated in a ph1b 

background when compared to wild-type (approximately 20-fold), we also 

investigated transcription levels of TaPHS1 in the ph1b mutant. While not as 

dramatic as that reported in Boden et al. (Boden et al. 2009), TaPHS1 was also 

up-regulated in the ph1b mutant when compared to wild-type but by between 1.5-

fold (pre-meiosis) and 2-fold (leptotene-pachytene) (Figure 4). 

 

TaPHS1 is localised in the nucleus and associates with chromatin during 
early meiosis 
3D-immunolocalisation of TaPHS1 in wild-type wheat meiocytes shows that it 

associates with chromatin during early meiosis (Figure 5A-F). While the signals 

of both TaPHS1 and TaASY1 were located within close proximity of each other, 

the two proteins do not appear to co-localise (e.g. merged panel of Figure 5F). In 

addition to its association with chromatin, the TaPHS1 signal was also observed at 
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the nucleolus (Figure 5B-E). This labelling of the nucleolus appears to be on the 

surface, with a greater signal intensity seen at the nucleolar periphery. From the 

images presented, this signal appeared most intense during early to late zygotene 

(Figure 5C-E). In general, the TaPHS1 signal appeared either as diffuse tracts 

and/or punctated foci that follow the chromatin, unlike the distinct continuous 

tracts of TaASY1. The TaPHS1 signal was observed from the telomere bouquet 

stage and persisted on the chromatin until late pachytene where it faded. Although 

TaPHS1 was not detected on the chromatin in diplotene cells, detection of a weak 

signal was still observed in the cytoplasm in what appeared to be randomly 

distributed foci (Figure 5G). 

 

Discussion  
This study has reported the isolation and characterisation of PHS1 from hexaploid 

wheat, with the amino acid sequences of TaPHS1 being relatively well-conserved 

when compared with homologues in other plant species. In silico analysis of the 

TaPHS1 amino acid sequence suggests that it does not contain any known nuclear 

localisation signal (NLS) peptide motif. However, predictions using WoLF 

PSORT show that TaPHS1 fits the profile of a nuclear protein. In addition, the 

immunolocalisation results (Figure 5) show that TaPHS1 localises to the nuclei of 

wheat meiocytes in vivo. These results together indicate that TaPHS1, and its 

homologues, might possess an uncharacterised NLS motif. Alternatively, the 

PHS1 protein may be transported into the nucleus by a yet unknown process 

and/or protein. Given that Region 4, referred to as the CR2 region in Ronceret et 

al. (Ronceret et al. 2009), has been identified as a putative SUMOylation site; 

there may be no requirement for an NLS motif. Previously, post-translational 
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modifications such as SUMOylation have been shown to enable transport of 

proteins from the cytoplasm into the nucleus (de Carvalho and Colaiacovo 2006). 

 Sequence alignments of TaPHS1 with PHS1 and PHS1-like proteins of 

four other species obtained from BLAST searches revealed that PHS1 is more 

similar between the cereal plants than Arabidopsis (Figure 1A and 1B). This was 

not unexpected as the cereals are monocots while Arabidopsis is a dicot. In 

addition, the Arabidopsis PHS1-like sequence contained an additional sixty-one 

amino acid residues on the C-terminal end that was not present in the four 

monocot species. With the addition of three more dicot PHS1/PHS1-like 

sequences, individual monocot and dicot branches were still maintained. 

However, a high level of divergence between the wheat and rice PHS1 sequences 

was evident (Figure 1C). A possible explanation for this is that rice is a diploid 

organism while wheat is a hexaploid. PHS1 proteins in the two species may have 

evolved to function differently, as is suggested by the presence of the TaPHS1-

specific oligopeptide repeat units from position 242 to 265 (Figure 1A, boxed 

feature). Even when compared with maize and sorghum, both of which are 

tetraploid (albeit with maize being a cryptic tetraploid), the rice PHS1 sequence is 

significantly different. PHS1 may have evolved to function differently according 

to the ploidy number, and consequently genome complexity, of each species. A 

less likely explanation for this sequence divergence is that the rice PHS1 

sequence, which is putatively annotated as a PHS1 protein, is not a true PHS1 

homologue but instead a PHS1-like protein. However, this seems improbable for a 

number of reasons. Firstly, the rice genome has been sequenced and exhaustive 

BLAST searches identified OsPHS1 as the most significantly similar match to 

both TaPHS1 and ZmPHS1 at the nucleic and amino acid level. Secondly, the in 
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silico mapping identified a rice marker on rice chromosome 6 approximately 35 

kb away from OsPHS1 that is syntenous to a marker that has been bin-mapped to 

the short-arm of wheat chromosome 7. Finally, it has been documented across 

different organisms that there can be significant variance between the amino acid 

sequences of protein equivalents involved in meiosis, even though the function 

may be conserved (see Able et al. 2009; and references within).  

 The importance of the aforementioned oligopeptide repeat units unique to 

TaPHS1 remains to be determined. These repeats could be either three tandem 

hepta-peptide units [YSGFPEG] that span positions 242 to 262, or a series of 

alternating tri-peptide [YSG] and tetra-peptide [FPEG] units that span positions 

242 to 265. Comprehensive in silico database searches using amino acids 242 to 

265 resulted in no significantly similar matches with any repeats reported to date. 

As single oligopeptide units; the tri-peptides, tetra-peptides, and hepta-peptides 

are relatively short and may therefore not form any independent structural units. 

However, when arranged successively, these oligopeptide units may form a 

regular repeating structure within TaPHS1, as has previously been reported in 

other proteins (Katti et al. 2000). Based on previously reported amino acid 

nomenclature by Yoder et al. (Yoder et al. 1993), the glutamic acid (E) and 

glycine (G) residues on the end of the hepta-peptide unit [YSGFPEG] could 

represent turn-residues that link the hepta-peptides together, allowing the units to 

stack on top of each other. This series of oligopeptides may therefore impart a 

slightly different structure, and possibly function, for TaPHS1 when compared to 

the rest of the PHS1/PHS1-like proteins that lack these oligopeptide repeat units. 

 Although two conserved domains have been previously described for 

PHS1 (Pawlowski et al. 2004), we have not only shown these to be part of one 
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conserved region across species but that this region is only one of four conserved 

regions within the amino acid sequences investigated. The four conserved regions 

reported here, termed Region 1 to 4, are in contrast to the two conserved regions, 

termed CR1 and CR2, reported by Ronceret et al. (Ronceret et al. 2009). Regions 

2 and 4 identified in this study approximately correspond with CR1 and CR2. 

Discrepancies in the lengths of the conserved regions identified in the two studies 

are most likely artefacts of the differing alignment algorithms used; in addition to 

the fact that only full-length annotated transcripts of PHS1 were used in this 

study. In silico searches of protein databases revealed that TaPHS1 does not have 

any known conserved DNA-binding domain that has been reported to date. 

Irrespective, the results of the DNA-binding assays in this study (Figure 3A and 

B) and the immunolocalisation of TaPHS1 to chromatin (Figure 5) clearly show 

that TaPHS1 does have DNA-binding capabilities. In the presence of equivalent 

amounts of ssDNA and dsDNA, TaPHS1 appears to preferentially bind ssDNA in 

vitro but will also bind dsDNA when the protein is present at higher 

concentrations. Furthermore, we have shown that Region 1 appears to be 

responsible for the DNA-binding ability (Figure 3B). Although the retardation of 

the DNA is less significant, this can be attributed to the reduced size of the 

Region 1 partial peptide in comparison to that of the full-length TaPHS1 protein 

(5.854 kD vs. 38.958 kD). Other regions within TaPHS1 may also be required to 

further enhance the DNA-binding capabilities of Region 1. Although 

bioinformatic analysis of Region 1, and indeed the full-length TaPHS1, failed to 

identify any conserved DNA-binding domains, two S/TPXX DNA-binding motifs 

previously identified by Suzuki (Suzuki 1989) are located within Region 1 (TPPP 

– amino acid positions 46 to 49; SPAA – amino acid positions 71 to 74 ). Region 
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1 could therefore possibly represent a novel DNA-interaction domain. Our 

immunolocalisation data suggests that TaPHS1 is closely associated with 

chromatin (and therefore dsDNA) in vivo during early meiosis. TaPHS1 may 

require a currently unknown protein partner (one that is not present in the in vitro 

DNA binding assay) to facilitate its ability to interact with dsDNA in vivo.  

 Although the Q-PCR profiling suggests TaPHS1 is a transcript of 

relatively low abundance in the cell, some significant differences were detected 

during the stages examined, as well as between the wild-type Chinese Spring and 

ph1b mutant. While the same general trend of expression is observed in both 

wild-type and the ph1b mutant, TaPHS1 is up-regulated in the mutant background 

by approximately 1.5-fold in pre-meiosis, 2-fold in both leptotene-pachytene and 

diplotene-anaphase I, and 1.5-fold in immature pollen. This 2-fold increase in 

expression during early meiosis may suggest that the Ph1 locus could directly or 

indirectly affect TaPHS1. 

 The presence of substantial TaPHS1 signal within the nucleoli of early-

stage meiocytes may indicate that TaPHS1 is sequestered to the nucleolus either 

for degradation or storage until required as has been shown for other proteins 

(reviewed by Carmo-Fonseca et al. 2000, Olson et al. 2000). Hypothetically, 

should PHS1 act as a direct physical shuttling protein (as indicated but not 

favoured by Ronceret and colleagues (Ronceret et al. 2009)) that transports 

specific meiotic proteins into the nucleus, it is likely that it may then be 

sequestered to the nucleolus for degradation or to undergo further post-

translational modifications to mark it for return to the cytoplasm so that PHS1 

molecules can be reused. TaPHS1 may also have a role within the nucleolus given 

its intense signal. Such a role has been shown for the yeast meiosis-specific 
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pachytene checkpoint (PCH2), which is sequestered to the nucleolus and prevents 

HOP1 (the yeast homologue of TaASY1) from entering the nucleolus (San-

Segundo and Roeder 1999). Given the lack of TaASY1 signal and the intensity of 

TaPHS1 in the nucleolus, a similar role to PCH2 may be played by TaPHS1. 

Clearly, TaPHS1 and TaASY1 do not co-localise with one another, even though 

our immunolocalisation data shows that both these proteins are loaded and 

associated with the chromatin at the same time during early meiosis in bread 

wheat. The association between these two proteins appears to be particularly 

pronounced during late-zygotene to pachytene (Figure 5E, F). Could it be that 

TaPHS1 is involved in a pachytene check-point mechanism to ensure that only 

homologous chromosomes have paired and recombined? Another intriguing result 

is that the TaPHS1 signal profile appears as faint tracts with punctate foci along 

regions of the chromatin. Do these punctate foci denote possible recombination 

sites where TaPHS1 may be loading the recombination machinery? This is 

plausible as previous reports of recombination proteins including RAD51 

(Franklin et al. 1999), RAD50 (Ronceret et al. 2009) and MLH3 (Jackson et al. 

2006) localise to chromatin as foci. A second question is whether the diffuse 

tracts of TaPHS1 provide clues to suggest a direct role for TaPHS1 in homology 

searching (in wheat at least) as previously suggested by both Pawlowski et al. 

(Pawlowski and Cande 2005) and Ronceret et al. (Ronceret et al. 2009). 

 

Conclusions  
In concluding, the data that we have presented clearly demonstrate that TaPHS1 

has an important and possible novel role during the early stages of wheat meiosis. 

Data from the DNA-binding assays as well as 3-dimensional immunolocalisation 
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of TaPHS1 during early meiosis in wild-type cells indicate that TaPHS1 interacts 

with DNA – a function not previously observed in the Arabidopsis and maize 

PHS1 homologues. The localisation signal profile of TaPHS1 may indicate that it 

is a direct transporter of other meiotic proteins into the nucleus and that it could 

have a role in homology searching. While the role(s) of this protein are yet to be 

fully understood, we are currently in the process of generating Taphs1 knock-

down and TaPHS1 over-expression mutants to further elucidate the meiotic 

function in bread wheat. 

 

Methods 
Plant material 
Hexaploid wheat (Triticum aestivum L.) cv. Chinese Spring plants and a Chinese 

Spring mutant lacking the Ph1 locus (ph1b) were grown in a glasshouse with a 

16/8 h photoperiod at 23°C. Harvesting and staging of meiotic anthers from both 

wild-type and mutant plants, for quantitative real-time PCR (Q-PCR) and 

fluorescence immunolocalisation, were conducted as per Boden et al. (2009). 

Whole meiotic spike tissue was collected for the isolation and amplification of the 

gDNA and cDNA Triticum aestivum PHS1 (TaPHS1) sequences. 

 

RNA isolation and cDNA synthesis 
Collected tissues for RNA isolation were initially ground in liquid nitrogen. Total 

RNA was extracted using Trizol reagent (Gibco-BRL, Carlsbad, CA, USA) 

according to the manufacturer’s instructions. RNA concentration was determined 

using a Nanodrop (ND-1000) (Nanodrop, Wilmington, DE, USA). cDNA was 
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synthesised from 2 µg of total RNA using the iScript cDNA synthesis kit (Bio-

Rad, Hercules, CA, USA) according to the manufacturer’s instructions. 

 

cDNA amplification and sequencing of the PHS1 coding sequence 
Primers (see Table S1) for isolating the TaPHS1 ORF were designed using the 

OsPHS1 sequence (LOC_Os06g27860, MSU Rice Genome Annotation database - 

http://rice.plantbiology.msu.edu) identified through a TIGR rice expressed 

sequence tag (EST) BLAST search (accessed 21st October 2008). 

 Each PCR contained 100 ng cDNA, 0.2 mM dNTPs, 0.2 µM primers, 1U 

FastStart high fidelity Taq polymerase (Roche Applied Science, Mannheim, 

Germany) in 25 µL of 1× high fidelity buffer supplemented with 1× GC-RICH 

solution (Roche). PCR products were cloned into pCR8/GW/TOPO (Invitrogen) 

for DNA sequencing (15× coverage). Sequencing PCR and capillary separation 

was conducted using the same methods as described earlier except that GW1 and 

GW2 primers were used (see Table S1). Secondary sets of primers were designed 

on the sequenced products to specifically amplify the TaPHS1 ORF. 

Amplification and sequencing was repeated as above. PCR cycling parameters 

were denaturation at 95°C for 5 min, followed by 35 cycles of 96°C for 30 s, 

Tm°C for 30 s, 72°C for 75 s, with a final elongation step at 72°C for 10 min (see 

Table S1 for Tm of primer sets). The assigned NCBI accession number for 

TaPHS1 is GQ851928. 

 

Bioinformatics analysis 
DNA sequence alignments and comparisons were conducted with AlignX and 

Contig Express (Informax, VNTI Advance, Version 11, Frederick, MC, USA) 
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software programs. VNTI software was also used to predict the molecular weight 

and pI of the protein. To predict the cellular localisation of TaPHS1, SignalP 3.0 

(http://www.cbs.dtu.dk/services/SignalP/) (Bendtsen et al. 2004) and WoLF 

PSORT (http://wolfpsort.org/) (Horton et al. 2007) were used; while detection for 

conserved domains was performed using the NCBI Conserved Domain Search 

Tool (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), InterPro Scan 

(http://www.ebi.ac.uk/Tools/InterProScan/) and Pfam 23.0 

(http://pfam.janelia.org/). Amino acid alignments and comparisons of full-length 

PHS1 sequences (obtained from various BLAST searches using the NCBI, TIGR, 

and PredictProtein [http://www.predictprotein.org/; (Rost et al. 2004)] databases), 

and subsequent construction of the phylogenetic tree (neighbour-joining method) 

(Saitou and Nei 1987) was completed using Molecular Evolutionary Genetics 

Analysis (MEGA) software (version 4.0) (Tamura et al. 2007). Default 

parameters were used except for the following: the pair-wise deletion option was 

used, the internal branch test bootstrap value was set at 10,000 re-samplings, and 

the model setting was amino acid: Poisson correction with predicted gamma 

parameters set at 2.0. Accession numbers of the sequences used were: Ta 

[GenBank: GQ851928]; Sb [TIGR EST assemblies: TA33290_4558]; Zm 

[GenBank: NP_001141750]; Os [MSU Rice Genome Annotation: 

LOC_Os06g27860]; At [GenBank: NP_172541]; Pt [UniProtKB: 

B9HTU7_POPTR]; Vv [UniProtKB: A7QY03_VITVI]; and Rc [UniProtKB: 

B9SPJ5_RICCO]. 
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Southern blot hybridisation 
A 371 bp fragment of the TaPHS1 gene was used as the template for the synthesis 

of an α-32P dCTP labelled probe that was hybridised to a Chinese Spring 

nullisomic-tetrasomic membrane as per Lloyd et al. (Lloyd et al. 2007). 

Autoradiography films were developed using an AGFA CP1000 Developer 

(AGFA, Nunawading, VIC, Australia). For in silico mapping experimental 

procedures refer to Additional Information File 1. 

 

Q-PCR 
Q-PCR was conducted in triplicate according to Crismani et al. (Crismani et al. 

2006). Amplification of products was completed using gene specific Q-PCR 

primers (see Table S1 in Additional Information File 1). The optimal acquisition 

temperature for TaPHS1 was 80°C. 

 

Protein analysis 
The TaPHS1 insert within the pCR8/GW/TOPO vector was cloned into a 

pDEST17 expression plasmid (Invitrogen) according to the manufacturer’s LR 

clonase protocol. BL-21 A1 E. coli were transformed with the pDEST17-TaPHS1 

ORF vector, and protein production was induced with 0.4% L-(+)-arabinose (w/v) 

(Sigma-Aldrich, St Louis, MO, USA). Production of four partial TaPHS1 peptides 

corresponding to the four conserved regions identified in this study were also 

performed as described above using DNA inserts encoding these regions. Protein 

isolation and purification was performed using nickel-nitrilotriacetic acid (Ni-

NTA) beads (Qiagen, Clifton, VIC, Australia) according to the manufacturer’s 

extraction protocols. Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS–PAGE) was performed using NuPAGE Novex 4–12% Bis-Tris 7 cm mini-
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gels (Invitrogen) according to the manufacturer’s protocol. Staining and 

destaining of gels were performed as previously reported (Wang et al. 2007). 

 The identity of the recombinant TaPHS1 protein was confirmed by ion 

trap liquid chromatography-electrospray ionisation tandem mass spectrometry 

(LC-MS/MS). Gel slices containing the recombinant TaPHS1 protein were 

washed with 100 mM ammonium bicarbonate, dried, rehydrated with 100mM 

ammonium carbonate and subjected to in-gel tryptic digestion. LC-MS/MS of the 

digested peptides was then conducted as reported by March et al. (March et al. 

2007). 

 

Polyclonal antibody production 
Full-length recombinant TaPHS1 protein was dissolved in 1× PBS (10 µg µL-1), 

added with an equivalent amount of Freund's complete adjuvant (Sigma-Aldrich) 

and used for primary immunisation of two rats via subcutaneous injection. Three 

subsequent immunisations were administered in three-week intervals, with 

Freund's incomplete adjuvant (Sigma-Aldrich) added to the dissolved antigen in 

1× PBS. All immunisation doses contained 200 µg of TaPHS1 antigen. Immune 

sera was collected 10.5 weeks after the first injection. 

 

Competitive DNA binding assay 
Recombinant full length TaPHS1 and the four partial peptides extracted under 

native conditions were quantified using the Bradford assay (Bradford 1976). 

Competitive DNA binding assays were conducted as described by Pezza et al. 

(Pezza et al. 2006) with modifications as per Khoo et al. (Khoo et al. 2008). The 

DNA binding abilities of TaPHS1 and its partial peptides were tested with ΦX174 
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circular single-stranded DNA (ssDNA) (virion) (30 µM per nucleotide) (New 

England Biolabs, Beverly, MA, USA) and ΦX174 linear double-stranded DNA 

(dsDNA) (RFI form Pst1-digested) (15 µM per base pair) (New England Biolabs). 

 

Fluorescence immunolocalisation 
Fluorescence immunolocalisation of TaASY1 and TaPHS1 was performed as per 

Franklin et al. (Franklin et al. 1999) and Boden et al. (Boden et al. 2009) with the 

following changes: anthers were fixed with 2% paraformaldehyde and cells 

permeabilised for 3 h. For detecting the localisation pattern of TaPHS1, a rat anti-

TaPHS1 antibody (1:100) and an AlexaFluor® 488 conjugated donkey anti-rat 

antibody (1:50; Molecular Probes, Invitrogen) was used. Optical sections (90–120 

per nucleus) of meiocytes were collected using a Leica TCS SP5 Spectral 

Scanning Confocal Microscope (Leica Microsystems, http://www.leica-

microsystems.com/) equipped with an oil immersion HCX Plan Apochromat 63 × 

/1.4 lens, a 405 nm pulsed laser and an Argon laser using an excitation 

wavelength of 468 nm. Images were processed using Leica Application Suite 

Advanced Fluorescence (LAS-AF; version 1.8.2, build 1465, Leica 

Microsystems) software to generate maximum intensity projections of each 

nucleus. 
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Figures 

Figure 1 - The PHS1 amino acid sequence is well-conserved across plant 
species. 
(A) Alignment of TaPHS1 with four homologues shows high levels of sequence 

conservation. Amino acid positions that are conserved across at least three 

species, using the TaPHS1 amino acid sequence as the reference, are denoted by a 

‘+’ above. Four conserved regions were identified within the PHS1 protein and 

may represent functional domains: Region 1 (unbroken line), Region 2 (dashed 

line), Region 3 (dotted line) and Region 4 (dashed-dotted line). Oligopeptide 

repeat units (denoted by box) unique to TaPHS1 are also highlighted. Ta – 

TaPHS1, Sb – SbPHS1, Zm – ZmPHS1, Os – OsPHS1 and At – AtPHS1-like (see 

Methods for accession numbers). (B) The evolutionary history of TaPHS1 was 

inferred using the Neighbor-Joining method (Saitou and Nei 1987). (C) Three 

additional PHS1/PHS1-like sequences were obtained through Hidden Markov 

Model and MaxHom searches and were also assessed using phylogenetics. Vv – 

VvPHS1, Rc – RcPHS1, Pt – PtPHS1. The reliability of the internal branches of 

the trees (B, C) were assessed with 10,000 bootstrap re-samplings (Felsenstein 

1985), with the confidence probabilities shown next to the branches. The trees are 

drawn to scale, with branch lengths in the same units as those of the evolutionary 

distances used to infer the phylogenetic tree. The evolutionary distances were 

computed using the Poisson correction method (Zuckerkandl and Pauling 1965) 

and are in the units of the number of amino acid substitutions per site. There were 
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a total of 442 positions in the final datasets. Phylogenetic analyses were 

conducted in MEGA4 (Tamura et al. 2007). 

 

Figure 2 - TaPHS1 is located on chromosome group 7 of wheat. 
Membranes prepared with DNA from nullisomic (N) – tetrasomic (T) wheat lines 

of Chinese Spring (CS) were hybridised with a TaPHS1-specific probe showing 

that there is a copy on the A, B and D genomes (indicated by black arrowheads). 

 

Figure 3 - TaPHS1 interacts with DNA in vitro. 
Although in silico analysis of the TaPHS1 amino acid sequence revealed no 

known DNA-binding domains, TaPHS1 has DNA-binding ability indicating it 

possesses a novel/uncharacterised DNA-binding domain within Region 1. Using 

competitive DNA-binding assays with equivalent amounts of single- and double-

stranded DNA, it appears that TaPHS1 preferentially binds single-stranded DNA 

(ssDNA). At higher concentrations, it also interacts with double-stranded DNA 

(dsDNA). (A) Full-length TaPHS1, (B) Region 1 peptide, (C) Region 2 peptide, 

(D) Region 3 peptide, (E) Region 4 peptide. 

 

Figure 4 - Q-PCR profiling of TaPHS1 shows that it is expressed during 
meiosis. 
While the amount of mRNA transcript is relatively low, it has higher levels of 

expression during pre-meiosis when compared to the other stages of meiosis 

examined in Chinese Spring wild-type (black bar). In the ph1b mutant (open bar), 

TaPHS1 is up-regulated between 1.5- and 2-fold across the time-points analysed. 

Data represent the means ±SE of three replicates. Units on the y-axis represent 

normalised mRNA transcript µL-1. 
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Figure 5 - TaPHS1 localisation during early meiosis in wild-type bread 
wheat. 
(A) Telomere bouquet stage, (B) leptotene, (C) early-zygotene, (D) mid-zygotene, 

(E) late-zygotene, (F) pachytene, (G) diplotene. TaPHS1 (green; left panel) 

localises to 4´-6-diamidino-2-phenylindole (DAPI)-stained chromatin (blue) as 

diffuse tracts and/or punctated foci. Middle panels show the TaASY1 signal (red), 

while the panels on the right show merged TaPHS1, TaASY1 and DAPI. 

Arrowheads (white) represent the nucleolus. Scale bars, 7.5 µm. 
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Additional files 
Additional Information File 1 
MS Word document containing methods for in silico mapping of TaPHS1 and a 

detailed list of primers used in this study. 

Table S1 - Detailed list of primers used in this study. 
Genome walking primers were used for amplification of the 5´ region of TaPHS1 

while open reading frame (ORF)-targeting primers were used to isolate the ORF 

sequence for protein production. Primers based on the 5´ genomic TaPHS1 

sequence were required to isolate the probe used for the Southern blot 

hybridisation. Q-PCR primers were used to determine the expression profile of 

TaPHS1 in meiotic tissues of both wild-type and ph1b mutant plants. 

Abbreviations: F1, forward 1; R1, reverse 1; Reg1, region 1; Reg2, region 2; 

Reg3, region 3, Reg4, region 4; QF1, quantitative forward 1; QR1, quantitative 

reverse 1; SF1, Southern forward 1; SR1, Southern reverse 1. 



 162 

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Additional Information File 1 

Kelvin H.P. Khoo, Amanda J Able, & Jason A. Able (2011). 

Poor homologous synapsis 1 (PHS1) interacts with chromatin but does not co-

localise with TaASY1 during early meiosis in bread wheat. 

 

Methods 
 
In silico mapping 

In silico mapping of TaPHS1 was conducted by first identifying the bacterial 

artificial chromosome (BAC) [GenBank accession: AP003528] containing the 

OsPHS1 genomic sequence [MSU Rice Genome Annotation: 

LOC_Os06g27860.1] using the Gramene rice database 

(http://www.gramene.org/Oryza_sativa_japonica/Location/Chromosome?r=6:1-

31246789; Gramene Release 29; accessed 20th April 2009). A single-long-

sequence (SLS) BLASTN search was performed using the rice BAC sequence as 

the query. A total of 116 wheat ESTs were identified in the SLS search. Using the 

rice deletion bin database (http://wheat.pw.usda.gov/wEST/binmaps/), wheat 

chromosome group 7 shares a high degree of similarity to rice chromosome 6. 

Each of the 116 identified wheat ESTs was then compared to the available 

markers on rice chromosome 6 to determine whether the location of TaPHS1 on 

wheat chromosome group 7 could be refined. 

 

Table S1  - Detailed list of primers used in this study. Genome walking primers 

were used for amplification of the 5´ region of TaPHS1 while open reading frame 

(ORF)-targeting primers were used to isolate the ORF sequence for protein 

production. Primers based on the 5´ genomic TaPHS1 sequence were required to 
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isolate the probe used for the Southern blot hybridisation. Q-PCR primers were 

used to determine the expression profile of TaPHS1 in meiotic tissues of both 

wild-type and ph1b mutant plants. Abbreviations: F1, forward 1; R1, reverse 1; 

Reg1, region 1; Reg2, region 2; Reg3, region 3, Reg4, region 4; QF1, quantitative 

forward 1; QR1, quantitative reverse 1; SF1, Southern forward 1; SR1, Southern 

reverse 1. 

 

Primer name Primer sequence (5´ �� 3´) Tm 
(°C) 

TaPHS1 gene isolation primers 
TaPHS1_F1 CATTTTCGGCGTCATCGTCGTCG 65 TaPHS1_R1 CTACAGTGACAAGTCGCCACCCAGTTCA 
TaPHS1 gene expression primers (to amplify ORF for protein production) 
TaPHS1_F2 ATGGCGGGCGCCGGC 62 TaPHS1_R1 CTACAGTGACAAGTCGCCACCCAGTTCA 
TaPHS1 peptide primers (to amplify conserved regions for protein production)  
TaPHS1_Reg1_F1 CGGCGGAGGCAGAGGTGG 65 TaPHS1_Reg1_R1 GAAGGAGTGGGTGGGGCGAGA 
TaPHS1_Reg2_F1 GTCTACGAGGAGCACTATGTATCTATCCTCAACTT 66 TaPHS1_Reg2_R1 AGGGAAACGTACAGCAAACTTCTGGAT 
TaPHS1_Reg3_F1 AAGGAACTCTCAAGCAACACCAT 59 TaPHS1_Reg3_R1 CGCTTCATCTGGCCTGTATTG 
TaPHS1_Reg4_F1 GGCGGGGACGACTCTTTTCAT 62 TaPHS1_Reg4_R1 Primer used was TaPHS1_R1 
Plasmid vector sequencing primers 
T7 (pGEM®-T Easy) TAATACGACTCACTATAGGG 50 SP6 (pGEM®-T Easy) ATTTAGGTGACACTATAG 
GW1 
(pCR®8/GW/TOPO®) 

GTTGCAACAAATTGATGAGCAATGC 

50 GW2 
(pCR®8/GW/TOPO®) 

GTTGCAACAAATTGATGAGCAATTA 

Quantitative real-time PCR (Q-PCR) primers  
TaPHS1_QF1 CACTCGGATTGATGCTGCTG 55 TaPHS1_QR1 TGACAAGTCGCCACCCAGTT 
Southern blot probe primers  
TaPHS1_SF1 TGAACTGAATTGTGTCGGATGAA 54 TaPHS1_SR1 AAAGCTCACGAACACCACCCT 
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Chapter 4 – Addendum 

Research conducted but not presented in Khoo et al. (2011). 

 

4.1 – Introduction 

Based on the limited literature available on the PHS1 protein (Pawlowski et al. 

2004, Ronceret et al. 2009, Khoo et al. 2011), further research was conducted in 

an effort to add to the current knowledge base. Among the key findings reported 

to date are that disruption of PHS1 function leads to impaired transport of RAD50 

from the cytoplasm to the nucleus (Ronceret et al. 2009) and that there are two 

regions of sequence conservation (Conserved Regions 1 and 2 – CR1 and CR2) in 

the amino acid sequences of PHS1 proteins amongst various species (Pawlowski 

et al. 2004, Ronceret et al. 2009). 

 The results of immunolocalisation assays performed in this study (Khoo et 

al. 2011, submitted) show that TaPHS1 is present within the nucleus where it 

associates with chromatin and accumulates within the nucleolus during early 

meiosis. This localisation pattern is similar to that reported by Ronceret et al. 

(2009) where the PHS1 proteins in both maize and Arabidopsis are found within 

the cytoplasm and within the nucleus albeit as just a few foci. Immunolocalisation 

of the RAD50 protein in both maize and Arabidopsis phs1 mutants (phs1-0 and 

Atphs1-1) showed dramatically reduced numbers of RAD50 foci within the nuclei 

leading Ronceret and colleagues to conclude that PHS1 must somehow, directly 

or indirectly, regulate transport of RAD50. 
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Work reported in this addendum was aimed at uncovering the nature of the 

PHS1 interaction with RAD50. To this end, a yeast-two-hybrid (Y2H) experiment 

was attempted. 

 

4.2 – Materials & Methods 

4.2.1 – Primer design 

4.2.1.1 – PHS1 primer design 

In preparation for ligation into the pGADT7 prey plasmid (MatchMaker™ Gold 

Yeast-Two-Hybrid kit, Clontech Inc.), a set of primers were designed to attach an 

EcoR1 cut-site to the 5′end and a Cla1 cut-site to the 3′end of the TaPHS1 

sequence (Table 4.1). 

 

4.2.1.2 – RAD50 primer design 

Forward and reverse primers for the amplification of RAD50 were designed based 

on the OsRAD50 sequence (Rice Locus Identifier – LOC_Os02g29464) (Table 

4.1). In preparation for ligation into the pGBKT7 bait plasmid (MatchMaker™ 

Gold Yeast-Two-Hybrid kit, Clontech Inc., Mountain View, California, United 

States of America), two secondary sets of primers were designed to add enzyme 

cut-sites to the TaRAD50 clone. The first set added an EcoR1 cut-site to the 5′end 

of the TaRAD50 sequence and a Pst1 cut-site to the 3′end of the TaRAD50 

sequence while the second set added an Nde1 site to the 5′end and an EcoR1 site 

to the 3′end (Table 4.1). In addition, multiple sets of nested primers were designed 

to sequence the RAD50 sequence isolated (Table 4.1). 
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Table 4.1 – Complete list of primers used in this study. 

 

Primer name Primer sequence (5′ → 3′) Tm 
(°C) 

pGADT7-TaPHS1 plasmid construction primers 
TaPHS1-F1-EcoR1 TGAATTCATGGCGGGCGCCGGC 62 TaPHS1-R1-Pst1 TATCGATCTACAGTGACAAGTCGCCACCCAGTTCA 
 
TaRAD50 isolation primers 
TaRAD50-F1 ATGAGCACGGTGGACAAGATGCTGATC 64 TaRAD50-R1 GTCAAATATCTCTTGGGCTTCTATTTTGCTGT 
 
TaRAD50 nested primers 
TaRAD50-nF1 TTAGCACCAAAGCAACTGCTAGAAGTACATA 59 
TaRAD50-nR1 ATGAGTAAGTCGATCCACTTCAGCCTTT 58 
TaRAD50-nF2 CAAGATCAAGAGAAGTCAGACGCCTTAA 58 
TaRAD50-nR2 GATTTCCACTCCATCCCTGTCCAT 57 
 
pGBKT7-TaRAD50 plasmid construction primers 
TaRAD50-F1-EcoR1 AGAATTCATGAGCACGGTGGACAAGATGCT 62 TaRAD50-R1-Pst1 ACTGCAGTCAGTCAAATATCTCTTGGGCTTCTATTTTG 
TaRAD50-F1-Nde1 AAACATATGATGAGCACGGTGGACAAGATGCT 60 TaRAD50-R1-EcoR1 AAAGAATTCCTAGTCAAATATCTCTTGGGCTTCTATTTTG 

 

4.2.2 – Preparation of meiotic cDNA 

4.2.2.1 – cDNA synthesis from purified meiotic RNA 

Collection and staging of meiotic anthers was done as per section 2.2.1. RNA 

extraction and quantification from Chinese Spring tissue was performed as per 

section 3.2.3.3. Wild-type cDNA was synthesised from 1 �g of total RNA using 

an iScript Kit (BIO-RAD) according to the manufacturer’s instructions. 

 

4.2.3 – Preparation of RAD50 and PHS1 clones 

4.2.3.1 – High fidelity amplification and purification of RAD50 and PHS1 

from meiotic cDNA 

All PCR reactions contained 0.2 �L of template meiotic cDNA, 3.2 �L of 5 mM 

dNTPs, 1 �L of 10 �M RAD50 forward and reverse primers (refer to Table 4.1), 
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2.5 �L of 10� high fidelity PCR buffer +MgCl2 (Roche), 5 �L of GC-rich 

solution (Roche), 0.2 �L of Fast Start Taq polymerase (Roche), and 11.9 �L of 

autoclaved nanopure water. PCR cycle conditions for RAD50 were as follows; 

initial denaturation step at 95°C for 5 min, then 35 cycles of 96°C for 30 sec, 

62°C for 30 sec, 72°C for 4 min, followed by a final extension step at 72°C for 10 

min. The same protocol was used for TaPHS1 with the following modifications: 

1) PHS1 primers were used; and 2) Elongation time for the PCR protocol was 1 

min 15 sec. Agarose gel electrophoresis and gel purification of the separated PCR 

products was conducted as per section 3.2.3.6. 

 

4.2.3.2 – Ligation of RAD50 and PHS1 PCR products and bacterial 

transformation 

Ligation of the RAD50 and PHS1 PCR products were performed with pGEM®T-

Easy (Promega Corporation, Sydney, New South Wales, Australia) as per the 

manufacturer’s instructions. Transformation of E. coli was performed as per 

section 3.2.3.7 except that transformants were plated onto LB agar plates 

containing ampicillin (100 µg mL-1). In addition, 5-bromo-4-chloro-3-indolyl P-

D-galactopyranoside (X-Gal, 40 μL of 20 mg mL-1) and isopropyl P-D-1-

thiogalactopyranoside (IPTG, 100 μL of 100 μM) were added to each plate for 

selection of positive colonies based on blue/white colour selection. 

  

4.2.3.3 – Colony PCR: identification of positive clones 

Colonies were screened for presence of the insert using a PCR-based assay. Each 

PCR reaction contained 0.2 �L of template meiotic cDNA, 3.2 �L of 5 mM 

dNTPs, 1 �L of 10 �M forward and reverse primers (refer to Table 4.1), 2.5 �L of 
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10� high fidelity PCR buffer +MgCl2 (Roche), 5 �L of GC-rich solution (Roche), 

0.2 �L of Fast Start Taq polymerase (Roche), and 11.9 �L of autoclaved nanopure 

water. 

 Individual colonies were selected from plates using sterile 200 �L pipette 

tips, which were subsequently swirled in the PCR reaction mix. Colony PCR 

cycle conditions were the same as per section 4.2.3.1. Agarose gel electrophoresis 

and gel purification of the separated PCR products was conducted as per section 

3.2.3.6. 

 Culturing of cells and isolation of the plasmids using a PureLink™ Quick 

Plasmid Miniprep Kit (Invitrogen) were performed as per section 3.2.3.8. 

Glycerol stocks were made for all positive clones by adding 1 mL of bacterial 

culture to 1 mL of 50% glycerol. The stocks were snap-frozen using liquid 

nitrogen and kept in the -80ºC freezer. 

 

4.2.4 – Sequencing of RAD50 and PHS1 clones 

4.2.4.1 – Sequencing PCR and clean-up 

Sequencing PCR reactions and subsequent clean-up was done as per section 

3.2.3.9 and 3.2.3.10. Samples were then submitted to AGRF for capillary 

separation using the ABI 3730 DNA Analyser (Applied Biosystems). 

 

4.2.4.2 – Contig construction and sequence analysis of clones 

Contig construction was performed as per section 3.2.3.11. Using both AlignX 

and Contig Express programs, sequence information from the RAD50 clones 

derived from Chinese Spring were used to form a consensus sequence for 
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TaRAD50. The TaRAD50 sequence was then compared to the four other 

annotated RAD50 homologue sequences from various organisms to ensure that the 

correct complete coding sequence was isolated (Table 4.2). ClustalW alignments 

and phylogenetic analyses were conducted using MEGA4. Phylogenetic 

parameters used were: bootstrap value of 10000, pairwise-deletion, and amino 

acid p-distance. Conserved domain analyses of the predicted TaRAD50 protein 

was conducted using the online NCBI Conserved Domain Architecture Retrieval 

Tool (CDART) (http://www.ncbi.nlm.nih.gov/Structure/lexington/lexington.cgi).  

The TaRAD50 sequence was also checked to ensure that the enzyme cut-sites 

added using the secondary sets of the primers were present.  

The PHS1 clone sequence was compared to that of the TaPHS1 CDS 

(GenBank - GQ851928) to ensure that the sequence was correct and that the 

enzyme cut-sites added were present.  

 

4.2.5 – Construction of Y2H constructs 

4.2.5.1 – Construction of pGADT7-TaPHS1 activation domain prey plasmid 

After quantification with a ND-1000 nanodrop machine (NanoDrop Technologies 

Inc.), 1 µg of both pGEM®T-Easy-TaPHS1 plasmid and pGADT7 plasmids were 

double-digested with EcoR1 (NEB) and Cla1 (NEB) according to the 

manufacturer’s protocol except that the digestion was performed for 5 hr. Agarose 

gel electrophoresis and gel purification of the DNA fragments were performed as 

per section 3.2.3.6. 

  The liberated TaPHS1 insert was then ligated into the pGADT7 plasmid 

with T4 DNA ligase (NEB) according to the manufacturer’s protocol at the 

recommended 3:1 insert-to-vector ratio. Bacterial transformation with the 
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pGADT7-TaPHS1 plasmid, colony PCR screening, and plasmid mini-preps were 

performed as per section 4.2.3.2 and 4.2.3.3. Sequencing and downstream 

analyses of the pGADT7-TaPHS1 plasmids were performed as per section 4.2.4.  

 

4.2.5.2 – Construction of pGBKT7-TaRAD50 binding domain bait plasmid  

After quantification with a ND-1000 nanodrop machine (NanoDrop Technologies 

Inc.), 1 µg of both pGEM®T-Easy-TaRAD50 plasmid and pGBKT7 plasmids 

were sequentially digested with EcoR1 (NEB) followed by either Pst1 (NEB) or 

Nde1 (NEB) according to the manufacturer’s protocol except that the digestion 

was performed for 5 hr. Agarose gel electrophoresis and gel purification of the 

DNA fragments were performed as per section 3.2.3.6. 

  The liberated TaRAD50 insert was then ligated into the pGADT7 plasmid 

with T4 DNA ligase (NEB) according to the manufacturer’s protocol. Multiple 

insert-to-vector ratios (5:1, 4:1, 3:1, 2:1, 1:1) were used to facilitate ligation of the 

TaRAD50 insert into pGBKT7. Additional optimisation included ligation of the 

TaRAD50 insert liberated from pGEM®T-Easy using only EcoR1. In this case, 

pGBKT7 plasmid was also digested with only EcoR1 and the cut vector was then 

dephosphorylated with shrimp alkaline phosphatase (Invitrogen) according to the 

manufacturer’s protocol to prevent recircularisation. In addition, ligation reactions 

with increased concentrations of T4 DNA ligase were also attempted. 
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4.3 – Results 

4.3.1 – Construction of pGADT7-TaPHS1 prey plasmid 

Utilising the coding sequence of TaPHS1 reported by Khoo et al. (2011) (refer to 

Appendix C2, Figure 1 for full-length TaPHS1 ORF sequence), primers designed 

to add an EcoR1 and a Cla1 restriction enzyme cut-site 5´ and 3´ of the TaPHS1 

coding sequence respectively were successfully used to reamplify TaPHS1 

(Figure 4.1 A). Ligation of the TaPHS1 product with the newly-added restriction 

sites into pGEM®T-Easy and subsequent bacterial plasmid propagation enabled 

high concentrations of the purified plasmid to be obtained. The TaPHS1 insert 

was then liberated from the pGEM®T-Easy plasmid via double-digestions with 

EcoR1 and Cla1 restriction enzymes (Figure 4.1 B). This allowed the TaPHS1 

digested product to be directionally ligated into the pGADT7 plasmid that had 

been double-digested with the same restriction enzymes. Screening of bacterial 

colonies transformed with the pGADT7-TaPHS1 plasmid via colony PCR 

identified one colony positive for the TaPHS1 insert (Figure 4.1 C). This was 

further confirmed using Big Dye chemistry sequencing of the plasmid. 
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Figure 4.1 – Construction of the pGADT7-TaPHS1 activation domain prey plasmid. 
A) The full-length TaPHS1 ORF was successfully amplified and isolated. Lane 1, 
molecular weight marker; lane 2, TaPHS1 amplified with 5´ EcoR1 cut-site adaptor 
primer and 3´ Cla1 cut-site adaptor primer. B) Double-digest of the pGEM®T-Easy-
TaPHS1 plasmid using EcoRI and ClaI liberated the 1085 bp TaPHS1 insert for 
directional cloning into the pGADT7 plasmid that was also double-digested with the 
same enzymes. Lane 1, molecular weight marker; lane 2, undigested pGEM®T-Easy-
TaPHS1 plasmid control; lane 3, blank; lane 4, EcoR1 and Cla1 double-digested 
pGEM®T-Easy-TaPHS1. C) Colony PCR screening of bacterial colonies transformed 
with the pGADT7-TaPHS1 plasmid identified a single positive colony (lane 13) that was 
then sequenced with Big Dye chemistry for confirmation. 
 

4.3.2 – Isolation and bioinformatic analyses of TaRAD50 

Upon successful amplification of a PCR product of the expected length, the 

product was cloned and sequenced. To ensure that the wheat RAD50 homologue 

was correctly isolated, the wheat sequence was used in BLASTn searches of the 

NCBI and TIGR databases that resulted in positive hits for RAD50 homologues in 
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other organisms. The full-length coding sequence of TaRAD50 was successfully 

isolated with a 3591 bp ORF (Figure 4.2 A) (refer to Appendix C2, Figure 2 for 

the full-length TaRAD50 ORF sequence). Primers designed to add restriction 

enzyme cut-sites 5´ and 3´ of the TaRAD50 coding sequence were then used to re-

amplify the TaRAD50 product (Figure 4.2 B). 

TaRAD50 encodes a protein product with a predicted molecular weight of 

152.227 kD and a pI of 7.76. The level of conservation between the predicted 

protein products of TaRAD50 and its homologues are detailed in Table 4.2. 

cDART analysis of the predicted TaRAD50 protein detected the presence of the 

RAD50 conserved domain within the sequence (Figure 4.3 A). As expected, 

TaRAD50 shares much higher levels of similarity with its homologues in the 

plant kingdom compared to human and yeast equivalents. Phylogenetic analyses 

of the predicted protein sequences further confirmed this with clear branching of 

the three kingdoms seen within the neighbour-joining tree (Figure 4.3 B). 



 179 

 

 
Figure 4.2 – Isolation and re-amplification of TaRAD50. A) The full-length TaRAD50 
ORF was successfully isolated from meiotic spike Chinese Spring cDNA. Lane 1, 
molecular weight marker; lane 2, negative control; lane 3, TaRAD50. B) Re-amplification 
of TaRAD50 using primers designed to add restriction enzyme cut-sites to either end of 
the TaRAD50 coding sequence was successful. Lane 1, molecular weight marker; lane 2, 
TaRAD50 amplified with 5´ EcoR1 cut-site adaptor primer and 3´ Pst1 cut-site adaptor 
primer; lane 3, TaRAD50 amplified with 5´ EcoR1 cut-site adaptor primer and 3´ Nde1 
cut-site adaptor primer. 
 

Table 4.2 – Summary of RAD50 sequence conservation. This table highlights the 
varying level of sequence conservation between five RAD50 homologues from three 
different kingdoms. Levels of conservation also varied between the two classes within the 
plant kingdom (dicotyledons and monocotyledons). 
 

RAD50 homologue Accession number 
Number of identical 
predicted amino acid 

residues 

Pairwise % 
identity 

Oryza sativa 
RAD50 

TA52048_4530 
(TIGR Plant 

transcript assembly) 
1075 (80.5%) 80.3% 

Arabidopsis 
thaliana RAD50 

TA_45294_3702 
(TIGR Plant 

transcript assembly) 
861 (64.5%) 64% 

Homo sapiens 
RAD50 

NM_005732 
(GenBank) 397 (14.8%) 40.1% 

Saccharomyces 
cerevisiae RAD50 

NM_001183088 
(GenBank) 394 (14.7%) 40.1% 
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4.3.3 – Construction of the pGBKT7-TaRAD50 bait plasmid 

The construction of the pGBKT7-TaRAD50 plasmid was unsuccessful although 

multiple attempts were made. The two TaRAD50 inserts (one with a 5′ EcoR1 cut-

site overhang and a 3′ Pst1 cut-site overhang, and the other with a 5′ Nde1 cut-site 

overhang and a 3′ EcoR1 cut-site overhang) were liberated from their respective 

pGEM®T-Easy plasmids successfully using double-digests of their respective 

restriction enzymes (Figure 4.4). However, attempts to ligate either of the 

TaRAD50 inserts into the pGBKT7 vector (digested with the same restriction 

enzymes as those used for liberation of the respective TaRAD50 inserts) were 

unsuccessful (results not shown). As highlighted in the materials and methods, 

various methods of optimisation were attempted to facilitate ligation of the large 

TaRAD50 insert into the pGBKT7 plasmid (see section 4.2.5.2). 

 

 

 

 

 

 

 

 
 
 

Figure 4.4 – Excision of both TaRAD50 inserts from their respective pGEM®T-Easy 
clones. Two TaRAD50 inserts with different flanking restriction enzyme cut-sites were 
prepared for directional cloning into appropriately prepared pGADT7. The linearised 
pGEM®T-Easy vector is 3015 bp in length with the TaRAD50 insert excised. Lane 1, 
molecular weight marker; lane 2, EcoR1 and Pst1 double-digested pGEM®T-Easy-
TaRAD50; lane 3, Nde1 and EcoR1 double-digested pGEM®T-Easy-TaRAD50. 
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4.4 – Discussion 

Sequence analysis of the TaRAD50 sequence as well as its protein product 

revealed that it shared high levels of similarity with rice compared to Arabidopsis. 

This is not unexpected as rice, like wheat, is a monocotyledonous plant whereas 

Arabidopsis is a dicotyledonous plant. Indeed, this high level of sequence 

similarity especially at both the 5′ and 3′ ends of the coding sequence enabled the 

isolation of the TaRAD50 using primers based on OsRAD50. 

 Unlike the construction of the pGADT7-TaPHS1 prey plasmid that was 

relatively straightforward, construction of the pGBKT7-TaRAD50 plasmid proved 

much harder. Although significant amounts of time and effort were invested in 

optimising the ligation reaction, construction of the pGBKT-TaRAD50 was 

unsuccessful. In total, three full-length TaRAD50 inserts (with different flanking 

restriction enzyme overhangs) were generated for ligation reactions to construct 

the bait vector. One possible reason for the ligation failure is the large size of the 

TaRAD50 inserts (all approximately 3610-3620 bp in length). Optimisation steps 

that included increased insert:vector ratios and higher concentrations of T4 DNA 

ligase failed to overcome this problem. Due to time constraints, no further 

approaches were investigated. 

The logic behind persisting with the full-length TaRAD50 coding sequence 

was to ensure that all the conserved domains of the RAD50 protein would be 

present in the resulting protein product used in the Y2H assay. In addition, using 

the entire amino acid sequence should allow the structural elements of RAD50 to 

hold its domains in its native 3-dimensional conformation. While this approach 

has been unsuccessful, other approaches such as co-immunoprecipitation of PHS1 

protein from plant meiocyte cell lysates using the anti-TaPHS1 antibody reported 
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in Khoo et al. (2011) could still answer whether interactions occur between 

RAD50 and PHS1.  

While the work presented in this addendum has not succeeded in 

answering whether or not RAD50 and PHS1 directly interact with one another, 

the foundation for future Y2H experiments has been laid with the successful 

construction of the pGADT7-TaPHS1 prey plasmid. This plasmid could be used 

in Y2H experiments in conjunction with bait vectors constructed with portions of 

the RAD50 sequence. Whether or not this approach would yield conclusive 

results remains to be seen as the results may be confounded by the use of partial 

RAD50 peptides. The RAD50 protein may possibly require more than just a 

single domain to interact with PHS1. Another approach would be to utilise the 

pGADT7-TaPHS1 prey vector in a Y2H experiment to screen a bait vector library 

constructed from wheat meiotic cDNA in an effort to uncover other potential 

partners of TaPHS1. 
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Chapter 5 – The isolation and characterisation of bread 

wheat Molecular ZIPper 1 (TaZYP1) 

5.1 – Introduction 

While the synaptonemal complex has been studied extensively since the 1950s, it 

has only been in the past decade that the first plant synaptonemal complex (SC) 

genes were identified and characterised in Arabidopsis (AtZYP1a and AtZYP1b). 

These were named after the Saccharomyces cereviseae homologue, Molecular 

ZIPper 1 (ScZIP1). AtZYP1a and AtZYP1b arose from a gene duplication event 

and encode proteins that share structural and functional similarities to ScZIP1 

(Dong and Roeder 2000, Higgins et al. 2005). Both AtZYP1a and AtZYP1b form 

the transverse filaments of the proteinaceous tripartite SC structure that holds 

together sister chromosomes during the early stages of meiosis and are 

functionally redundant (Higgins et al. 2005). More recently, two other plant 

homologues of ZYP1 have also been studied in Secale cereale (ScZYP1) and 

Oryza sativa (OsZEP1) (Mikhailova et al. 2006, Wang et al. 2010). While plant 

SC proteins share very little conservation at the primary sequence level with their 

equivalents in other organisms such as the mouse SYCP1 and C. elegans SYP2, 

they retain a high degree of tertiary structural similarity in addition to sharing a 

common function.  

 The immuno-localisation profiles of the ZYP1 homologues differ slightly 

from species to species, with ZYP1 signal first appearing as foci in leptotene stage 

meiocytes of Arabidopsis and rice but as short linear tracts in those of rye 

(Higgins et al. 2005, Mikhailova et al. 2006, Wang et al. 2010). These ZYP1 foci 

are only observed after ASY1 has been loaded onto the axial elements of the 
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chromatin (Higgins et al. 2005, Mikhailova et al. 2006). Using the Arabidopsis 

spo11 and dmc1 mutants, Higgins and colleagues (2005) deduced that ZYP1 is 

recruited to DSB sites during the early stages of single-stranded DNA invasion 

and that the loading of ZYP1 is independent of recombination initiation. 

However, lengthening of the ZYP1 signal along the chromatin is dependent on 

successful recombination. In order for recombination to occur, at least in 

Arabidopsis, ASY1 mediates the loading of DMC1 recombinase onto the 

chromatin (Sánchez-Morán et al. 2007). In rice and Arabidopsis, the ZYP1 signal 

lengthens from zygotene to pachytene and localises to the central region of the SC 

where it is sandwiched between ASY1 signals that are associated with the axial 

elements on both sides (Higgins et al. 2005, Wang et al. 2010).  

 In bread wheat, ASY1 (TaASY1) has previously been characterised as an 

axial element-associated protein that is required for synapsis and promoting 

homologous chromosome interactions (Boden et al. 2009, Boden et al. 2007). 

While the main objective of the work presented in this chapter was to isolate and 

characterise the bread wheat ZYP1 (TaZYP1) homologue; the signal of TaASY1 

was also monitored. Having isolated the TaZYP1 coding sequence, analysis of its 

predicted amino acid sequence and the stage-specific TaZYP1 gene expression 

profile in both wild-type and the ph1b mutant plants was conducted. In vitro 

competitive DNA-binding assays to characterise the function of TaZYP1 were 

also performed while the temporal and spatial localisation profile of TaZYP1 

within the meiocytes of two wild-type cultivars and the ph1b mutant were 

investigated using 3-dimensional dual immuno-fluorescence localisation 

techniques. Due to the importance of ASY1 in synapsis, maintenance of 

homologous chromosome interactions, and its reported role in mediating DMC1-
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dependent homologous recombination, TaZYP1 was also investigated across five 

Taasy1 mutants. 

 

5.2 – Materials & Methods 

5.2.1 – Primer design 

5.2.1.1 – Primer design 

A rice (Oryza sativa) EST (TIGR Rice Annotation number 

LOC_Os04g37960.1|12004.m08785) showing sequence similarities to both 

AtZYP1a and AtZYP1b (GenBank accession numbers NM_102076 and 

NM_102078 respectively) was identified through a TIGR Rice Genome 

Annotation Web BLAST search. Multiple forward and reverse primers were 

designed based on this rice EST to amplify TaZYP1 (Table 5.1). Upon 

successfully isolating approximately 2kb of TaZYP1 sequence, multiple nested 

primer sets were designed to confirm the sequence within the 2kb product. A 

3′RACE primer was then designed to isolate the remainder of the TaZYP1 

sequence. 

 

 
Table 5.1 – List of primers used to isolate and characterise TaZYP1. Primers required 
for standard PCR, 3′ RACE PCR, nested primers for determining nucleic acid sequences 
in the large TaZYP1 ORF product, ORF-isolation primers, Q-PCR primers, and primers 
for amplifying the TaZYP1 probe used in Southern blot experiments are all shown.  
 

Primer name Primer sequence (5´ �� 3´) Tm 
(°C) 

TaZYP1 gene isolation primers 
TaZYP1_F1 ATGCAGAAGCTGGGTTTATCGGG 60 TaZYP1_R1 AATGCTCCTTGCTTCTCCTCCTTTGACT 
TaZYP1 3′ RACE primers 
TaZYP1_3′R F1 TCAGAAGTCAAAGGAGGAGAAGCAAAGAGCATT 62 
GeneRacer™ 3′ Primer GCTGTCAACGATACGCTACGTAACG 76 
GeneRacer™ 3′ Nested Primer CGCTACGTAACGGCATGACAGTG 72 
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TaZYP1 gene expression primers (to amplify ORF for protein production) 
TaZYP1_ORF_F1 ATGCAGAAGCTGGGTTTATCGGG 58 TaZYP1_ORF_R1 CTAGGCAAATGCATAAGGGTCATCAGC 
TaZYP1 nested primers (to obtain full-length TaZYP1 sequence)  
TaZYP1_cF1 ACAGTTGGAGGGTTCAGTTGAAGA 55 TaZYP1_cR1 GCCTCGGTAAGTTGACATTCTG 
TaZYP1_cF2 ATCCCGCTTATTGTGTGCTGACT 55 TaZYP1_cR2 CCTGAAGCATGAGATCGTACTGTT 
Plasmid vector sequencing primers 
GW1 (pCR®8/GW/TOPO®) GTTGCAACAAATTGATGAGCAATGC 

50 GW2 (pCR®8/GW/TOPO®) GTTGCAACAAATTGATGAGCAATTA 
T7 (pDEST17) TAATACGACTCACTATAGGG 
Quantitative real-time PCR (Q-PCR) primers  
TaZYP1_QF1 GCTTCAGTTGCCAGGTCCAG 57 
TaZYP1_QR1 CAATGACTTCTGAGTATTCGGTTCC 
Southern blot probe primers  
TaZYP1_SF1 ACAAAAGTTACAGATCCAAGCATCA 58 
TaZYP1_SR1 AATGCTCTTTGCTTCTCCTCCTTTGACT 

 

5.2.2 – Preparation of meiotic cDNA and 3′RACE libraries 

5.2.2.1 – Synthesis of libraries 

Staging and collection of Chinese Spring, Bob White MPB26, ph1b, Taasy1-1.9, 

Taasy1-1.9.2, Taasy1-2.2, Taasy1-2.2.2, and Taasy1-2.2.3 meiotic spike tissue 

from plants grown in a controlled-environment room programmed with a 16/8 hr 

photoperiod at approximately 23°C was performed as per section 2.2.1. RNA 

extraction, quantitation and cDNA synthesis were performed as outlined in 

sections 3.2.3.3 and 3.2.3.4. Chinese Spring and ph1b stage-specific cDNA 

libraries were also made using RNA isolated from staged anther tissue. A 3′ 

RACE library was synthesised from 2.5 �g of Chinese Spring total RNA per 

reaction using a GeneRacer Kit (Invitrogen) according to the manufacturer’s 

instructions. 

 



 188 

5.2.3 – Preparation of ZYP1 clones 

5.2.3.1 – High fidelity amplification and isolation of ZYP1 from meiotic cDNA 

Initial PCR reactions contained 0.2 �L of template meiotic cDNA, 3.2 �L of 5 

mM dNTPs, 1 �L of 10 �M forward and reverse primers (refer to Table 3.1), 2.5 

�L of 10� high fidelity PCR buffer +MgCl2 (Roche), 5 �L of GC-rich solution 

(Roche), 0.2 �L of Fast Start Taq polymerase (Roche), and 11.9 �L of autoclaved 

nanopure water. PCR cycle conditions were as follows; initial denaturation step at 

95°C for 5 min, then 35 cycles of 96°C for 30 sec, Tm°C for 30 sec, 72°C for 2 

min 30 sec, followed by a final extension step at 72°C for 10 min (refer to Table 

5.1 for Tm of primers). 3′RACE PCR was performed as per section 3.2.3.5. 

Agarose gel electrophoresis and gel purification of the separated PCR products 

was conducted as per section 3.2.3.6. 

 

5.2.3.2 – Production and sequencing of pCR®8/GW/TOPO®-ZYP1 clones 

Production and sequencing of pCR®8/GW/TOPO®-ZYP1 clones was performed 

as outlined in section 3.2.3.7 to 3.2.3.11. Sequence information obtained from the 

ZYP1 clones derived from Chinese Spring were used to form a consensus 

sequence for TaZYP1. The TaZYP1 sequence was then compared to the OsZEP1 

and ZmZYP1 sequence to ensure that the correct coding sequence was isolated. 

One positive pCR®8/GW/TOPO®-TaZYP1 ORF clone was selected for the 

construction of the TaZYP1 heterologous protein expression plasmid (refer to 

section 5.2.7). 
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5.2.4 – Chromosomal location of TaZYP1 

5.2.4.1 – Southern blot analysis using nullisomic-tetrasomic membranes 

The procedure was conducted as per section 3.2.6.1 using a 561 bp fragment 

(nucleotide positions 1554-2114) of the TaZYP1 sequence as the probe. 

 

5.2.5 – Expression analysis of TaZYP1 

5.2.5.1 – Quantitative real-time PCR (Q-PCR) 

Q-PCR was conducted in triplicate according to Crismani et al. (2006). cDNA 

sets screened were Chinese Spring and Bob White MPB26 wild-type, ph1b, 

Taasy1-1.9, Taasy1-1.9.2, Taasy1-2.2, Taasy1-2.2.2 and Taasy1-2.2.3. For stage-

specific Q-PCR analysis of TaZYP1 in the Chinese Spring wild-type and ph1b 

backgrounds, cDNA from anther tissue of four pooled stages of meiosis were 

used: PM – pre-meiotic interphase; L-P – leptotene to pachytene; D-A – diplotene 

to anaphase I; and IP – immature pollen. For Q-PCR analysis of TaZYP1 in the 

Bob White MPB26 wild-type and Taasy1 mutants, cDNA from whole meiotic 

spike tissue was used. Product amplification was completed using gene specific 

Q-PCR primers (see Table 5.1). The optimal acquisition temperature for TaZYP1 

was 79°C. Q-PCR of TaASY1 was conducted as per Boden et al. (2009). 

Correlation between TaASY1-TaZYP1 gene expression was calculated using 

normalised transcript values of three technical replicates from Bob White MPB26 

and all five Taasy1 mutants. 
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5.2.6 – Analyses of TaZYP1 and its protein product 

5.2.6.1 – Comparative amino acid and conserved domain analyses of TaZYP1 

The TaZYP1 ORF sequence was translated into its corresponding amino acid 

sequence and the predicted physical properties of TaZYP1 were obtained using 

VectorNTI’s protein analysis function. The TaZYP1 sequence was used in 

comparative amino acid and conserved domain analyses against other sequences. 

Amino acid alignments and comparisons of full-length ZYP1 sequences (obtained 

from various BLAST searches using the NCBI, TIGR, and PredictProtein 

[http://www.predictprotein.org/; (Rost et al. 2004)] databases), and subsequent 

construction of the phylogenetic tree (neighbour-joining method) (Saitou and Nei 

1987) was completed using Molecular Evolutionary Genetics Analysis (MEGA) 

software (version 4.0) (Tamura et al. 2007). Default parameters were used except 

for the following: the pairwise deletion option was used, the internal branch test 

bootstrap value was set at 10,000 resamplings, and the model setting was amino 

acid: Poisson correction with predicted gamma parameters set at 2.0. Accession 

numbers of the sequences used were: Ta – TaZYP1; Bd – Bradi5g12010 

(Phytozome); Os – LOC_Os04g0452500 (MSU Rice Genome Annotation); Zm – 

HQ116413 (GenBank); Rc – XP_002513917.1 (GenBank); Vv – CBI19158.1 

(UniProt/TrEMBL); At-a – NP_173645.3 (GenBank); At-b – NP_564164.1 

(GenBank); Bo – ABO69625.1 (GenBank); Mm – NP_035646.2 (GenBank); and 

Sc – NP_013498 (GenBank). 
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5.2.7 – TaZYP1 protein production, extraction and purification 

5.2.7.1 – Construction of pDEST17-TaZYP1 ORF 

Construction of the pDEST17-TaZYP1 ORF clone, bacterial transformation with 

the pDEST17-TaZYP1 plasmid, colony PCR screening, directional sequencing, 

contig construction, and clone selection were performed as outlined in section 

3.2.7. 

 

5.2.7.2 – Protein production of TaZYP1 

A pDEST17-TaZYP1 ORF clone BL21-A1 E. coli (Invitrogen) cell line was 

established, which was followed by culturing and protein production using the 

protocols in section 3.2.8. 

 

5.2.7.3 – Protein extraction, purification and SDS-PAGE analyses 

Protein extractions and purifications were performed as outlined in section 3.2.9 

and 3.2.10 while SDS-PAGE was performed as per 3.2.9.3. Visualisation of 

proteins was conducted by staining with only coomassie blue as performed in 

section 2.2.4. 

 

5.2.8 – Mass-peptide identification of TaZYP1 

5.2.8.1 – Sample preparation, MS, and peptide identification 

Upon confirmation of positive SDS-PAGE results, the TaZYP1 band was excised 

from the gels with a scalpel. Sample preparation and mass spectrometry were 

performed as per sections 3.2.1 and 3.2.2. The MS spectra were searched with 
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Bioworks 3.3 (Thermo Electron Corp, San Jose, CA) using the Sequest algorithm 

against the Rice Genome Annotation (Build 6.1). 

 

5.2.9 – Functional analysis of TaZYP1 

5.2.9.1 – Competitive DNA-binding assay 

Recombinant TaZYP1 extracted under native conditions were quantified using the 

Bradford assay (1976). The competitive DNA binding assay was conducted as 

described by Pezza et al.(2006) with modifications as per Khoo et al.(2008). The 

DNA binding ability of TaZYP1was tested with ΦX174 circular single-stranded 

DNA (ssDNA) (virion) (30 μM per nucleotide) (NEB) and ΦX174 linear double-

stranded DNA (dsDNA) (RFI form PstI-digested) (15 μM per base pair) (NEB). 

 

5.2.10 – Production of the anti-TaZYP1 polyclonal antibody 

5.2.10.1 – Polyclonal antibody production against whole TaZYP1 protein 

5.2.10.1.1 – Protein sample clean-up 

The elution samples obtained in section 5.2.7.3 were put through a 4 mL column 

of Ni-NTA agarose beads (QIAGEN) equilibrated with 3 mL of Lysis buffer B. 

The elution-bead slurry was left to incubate on a daisy-wheel for 1 hr at 4°C. The 

beads were then spun down at 300 rpm and the supernatant was collected as 

Wash1 (W1). For the washing procedure, 15 mL of Wash buffer C2 was added to 

the bead slurry, which was then vortexed briefly at low speed, and left to incubate 

on ice for 3 min. The beads were subsequently spun down at 500 rcf for 2 min and 

the supernatant aspirated and kept as Wash 2 (W2). The wash procedure was 

repeated using 15 mL of Wash buffer D, with the supernatant aspirated and kept 
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as Wash 3 (W3). Elution of the purified 6�His-tagged proteins was then 

conducted six times, each time using 1 mL of Elution buffer E using the same 

procedure as the washing steps with each elution sample kept separate (E1 – E6). 

All solutions used in this protocol were identical to those in section 3.2.9.2. 

 

5.2.10.1.2 – Determining protein sample quality and quantity 

The purity and quality of the purified TaZYP1 sample was determined by SDS-

PAGE and visualised by coomassie staining as per section 2.2.4. Quantification of 

the purified TaPHS1 protein content in each sample was determined using a 

Bradford assay as per section 2.2.3. The values of the dilution series were used to 

generate a BSA standard curve, with the absorbance readings of the eluted 

samples then used to estimate protein concentration. 

 

5.2.10.1.3 – Separation of purified protein samples and polyclonal antibody 

production 

The purified TaZYP1 sample was separated using 11cm IPG+1 well SDS-PAGE 

gels (BIO-RAD). The TaZYP1 band was excised from the gel and washed with 

autoclaved nanopure water. It was then cut into equal length pieces, packaged and 

sent to IMVS for immunisation of the animals. Five mice (Mus musculus) were 

immunised with the TaZYP1 antigen. Immunisation and housing of the animals 

was conducted by IMVS, Gilles Plains Veterinary Division, Adelaide, South 

Australia. 
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5.2.10.1.4 – Clean-up of polyclonal antibody raised against full-length 

TaZYP1 antigen 

A 250 mL culture of E. coli BL21 cells was grown overnight in at 37°C shaking 

incubator and the cells harvested by centrifugation at 7500 rpm. The cells were 

then washed with PBS solution twice and resuspended in saline (0.9% NaCl) at a 

concentration of 1 g ml-1. 4 mL of acetone was added for every 1 mL of cell 

suspension and the mixture was shaken vigorously then incubated on ice for 30 

min. The precipitate was collected by centrifugation at 8940 rpm for 10 min. The 

pellet was resuspended in fresh acetone, mixed vigorously then incubated on ice 

for 10 min. The precipitate was then pelleted by centrifugation at 8940 rpm for 10 

min. The pellet was transferred to a piece of filter paper and air-dried before being 

crushed to a fine powder. Bacterial extract powder was then added to a final 

concentration of 1% (w/v) to a PBS solution containing 20% glycerol. The sera 

obtained from terminal bleeds of the immunised animals were then diluted 1:10 

with the bacterial extract-PBS solution, vortexed, incubated on ice for 30 min 

before being centrifuged at maximum speed for 10 min. The supernatant was 

collected and used as the cleaned sera.  

 

5.2.10.2 – Polyclonal antibody production against a partial TaZYP1 peptide 

5.2.10.2.1 – Partial peptide synthesis and polyclonal antibody production 

The amino acid sequence of TaZYP1 was assessed for hydrophobic and antigenic 

regions using Kite-Doolittle and Hopp plots. Peptides deemed suitable were 

assessed by Mimetopes (Mimetopes, Clayton, Victoria, Australia). The peptide 

sequence chosen for peptide synthesis by Mimetopes was: 

CLRAYHKEELQRIRS. The partial peptide was conjugated to keyhole limpet 
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using a hemocyanin maleimidocaproyl-N-hydroxysuccinimide (MCS) linker. 

Synthesis and purification of the peptide was performed by Mimotopes. The 

samples were delivered to IMVS for immunisation of two rats (Rattus rattus). 

 

5.2.11 – Immuno-localisation of TaZYP1 by fluorescence microscopy 

5.2.11.1 – Fluorescence immuno-localisation of TaZYP1 and TaASY1 

Fluorescence immunolocalisation of TaZYP1 with TaASY1 was performed as per 

Franklin et al. (1999) and Boden et al. (2009) with the following modifications: 

anthers were fixed with 2% paraformaldehyde and cells permeabilised for 3 h. 

Anthers were harvested from Chinese Spring and Bob White MPB26 wild-type, 

ph1b and five Taasy1 knock-down mutants (Taasy1-1.9, Taasy1-1.9.2, Taasy1-

2.2, Taasy1-2.2.2, and Taasy-2.2.3). For detecting the localisation pattern of 

TaZYP1 using the mouse anti-full-length TaZYP1 antibody (1:100 and 1:10), an 

AlexaFluor® 488 conjugated donkey anti-mouse antibody (1:50; Molecular 

Probes, Invitrogen) was used while detection of the rat anti-partial peptide 

TaZYP1 antibody (1:100 and 1:10) was performed with an AlexaFluor® 488 

conjugated donkey anti-rat antibody (1:50; Molecular Probes, Invitrogen). 

Optical sections (90–120 per nucleus) of meiocytes were collected using a 

Leica TCS SP5 Spectral Scanning Confocal Microscope (Leica Microsystems, 

http://www.leicamicrosystems.com/) equipped with an oil immersion HCX Plan 

Apochromat 63 × /1.4 lens, a 405 nm pulsed laser and an Argon laser using an 

excitation wavelength of 468 nm. All images were processed using Leica 

Application Suite Advanced Fluorescence software (LAS-AF; version 1.8.2, build 

1465, Leica Microsystems) to generate maximum intensity projections of each 

nucleus. 
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5.3 – Results 

5.3.1 – Isolation and characterisation of the TaZYP1 coding sequence 

The full-length 2592 bp coding sequence of TaZYP1 was successfully isolated 

using a combination of standard and 3′ RACE PCR techniques (Figure 5.1). This 

transcript encodes a protein product 863 aa in length with a predicted MW of 

98.541 kD and an overall mean pI of 6.4. Southern blot analysis using membranes 

prepared with digested DNA from nullisomic-tetrasomic wheat plants showed that 

TaZYP1 is located on chromosome group 2 with a copy on the A, B, and D 

genome respectively (Figure 5.2). 

 The TaZYP1 protein shares high levels of conservation with its 

homologues in close relatives, including the rice transverse element protein 

(GenBank accession: ADD69817) (Identities = 80%, Positivies = 91%, E-value = 

0.00) and maize ZYP1 (GenBank accession: HQ116413) (Identities = 75.9%, 

Positives = 88%, E-value = 0.0). When compared with the Arabidopsis 

homologues, AtZYP1b (GenBank accession: NP_564164.1) (Identities = 40%, 

Positives = 64%, E-value = 1e-156) and AtZYP1a (GenBank accession: 

NP_173645.3) (Identities = 39%; Positives = 63%, E-value = 1e-152); the level of 

sequence conservation was reduced. Comparisons with its homologues in non-

plant species showed sequence conservation was modest at best, a result reflected 

in the phylogenetic analysis (Figure 5.3). 

 Amino acid sequence analysis revealed that both the N- and C-terminal 

regions of TaZYP1 (aa positions 1-68 and 723-863 respectively) have high pI 

values of 10.22 and 10.05. In addition, 18.75% of the C-terminus consisted of 
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arginine and lysine residues. A putative DNA-binding S/TPXX motif was also 

found within this region (aa positions 761 to 764). Conserved domain analysis 

revealed that the TaZYP1 amino acid sequence retained modest similarities with 

two known Structural Maintenance of Chromosomes (SMC) conserved domains 

characterised in archaea, namely SMC_prok_B.and SMC_prok_A (E-values = 

3.65e-09 and 3.00e-04 respectively) (Figure 5.4). 3-dimensional protein 

modelling predicted that the central region of TaZYP1 forms a coiled-coil domain 

structure (from aa position 69 to 722) (data not shown). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 – Isolation of the full-length coding sequence of TaZYP1. A) Using primers 
designed based on a rice EST that shared sequence similarity to AtZYP1a and AtZYP1b, 
standard PCR was used to amplify a 2 kb fragment of TaZYP1. L – Molecular weight 
marker; Lane 1 – blank; Lane 2 –TaZYP1 2 kb fragment. B) 3′RACE PCR was used to 
amplify the remainder of the TaPHS1 coding sequence. L – Molecular weight marker. C) 
Full-length TaZYP1 ORF transcript. L – Molecular weight marker. 
 
 

 
Figure 5.2 – TaZYP1 resides on chromosome group 2. Southern blot analysis showed 
the absence of bands in lanes containing DNA from plants nullisomic for chromosome 
group 2 thus indicating the location of TaZYP1 within the genome. Arrow heads denote 
the missing bands. Loading was uneven in lane 4 (N1D-T1A) hence the faint signal. 



 
19

8 

      Fi
gu

re
 5

.3
 –

 P
hy

lo
ge

ne
tic

 a
na

ly
sis

 o
f 

Ta
ZY

P1
 a

nd
 i

ts
 h

om
ol

og
ue

s. 
Th

e 
ev

ol
ut

io
na

ry
 h

is
to

ry
 w

as
 i

nf
er

re
d 

us
in

g 
th

e 
N

ei
gh

bo
r-J

oi
ni

ng
 m

et
ho

d.
 T

he
 

bo
ot

st
ra

p 
co

ns
en

su
s 

tre
e 

in
fe

rr
ed

 f
ro

m
 1

00
00

 r
ep

lic
at

es
 is

 ta
ke

n 
to

 r
ep

re
se

nt
 th

e 
ev

ol
ut

io
na

ry
 h

is
to

ry
 o

f 
th

e 
11

 ta
xa

 a
na

ly
se

d.
 B

ra
nc

he
s 

co
rr

es
po

nd
in

g 
to

 
pa

rti
tio

ns
 re

pr
od

uc
ed

 in
 le

ss
 th

an
 5

0%
 b

oo
ts

tra
p 

re
pl

ic
at

es
 a

re
 c

ol
la

ps
ed

. T
he

 p
er

ce
nt

ag
es

 o
f r

ep
lic

at
e 

tre
es

 in
 w

hi
ch

 th
e 

as
so

ci
at

ed
 ta

xa
 c

lu
st

er
ed

 to
ge

th
er

 in
 

th
e 

bo
ot

st
ra

p 
te

st
 (

10
00

0 
re

pl
ic

at
es

) 
ar

e 
sh

ow
n 

ne
xt

 t
o 

th
e 

br
an

ch
es

. 
Th

e 
tre

e 
is

 d
ra

w
n 

to
 s

ca
le

, 
w

ith
 b

ra
nc

h 
le

ng
th

s 
in

 t
he

 s
am

e 
un

its
 a

s 
th

os
e 

of
 t

he
 

ev
ol

ut
io

na
ry

 d
is

ta
nc

es
 u

se
d 

to
 in

fe
r t

he
 p

hy
lo

ge
ne

tic
 tr

ee
. A

ll 
po

si
tio

ns
 c

on
ta

in
in

g 
al

ig
nm

en
t g

ap
s a

nd
 m

is
si

ng
 d

at
a 

w
er

e 
el

im
in

at
ed

 o
nl

y 
in

 p
ai

rw
is

e 
se

qu
en

ce
 

co
m

pa
ris

on
s. 

Th
er

e 
w

er
e 

a 
to

ta
l o

f 
10

19
 p

os
iti

on
s 

in
 th

e 
fin

al
 d

at
as

et
. P

hy
lo

ge
ne

tic
 a

na
ly

si
s 

w
as

 c
on

du
ct

ed
 u

si
ng

 M
EG

A
4.

 T
a 

– 
Tr

iti
cu

m
 a

es
tiv

um
; B

d 
– 

Br
ac

hy
po

di
um

 d
ist

ac
hy

on
; O

s 
– 

O
ry

za
 s

at
iv

a;
 Z

m
 –

 Z
ea

 m
ay

s;
 V

v 
– 

Vi
tu

s 
vi

ni
fe

ra
; R

c 
– 

Ri
ci

nu
s 

co
m

m
un

is;
 B

o 
– 

Br
as

sic
a 

ol
er

ac
ea

; A
t-a

 –
 A

ra
bi

do
ps

is 
th

al
ia

na
 Z

IP
1a

; A
t-b

 –
 A

ra
bi

do
ps

is
 th

al
ia

na
 Z

IP
1b

; M
m

 –
 M

us
 m

us
cu

lu
s;

 S
c 

– 
Sa

cc
ha

ro
m

yc
es

 c
er

ev
is

ea
e.

  
  Fi

gu
re

 5
.4

 –
 C

on
se

rv
ed

 d
om

ai
n 

an
al

ys
is

 o
f 

Ta
ZY

P1
. 

Ta
ZY

P1
 s

ha
re

d 
m

od
es

t 
se

qu
en

ce
 c

on
se

rv
at

io
n 

w
ith

 t
w

o 
kn

ow
n 

St
ru

ct
ur

al
 M

ai
nt

en
an

ce
 o

f 
C

hr
om

os
om

es
 (S

M
C

) d
om

ai
ns

 p
re

vi
ou

sl
y 

ch
ar

ac
te

ris
ed

 in
 D

N
A

-b
in

di
ng

 p
ro

te
in

s f
ou

nd
 in

 m
ul

tip
le

 sp
ec

ie
s o

f A
rc

ha
ea

. 
 



 199 

5.3.2 – Characterisation of the TaZYP1 protein product in vitro 

5.3.2.1 – Heterologous expression of TaZYP1 

The 6×His-tagged TaZYP1 protein was heterologously expressed in E. coli and 

then purified by nickel affinity chromatography. This was successfully performed 

under both denaturing and native conditions. The protein product migrated close 

to its predicted molecular weight within denaturing SDS-PAGE gels (Figure 5.5). 

 

 
Figure 5.5 – SDS-PAGE analysis of TaZYP1. Heterologously expressed 6×His-tagged 
TaZYP1 was successfully isolated under denaturing conditions. L – BIO-RAD Precision 
Plus molecular weight marker, Cell lysate (CL), Flow-through (FT), Wash 1 (W1), Wash 
2 (W2), Wash 3 (W3), Elution 1 (E1), Elution 2 (E2) and Elution 3 (E3) samples are 
shown for the induced cell culture while W2, W3, E1 and E3 were omitted from the non-
induced cell culture as they were not required for the analysis of the result. The red 
arrows highlight the 6×His-tagged TaZYP1 product and the red rectangle highlight the 
bands identified by MS/MS as TaZYP1. 
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 Mass peptide identification of peptides obtained from tryptic digestion of 

TaZYP1 revealed the peptides were identical to regions within a rice 

synaptonemal complex protein (TIGR Rice locus identifier: LOC_Os04g37960), 

with a total amino acid coverage percentage of 6.54% spreading from the N-

terminus to the C-terminus (Figure 5.6).  

 

 
Figure 5.6 – Mass-peptide identification summary of TaZYP1. The purified TaZYP1 
samples ran on SDS-PAGE gels were washed, digested with trypsin and then identified 
by ion-tap mass-spectrometry. Peptides identified from the MS/MS data of the digested 
TaZYP1 samples that were identical to those within the OsZYP1 sequence (TIGR rice 
locus identifier: LOC_Os04g37960) are highlighted (yellow) in the cartoon as well as 
shown in the rice synaptonemal complex protein amino acid sequence (red font). Total 
sequence coverage was 6.54% of the protein spread over its entire length. 
 

5.3.2.2 – TaZYP1 interacts with DNA 

TaZYP1 protein extracted under native conditions was used in competitive DNA-

binding assays to investigate whether TaZYP1 interacted with DNA as had 

previously been reported for its homologues. Competitive DNA-binding assays 

showed that TaZYP1 appears to interact with both ssDNA and dsDNA without 
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any preferences (Figure 5.7). This is evidenced by the equal rates of retardation of 

both DNA species regardless of the TaZYP1 concentration used in the assays. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.7 – TaZYP1 interacts with both ss- and dsDNA equally. TaZYP1interactions 
with both DNA species appear equal as the severity of retardation of both DNA species 
appears identical in each lane regardless of the concentration of TaZYP1 present. (A) 
Induced native TaZYP1 protein extract; (B) Non-induced native TaZYP1 protein extract. 
 

5.3.3 – Transcript expression analysis of TaZYP1 

5.3.3.1 – Q-PCR analysis of TaZYP1 in wild-type and the ph1b mutant 

Q-PCR was conducted to determine the transcript expression levels of TaZYP1 

across various stages of meiosis in both the Chinese Spring wild-type and the 

ph1b mutant (Figure 5.8). The data showed that under wild-type conditions, 
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TaZYP1 was highly expressed during pre-meiotic interphase. This high level of 

TaZYP1 expression persisted as the cells progressed through the early stages of 

meiosis up to pachytene. Transcript numbers then steadily declined from 

diplotene to anaphase I. By the stage of immature pollen formation, TaZYP1 

transcript levels were only approximately 11% that of the pre-meiotic interphase 

stage transcript levels. 

 In the ph1b mutant, TaZYP1 transcript levels are present at increased 

levels throughout all stages of meiosis examined but the overall expression pattern 

of TaZYP1 remains similar to that of wild-type. The largest differences in TaZYP1 

transcript copy numbers were seen in the L-P and D-A pooled stages with an 

approximate 1.27-fold and 1.30-fold increase seen in the ph1b mutant.  

 

 
Figure 5.8 – Transcript expression analysis of TaZYP1. Q-PCR analysis of TaZYP1 
transcript numbers revealed that TaZYP1 is highly expressed during the early stages of 
meiosis but reduces significantly at the later stages examined in Chinese Spring wild-type 
(black bar). While the general expression profile of TaZYP1 in the ph1b mutant (open 
bar) is similar to that of the wild-type, TaZYP1 transcript numbers are elevated with a 
1.3-fold increase seen during leptotene to pachytene when compared to the wild-type. 
Error bars represent the ± standard deviation of three replicate experiments. 
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5.3.3.2 – Q-PCR analysis of TaZYP1 in Taasy1 mutant lines 

TaZYP1 gene expression levels were also investigated in five individual RNAi 

knock-down Taasy1 mutant lines; two from the T1 generation and three from the 

T2 generation (Figure 5.9 A). Q-PCR analysis revealed that there were no 

statistically-significant differences between the TaZYP1 expression levels of the 

wild-type and Taasy1 mutants except for Taasy1-2.2.3 where transcript levels 

were 4.17-fold higher than wild-type. In contrast, TaASY1 levels were 

significantly lower in all five Taasy1 mutants when compared to wild-type levels 

except for Taasy1-2.2.3 which unexpectedly showed a 3.69-fold increase. Even 

though no statistically-significant differences were observed in the TaZYP1 

expression levels of four of the Taasy1 mutants, the overall fluctuations in the 

TaZYP1 levels within the wild-type and Taasy1 mutants mirrored the fluctuations 

seen in TaASY1 expression with a high correlation coefficient of r = 0.9604 

obtained (Figure 5.9 B). 
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Figure 5.9 – Q-PCR analysis of T1 and T2 Taasy1 mutant lines. A) Expression 
profiling of TaZYP1 revealed no significant differences in expression levels between Bob 
White MPB26 (BW) wild-type and the Taasy1 mutants apart from Taasy1-2.2.3 which 
showed a 4.17-fold increase. TaASY1 expression levels were significantly reduced in all 
the mutants except for Taasy1-2.2.3, which showed a 3.69-fold increase compared to 
wild-type. Error bars represent the standard deviation of three replicate experiments. B) A 
high correlation coefficient (r = 0.9604) was seen between the expression profiles of 
TaZYP1 and TaASY1 in the 6 lines examined. 

A 

B 



 205 

 

5.3.4 – Fluorescence immuno- localisation of TaZYP1 

5.3.4.1 – Localisation profile of TaZYP1 in wild-type bread wheat 

3-dimensional dual immuno-fluorescence localisation experiments using staged 

wheat meiocytes embedded within poly-acrylamide pads were performed to 

investigate the localisation profile of TaZYP1 during early meiosis, with TaASY1 

localisation used as a control. Initial experiments using the polyclonal antibody 

raised against the full-length TaZYP1 protein yielded poor results due to non-

specific binding of the antibody to the cell cytoplasm. Optimisation of this 

antibody included performing the immunolocalisation experiment with increased 

antibody concentrations (1:10 vs 1:100) as well as pre-treating the immune-sera 

with bacterial acetone powder to remove antibodies that did not recognise the 

TaZYP1 protein. However, these optimisation experiments did not overcome the 

non-specific binding of the polyclonal antibody (Figure 5.10). 

 
 

Figure 5.10 – Immuno-localisation results using the polyclonal antibody raised 
against the full-length TaZYP1 antigen. (A) pre-meiotic interphase; (B) leptotene – 
zygotene transition; (C) zytogene – pachytene transition; (D) pachytene; (E) diplotene; 
(F) diakinesis. The polyclonal antibody raised against the full-length TaZYP1 antigen 
displayed non-specific binding even after the immune sera was pre-adsorbed with 
bacterial acetone powder to remove antibodies that did not bind specifically to TaZYP1 
(green). TaASY1 was used as a marker for early meiotic events. Chromatin was counter-
stained with DAPI (blue). Scale bar, 7.5 µm. 
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Dual immuno-localisation assays conducted with the polyclonal antibody 

raised against the TaZYP1 partial peptide yielded superior results compared to 

those using the initial polyclonal antibody raised against the full length TaZYP1 

protein. TaASY1 localisation was used as a control in these experiments as it has 

previously been shown to be a good marker of events that occur during early 

meiosis in wheat. In addition, its localisation profile has previously been 

characterised in both wild-type and the ph1b mutant. TaASY1 localisation in 

these experiments was as expected with signal first being detected during pre-

meiotic interphase (Figure 5.11 row 1, panel 1). The signal lengthened along the 

chromatin during leptotene and then condensed as synapsis and pairing 

progressed during zygotene (Figure 5.11 row 1, panels 2 and 3 respectively). The 

TaASY1 signal also revealed the presence of synapsis forks that appeared during 

late-zygotene; while in pachytene the TaASY1 signal thickened further as 

synapsis was completed and the chromatin condensed further (Figure 5.11 row 1, 

panel 4). By diplotene, almost all TaASY1 protein had been unloaded from the 

chromatin and only residual amounts of signal was observed on the chromatin 

(Figure 5.11 row 1, panel 5). TaASY1 signal was completely absent from cells in 

the diakinesis stage (Figure 5.11 row 1, panel 6). 

Unlike the TaASY1 signal that first appeared during pre-meiotic 

interphase, TaZYP1 was first observed as faint punctuate foci that localised to 

chromatin during early-leptotene within the wild-type cells examined (Figure 5.11 

row 1, panel 2). These foci then formed short linear tracts along the chromatin as 

the cells progressed into zygotene (Figure 5.11 row 1, panel 3). From mid-

zygotene to pachytene, the TaZYP1 signal continued to lengthen but also 
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condensed mirroring the condensation of the chromatin. During late pachytene, 

the TaZYP1 signal appeared as long tracts that populated regions of chromatin 

even after TaASY1 was unloaded (Figure 5.11 row 1, panel 4). The TaZYP1 

signal then quickly dissipated from late-pachytene to diplotene where only low 

residual levels of TaZYP1 signal were observed (Figure 5.11 row 1, panel 5). No 

TaZYP1 signal was present during diakinesis (Figure 5.11 row 1, panel 6). 

Interestingly, the TaZYP1 signal appeared on regions of chromatin only after 

TaASY1 first appeared within those regions, indicating that synapsis was 

completed before TaZYP1 installation between the homologous chromosomes. In 

addition, although TaZYP1 and TaASY1 signals were sometimes seen localised 

on regions of chromatin simultaneously, they did not co-localise with one another. 

 

5.3.4.2 – Characterising TaZYP1 localisation in the ph1b bread wheat mutant 

Having determined that TaZYP1 expression levels were slightly elevated in the 

ph1b mutant (Figure 5.8), dual immune-fluorescence localisation assays were 

performed to determine whether TaZYP1 loading was affected within the ph1b 

mutant. As previously reported by Boden et al. (2009), the TaASY1 signal was 

much stronger in the ph1b mutant with the nucleoplasm of some observed 

meiocytes completely saturated even at pre-meiotic interphase (Figure 5.11 row 3, 

panel 1). Furthermore, the TaASY1 signal appeared disordered on the condensing 

chromatin and persisted into diplotene. Large aggregates of TaASY1 protein, 

thought to be polycomplexes, were also observed as large foci in nucleolar 

regions of the ph1b meiocytes (Figure 5.11 row 3, panel 5)  

Similar to wild-type, TaZYP1 was first observed as faint punctuate foci 

during leptotene in the ph1b mutant (Figure 5.11 rows 2 and 3, panel 2). 
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However, unlike wild-type, lengthening of the signal from foci to form short 

tracts was delayed until pachytene (Figure 5.11 rows 2 and 3, panel 4). In 

addition, TaZYP1 signal persisted at higher levels in diplotene compared to wild-

type, possibly as a consequence of the delayed loading of TaZYP1 in the mutant 

(Figure 5.11 rows 2 and 3, panel 5). 
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5.3.4.3 – Characterising TaZYP1 localisation in Taasy1 bread wheat mutants 

Dual immuno-fluorescence localisation assays were also performed on meiocytes 

of five Taasy1 mutant lines with a Bob White MPB26 control included as the 

Taasy1 mutants were derived from a Bob White MPB26 genotype background 

(Figure 5.12). In general, TaASY1 signals in the mutant lines appeared similar to 

wild-type both spatially and temporally but appeared weaker and more diffuse. In 

addition, TaASY1 persisted at much higher levels in diplotene compared to the 

wild-type (compare Figure 5.12 row 1, panel 5 with Taasy1 mutant panels down 

the column). 

TaZYP1 localisation was identical both temporally and spatially in the 

Bob White MPB26 and Chinese Spring wild-types (compare Figure 5.11 row 1 

with Figure 5.12 row 1). Amongst the Taasy1 mutants, TaZYP1 signals were 

generally similar to wild-type, first appearing as faint punctate foci on regions of 

chromatin during leptotene and lengthening into short tracts during zygotene 

(Figure 5.12 rows 2 to 6, panels 1 to 3). The TaZYP1 signal then condensed and 

lengthened further during pachytene, populating regions of chromatin where the 

TaASY1 signal was being unloaded (Figure 5.12 rows 2 to 6, panel 4). TaZYP1 

signal in the Taasy1 mutants were only present at residual levels during diplotene 

(as was seen in the wild-type) (Figure 5.12 row 1, panel 5 with panels down that 

column). Similar to observations of both wild-type meiocytes (Figures 5.11, 5.12), 

TaZYP1 and TaASY1 signals were sometimes seen populating regions of 

chromatin simultaneously but were never co-localised.  

 Amongst the Taasy1 mutants examined, two anomalies were evident 

(which were consistently observed across at least 80 to 100 meiocytes from two 

independent immune-fluorescence experiments, with each of the lines 
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investigated). First, TaZYP1 loading appeared more reduced in the Taasy1-1.9.2 

mutant compared to the other mutants examined. While the TaZYP1 signal was at 

its most abundant during pachytene in both wild-types (Figures 5.11, 5.12), as 

well as all the other Taasy1 mutants examined, the pachytene stage Taasy1-1.9.2 

meiocytes displayed a very weak and diffuse TaZYP1 signal (Figure 5.12 row 3, 

panel 4). The signal appeared as short diffused and disrupted tracts instead of the 

long condensed tracts that were typically observed in wild-type meiocytes. In 

some cases, TaZYP1 signal was almost undetectable (Appendix D1 Figure 2). 

Secondly, contrary to the Q-PCR data which showed that TaZYP1 and 

TaASY1 expression were 4.17-fold and 3.69-fold higher than wild-type, the 

immuno-fluorescence localisation data for both proteins in Taasy1-2.2.3 

meiocytes did not show increased signal of either protein within the cells (when 

compared to the level of loading observed across the other mutants and wild-type) 

(Appendix D1 Figure 3). 
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5.4 – Discussion 

The work presented in this chapter has characterised the ZYP1 bread wheat 

homologue at both the genetic and protein levels. This was achieved by first 

isolating the full-length coding sequence of the wheat ZYP1 homologue using 

sequence information from a rice EST that showed high levels of similarity to the 

AtZYP1a and AtZYP1b genes. Higgins and colleagues (2005) reported that both 

AtZYP1a and AtZYP1b encode protein products highly similar to one another and 

which were functionally redundant. However, unlike Arabidopsis, allohexaploid 

bread wheat appears to have only one ZYP1 gene, with copies on chromosome 

2A, B and D. This was not unexpected as Higgins et al. (2005) previously 

hypothesised that the two Arabidopsis ZYP1 genes were caused by a duplication 

event that occurred after the divergence of the Arabidopsis and brassica genera 

and that the AtZYP1 genes were more closely-related to each other than they were 

to the only ZYP1 homologue found in Brassica oleracea. More recent data 

strengthens this hypothesis, as both Oryza sativa and Zea mays have been 

reported to possess only a single ZYP1 homologue (Golubovskaya et al. 2011, 

Wang et al. 2010). 

 Phylogenetic analysis revealed that TaZYP1 shares relatively high levels 

of sequence conservation with its homologues in other plant species, particularly 

with its monocotyledonous relatives (Figure 5.3). Levels of sequence conservation 

between TaZYP1 and its equivalents in non-plant species were modest at best. 

This was not unexpected as SC proteins have been previously reported to share 

conserved function but lack sequence conservation (Higgins et al. 2005). 

 Based on comparisons of similarities between the ZYP1 yeast homologue 

and other proteins with known tertiary structures, Sym and colleagues 
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hypothesised that ZYP1 proteins may form rod-like homodimers that are capped 

at the ends by globular N- and C-termini (Sym et al. 1993, Sym and Roeder 

1995). This was later confirmed by Dong and Roeder in their observations of the 

yeast ZYP1 homologue protein by electron microscopy which also showed that 

the globular N-terminus was required for ZYP1 homodimer formation (Dong and 

Roeder 2000). Further work has shown that ZYP1 molecules attach to the lateral 

elements of sister chromosomes via their C-termini and extend outward allowing 

the N-termini of ZYP1 molecules on sister chromosomes to interact with one 

another and thus form the central element of the SC (reviewed by Page and 

Hawley 2004; and references therein). Amino acid sequence analysis of TaZYP1 

revealed that both the N and C-termini of the protein are basic with high pI 

values, while predictive protein modeling revealed that the central region of 

TaZYP1 has a coiled-coil central region. While no dimerisation domains were 

found within the TaZYP1 N-terminus, future work involving alanine-scanning 

mutagenesis or partial deletions of the N-terminus may reveal whether such 

dimerisation domains exist within the region. Alternatively, yeast-two-hybrid 

assays conducted with the TaZYP1 N-terminus could also be performed to 

determine whether the TaZYP1 N-terminus self-interacts. 

The high pI value of the C-terminus is particularly interesting as it may 

allow the lysine and arginine residues within it to bind DNA when the 

physiological pH of the cell is more acidic than the pI of the C-termini (which is 

10.03). Positively-charged lysine and arginine residues have previously been 

shown to bind DNA in a non-specific manner in leucine zipper and helix-loop-

helix motifs (Landschulz et al. 1988, Voronova and Baltimore 1990). In addition, 

the presence of a S/TPXX motif, previously characterised by Suzuki (1989), 
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within the TaZYP1 C-terminus provides further evidence that the TaZYP1 should 

also have a similar localisation pattern and arrangement within the SC as its 

previously characterised homologues.  

 cDART database searches with TaZYP1 returned moderate hits to two 

partial SMC conserved domains previously characterised in archaea (Figure 5.4). 

Both these domains have previously been reported in proteins that interact with 

DNA (Hirano and Hirano 2002, Jensen and Shapiro 2003). Phylogenetic analysis 

performed by Cobbe and Hecke (2004) have also shown that while these domains 

have been characterised in various species of archaea, these domains are also 

present in higher eukaryotic species. 

 To determine whether TaZYP1 is able to bind DNA, purified TaZYP1 

protein heterologously-expressed in E. coli was used in competitive DNA-binding 

assays. The equal levels of retardation of both the ss- and dsDNA species 

indicates that TaZYP1 is able to bind both species of DNA indiscriminately under 

in vitro conditions (Figure 5.7). The observation that TaZYP1 is able to interact 

with ssDNA was not unexpected as studies in both mice and C. elegans zyp1 

homologue deletion mutants have shown that the recruitment of the ZYP1 

homologues to DNA recombination sites is essential for the unloading of the 

recombination machinery during meiosis within both organisms (Colaiacovo et al. 

2003, de Vries et al. 2005). Under wild-type conditions in mice and C. elegans, 

ZYP1 signal precedes the removal of the RAD51 foci signal (thus indicating that 

ZYP1 recruitment to regions of chromatin with RAD51 recombinase, and hence 

regions of DNA where single-stranded DNA invasion have occurred, is required 

before the recombination machinery can be removed). Work conducted by 

Higgins and colleagues (2005) on the Arabidopsis spo11 and dmc1 knock-out 
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mutants show that the Arabidopsis ZYP1 homologues failed to localise to 

chromatin in the spo11 mutant but were localised as foci to sites of unsynapsed 

chromosome axes in the dmc1 mutant. Taken together, these data indicate that 

ZYP1 localisation to chromatin in Arabidopsis is dependent on double-stranded 

break (DSB) formation but independent of recombination initiation, thus inferring 

that ZYP1 is most likely recruited to sites of recombination during the very early 

stages of single-strand DNA invasion (Higgins et al. 2005). However, ZYP1 

polymerisation along the length of the chromosome is dependent on 

recombination occurring (Higgins et al. 2005). 

 Q-PCR profiling showed that TaZYP1 expression fits the profile of a 

protein required during early meiosis (Figure 5.8). The relatively high expression 

level during the stages of pre-meiosis through to pachytene correlated well with 

observations in the immune-fluorescence localisation assays where TaZYP1 

signal was first observed in leptotene and peaked at pachytene (Figure 5.11 row 

1). The reduction in expression post-pachytene was also reflected in the 

immunolocalisation loading with the TaZYP1 signal quickly diminishing post-

pachytene. 

 Comparisons of the TaZYP1 expression profiles between the wild-type and 

ph1b mutant showed that while the overall expression profiles were similar, 

transcript levels were elevated in the ph1b mutant at all stages examined (Figure 

5.8). Whether this increased TaZYP1 expression can be linked to the deletion of 

the Ph1 locus or whether it is a physiological reaction to the increased TaASY1 

protein levels within the ph1b mutant, is yet to be determined. Indeed, the average 

TaZYP1 expression levels were slightly lower (though these values were not 

statistically-significant) in all Taasy1 mutants which showed reduced TaASY1 
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expression (Figure 5.9). However, TaZYP1 expression was increased in the 

Taasy1-2.2.3 mutant that also showed a large unexpected increase of TaASY1 

expression. With the correlation coefficient of TaASY1-TaZYP1 gene expression 

between the Taasy1 mutants and wild-type being highly significant (r = 0.9604), 

this may also indicate a regulatory connection between the two gene products. 

 The large difference in TaZYP1 expression between the stage-specific 

wild-type in the Q-PCR data and the Taasy1 mutant data is most likely an artifact 

of the experimental design which utilised cDNA from different tissue types 

(compare TaZYP1 Figure 5.8 with Figure 5.9). While the stage-specific TaZYP1 

data was generated using cDNA synthesised from RNA extracted from anther 

tissue to generate the most accurate stage-specific data possible, cDNA 

synthesised from RNA extracted from whole spike tissue was used in the Q-PCR 

profiling of the Bob White MPB26 wild-type and the Taasy1 mutants. The 

proportion of TaZYP1 mRNA within the total RNA samples extracted from whole 

spike tissue would be significantly less than that of the anther tissue RNA samples 

and may have resulted in less TaZYP1 mRNA copies being synthesised into 

cDNA. The unexpected increase in transcript levels of TaASY1 and TaZYP1 in the 

Taasy1-2.2.3 mutant could also be attributed to the use of meiotic spike tissue. It 

is possible that the spike used for RNA extraction contained a larger proportion of 

pre-meiotic to pachytene stage anthers than the other spikes used for the mutants 

and wild-type. Furthermore, previous Q-PCR profiling of TaASY1 in this mutant 

conducted by Dr Scott Boden (2008) showed that TaASY1 levels were lower when 

compared to wild-type. The immuno-fluorescence data presented in this study 

also appears to agree with this explanation as there was no observable increase in 
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the intensity of either the TaASY1 or TaZYP1 signals in meiocytes of the Taasy1-

2.2.3 mutant compared to wild-type (compare Figure 5.12 row 1 with row 6).  

Another plausible explanation is variation in gene silencing levels caused 

by the RNAi silencing pathway in wheat plants. Anand and colleagues (2003) 

have previously shown that variation in gene-silencing can occur within different 

tillers of a single RNAi knock-down wheat plant. While this may explain 

variation in the TaASY1 expression, this explanation is not favoured as it fails to 

adequately explain the significantly increased level of TaZYP1 expression in the 

Taasy1-2.2.3 mutant. 

 Having characterised the DNA-binding ability of TaZYP1 in vitro as well 

as its expression profile in wild-type, ph1b and Taasy1 mutants, immuno-

fluorescence localisation experiments were conducted to investigate the 

localisation profile of TaZYP1. The polyclonal antibody raised against the full-

length TaZYP1 protein initially used displayed high levels of non-specific 

binding. Optimisation steps taken such as purification of the sera by depleting the 

sera of antibodies that were not specific for TaZYP1 using bacterial acetone 

powder; and varying the antibody concentration, all proved unsuccessful (Figure 

5.10). In an effort to overcome this, a polyclonal antibody raised against a partial 

peptide of TaZYP1 was generated. This new antibody yielded significantly better 

results with high levels of binding specificity.  

The temporal and spatial localisation profile of TaZYP1 within both the 

Chinese Spring and Bob White MPB26 wild-types were identical with faint 

punctate foci associated with chromatin first observed during leptotene (Figure 

5.11 row 1 and Figure 5.12 row 1). TaZYP1 signal then spread along the 

condensing chromatin and reached maximum intensity as long condensed signals 
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during pachytene before dissipating in diplotene. This data confirmed the Q-PCR 

profiling data, while association of the TaZYP1 signal with chromatin confirmed 

the results of the DNA-binding assay. 

Although TaZYP1 and TaASY1 were both present on chromatin, they did 

not co-localise (Figure 5.11 and Figure 5.12). Even in the few instances where 

both signals were observed on the same regions of chromatin simultaneously, no 

co-localisation signals were detected. This observation indicates that TaZYP1, 

like its homologues in other species, appears to be a transverse filament protein 

and would therefore not be expected to co-localise with TaASY1 (which 

associates with the axial and lateral elements of chromatin). Furthermore, the 

observed polarity in the localization of TaZYP1 to the ends of chromosomes 

during zygotene could possibly predispose these regions of chromatin to 

recombination and account for the distal localization of chiasmata seen in bread 

wheat. Another important observation is that the TaZYP1 signal appears to be 

loaded onto regions of chromatin as TaASY1 is being unloaded. This data fits 

well with the hypothesis that TaASY1 may somehow directly/indirectly mediate 

recruitment of TaZYP1 onto the chromatin. Interestingly, this aspect of the 

TaZYP1 localisation pattern is in contrast to the localisation of its homologues in 

Arabidopsis thaliana and Secale cereale, where the ZYP1 homologues load onto 

the chromatin while ASY1 signal is still present, forming a co-aligned ZYP1 

signal that is sandwiched between the ASY1 signal associated to axial elements 

on both sides (Higgins et al. 2005, Mikhailova et al. 2006). It is also noteworthy 

that the rye ZYP1 homologue signal already appears as linear tracts during 

leptotene (Mikhailova et al. 2006), unlike the punctate foci observed during the 

leptotene stage of both Arabidopsis (Higgins et al. 2005), rice (Wang et al. 2010) 
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and bread wheat in this study. This clearly shows that differences are present 

within the temporal loading patterns of the ZYP1 protein in different species. 

Taken together, the DNA-binding data showing that TaZYP1 interacts 

with ssDNA, the fact that the Arabidopsis ZYP1 homologues are recruited to sites 

of recombination during the very early stages of single-stranded DNA invasion, 

and that the same observation of punctate foci were observed during leptotene in 

Arabidopsis, rice and bread wheat; suggest that TaZYP1 may be recruited to 

chromatin in a temporal and spatial pattern similar to Arabidopsis ZYP1. 

However, the absence of tracts of tripartite signals consisting of a TaZYP1 signal 

sandwiched on both sides by TaASY1 as well as the observation that TaZYP1 

signal appears to lengthen into regions where TaASY1 is being unloaded is at 

odds with this conclusion. This raises the question of when and where exactly 

TaZYP1 is recruited onto chromatin in bread wheat. 

 The presence of relatively high levels of TaASY1 signal in meiocytes of 

the ph1b and Taasy1 mutants during diplotene (Figure 5.11 and Figure 5.12) is 

also of interest. These increased levels of TaASY1 observed are probably the 

result of different mechanisms; as TaASY1 protein levels are significantly higher 

in the ph1b mutant but significantly lower in the Taasy1 knock-down mutants 

(Boden et al. 2009). Boden and colleagues (2009) previously hypothesised that 

the Ph1 locus is responsible for regulation of TaASY1 and showed that in its 

absence, TaASY1 expression is up-regulated approximately 20-fold compared to 

wild-type, with high levels of TaASY1 protein seen in the ph1b mutant 

meiocytes. Therefore, the TaASY1 signal seen in diplotene ph1b meiocytes could 

possibly be a result of too much TaASY1 protein present within the cells, 
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requiring more time for the cellular machinery to unload the TaASY1 molecules 

which leads to persistent TaASY1 signal in later stages of meiosis. 

In contrast, the persisting TaASY1 signal in the Taasy1 mutants could 

possibly be explained by a cellular compensation mechanism that is delaying the 

unloading of the TaASY1 protein. Previous work in Taasy1 and asy1 homologue 

mutants have shown that chromosomes in these mutants lack a true pachytene 

stage and that levels of chromosome synapsis were reduced (Boden et al. 2009, 

Nonomura et al. 2004, Ross et al. 1997). Perhaps cell cycle check-point 

mechanisms are trying to lengthen the duration for which TaASY1 is loaded onto 

the axial elements to allow proper synapsis to occur along the lengths of the 

homologous chromosomes.  

In this study, the TaZYP1 signal was observed to be loaded onto the 

chromatin as TaASY1 signal is being unloaded in Chinese Spring and Bob White 

MPB26 wild-types as well as the Taasy1 mutants. This then raises the question of 

whether TaZYP1 loading is completed within the Taasy1 mutants due to presence 

of TaASY1 signal in the diplotene stage where TaZYP1 signal was no longer 

observable. Work conducted in the Arabidopsis asy1 mutant previously showed 

that the Arabidopsis ZYP1 homologues are loaded onto the chromatin as foci 

during leptotene but subsequently fail to lengthen into linear tracts (Sánchez-

Morán et al. 2007). This again is at odds with the observations in this study which 

clearly show that the TaZYP1 signal still forms linear tracts in the Taasy1 mutants 

analysed. One possible explanation for this is the variation in severity of the asy1 

knock-down effect in the mutants (Boden et al. 2009, Caryl et al. 2000). While 

the ASY1 gene expression data reported in both species are incomparable due to 

different gene expression analysis techniques being used, inferences could be 
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made about the severity of the ASY1 knock-down effect by analysis of the fertility 

levels reported. While the Arabidopsis asy1 mutant has a more severe knock-

down effect with only 10% fertility, the average fertility of the Taasy1 T2 mutants 

was 77.74%. This possibly indicates that higher levels of ASY1 protein were 

present in the Taasy1 mutants compared to that in the Atasy1 mutant thus leading 

to a less severe effect on TaZYP1 loading in the Taasy1 mutant meiocytes. 

The main objective of the work presented in this chapter was to isolate and 

characterise the bread wheat ZYP1 homologue to further the current knowledge-

base of bread wheat meiosis as well as to determine the role of ZYP1 in a 

complex hexaploid. This was achieved at the gene level by isolating the TaZYP1 

coding sequence, and then conducting Q-PCR expression profiling across wild-

type, ph1b, and five Taasy1 mutants. Characterisation of TaZYP1 in vitro 

determined its DNA-binding capabilities while dual immuno-fluorescence 

localisation experiments with a polyclonal anti-TaZYP1 antibody on both Chinese 

Spring and Bob White MPB26 wild-type meiocytes detailed its localisation 

profile during the early stages of meiosis both temporally and spatially. TaZYP1 

localisation was also investigated in the ph1b and Taassy1 mutants in an effort to 

further our understanding of TaZYP1 in the early stages of meiosis in bread 

wheat. While detailed characterisation of TaZYP1 has been achieved, further 

work is required to fully unravel the localisation profile of TaZYP1. 



 223 

Chapter 6 – General discussion 

The primary aim of this project was to identify and characterise proteins that are 

required during the early stages of meiosis in bread wheat. This was achieved by 

using a two-pronged approach; firstly utilising a large scale proteome-wide 

strategy to identify novel meiosis candidates, and secondly via gene-targeting to 

isolate and characterise the wheat homologues of proteins that have previously 

been reported to have roles in meiosis in other organisms. 

 

6.1 – A large scale proteomics investigation of meiosis 

6.1.1 – Optimisation of 2DGE for studying wheat meiosis 

The 2DGE results within this study revealed that the largest proportion of protein 

species isolated from wheat meiotic tissue using the optimised TCA-acetone 

extraction technique had isoelectric potentials that were within the pH 5-8 range. 

Optimisation for the various 2DGE parameters were also performed to ensure that 

the best possible sample focussing was achieved. While the ultra-sensitive DIGE 

technology was initially investigated as a technique to visualise protein spots on 

the 2D gels, this technique yielded limited results. Consequently, this was 

replaced with a mass-spectrometry compatible EBT-silver stain technique. 

Comparisons of 2D gels loaded with wild-type whole anther protein extracts from 

various stages of meiosis revealed highly complex proteome profiles with a large 

number of protein species detected. 

When shifting to meiocyte-enriched protein extracts, coupled with the 

EBT silver-staining technique, six protein spots that were differentially-expressed 
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between the different stages of meiosis and/or genotypes analysed were identified. 

Even so, the data obtained from this study may only represent a subset of the total 

proteomic profiles present; as different protein extraction techniques can yield 

different protein subsets (Carpentier et al. 2005). Furthermore, many more 

proteins that were present at different abundances between the stages and 

genotypes could also have been identified had the DIGE visualisation technique 

been more successful. Indeed, microarray data generated by Crismani et al. 

(2006) suggests that large numbers of transcript species are differentially-

expressed at different stages of meiosis which could possibly translate to 

differences in the levels of the protein products they encode. 

 

6.1.2 – Future directions for bread wheat meiosis using proteomics  

Protein extraction techniques used in proteomics experiments play a large role in 

determining which protein subsets are isolated and analysed. Within this study, an 

optimised TCA-acetone extraction and precipitation technique that yielded 

substantial amounts of intact total cellular protein was used. However, a drawback 

of this technique was the high level of residual salt left within the samples. Ionic 

salt contamination is a leading cause of poor isoelectric focusing during the first 

dimension resolution of 2DGE samples. To overcome this, an additional wash 

step using 90% acetone (v/v) with sterile nanopure water was added to remove the 

ionic salt contaminants. In repeating such a study in the future, sample dialysis 

could be investigated to further reduce the residual levels of salt. While this would 

lead to purer samples, it may also result in substantial protein loss due to 

precipitation of protein species out of solution during the dialysis process. Due to 

the large amount of time required to harvest enough starting material (especially 
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so for meiocyte-enriched samples) and the limited amount of protein available in 

this study, this approach was non-viable and not investigated. 

While optimisation of both horizontal and vertical resolution were deemed 

sufficient based on the 2D gel results reported in chapter 2, future research could 

investigate larger gel formats to achieve greater resolution. Although the use of 

narrow range pH strips gave adequate resolution for the isolation of six 

differentially-expressed spots, future work could also include using the micro-

range pH IEF strips that allow resolution to a single pH unit. These narrow range 

strips would assist analysis by increasing the distance between each spot thus 

eliminating in-gel ambiguities such as that seen between candidate spots KK03 

and KK04 (which both migrated to almost identical coordinates within the gels). 

These strips would also be useful for protein isoform analysis. 

A setback of the proteomics research in this study was that the DIGE 

method could not be optimised (within a reasonable timeframe and within 

budget). Although optimisation steps were made in consultation with DIGE 

product specialists (Dr Sherif Tawfilis and Dr Tanya Lewanowitsch) and Dr 

Timothy Chataway (Head of Flinders Proteomics Facility), the results from DIGE 

visualisation were limited as the addition of the Cy-dye molecules caused 

inadequate isoelectric focusing to occur. One possible explanation for this is that 

the Cy-dye molecules were reacting with an unknown substance in the protein 

samples. While the unknown substance may have been an artefact from the 

protein extraction protocol used, this would seem unlikely as successful TCA-

acetone protein extraction protocols with leaf and root tissue samples coupled 

with DIGE visualisation have previously been reported in the literature (Keeler et 

al. 2007). While another fluorescent dye visualisation technique (SYPRO® Ruby) 
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was also explored (data not shown), the levels of protein spot detection sensitivity 

were similar when compared to that of the EBT-silver stain. 

One possible strategy for overcoming all of the problems posed by 2DGE 

and the inadequacies of the visualisation techniques is the use of gel-free 

proteomics technology. Multidimensional protein identification technology 

(MudPIT) (Lohrig and Wolters 2009, Wolters et al. 2001) is an automated 

shotgun proteomics technology that couples multidimensional liquid 

chromatography and electrospray ionisation tandem mass-spectrometry to identify 

peptides within complex samples. This system offers the advantage of reduced 

manual handling of the samples resulting in less chance of manual error, therefore 

lending itself to highly reproducible proteomics results. Furthermore, MudPIT 

does not require separation by 2DGE thus eliminating the issues of spot resolution 

and staining sensitivity. MudPIT protein samples are digested prior to MS/MS 

and therefore eliminates problems with protein insolubility that sometimes occur 

when dealing with 2DGE samples. The use of this technology however, will not 

overcome all the downstream obstacles of peptide identification such as the shifts 

in mass peaks due to the hundreds of post-translational modifications and their 

effects on MS/MS which have not been characterised. 

 

6.1.3 – Proteomics and the identification of novel meiosis candidates 

Based on the MS/MS data obtained from the six protein spots identified to be 

differentially-expressed, four candidate mRNA transcripts were isolated using a 

combination of 5′ and 3′ RACE PCR with full length coding transcripts obtained 

for KK01, KK03 and KK06 while a partial coding sequence was obtained for 

KK04. KK01 was characterised as a MATH-BTB speckle-POZ protein with 
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DNA-binding ability while the KK03 candidate was characterised as a pollen-

specific SF21 protein. While the function of the KK03 SF21 protein is not clear, it 

may be required for pollen tube elongation based on data from previously 

characterised SF21 proteins (Allen et al. 2010, Lazarescu et al. 2006). The partial 

coding sequence of KK04 encodes a portion of a hexose transporter protein while 

the full-length KK06 candidate was characterised as a putative HSP70-2 plant 

homologue with a dnaK domain and DNA-binding ability. HSP70-2 variants in 

both humans and mice have previously been shown to form part of the SC and are 

also required for the disassembly of the SC (Allen et al. 1996, Dix et al. 1996, 

Dix et al. 1997, Zakeri et al. 1988). 

Q-PCR profiling was conducted to investigate whether the gene 

expression profiles of these four candidates could explain the presence of their 

respective spots in the proteomics data. Comparisons of the transcriptomics and 

proteomics data revealed that the gene expression levels for three of the four 

candidates correlated with their protein expression profiles. Competitive DNA-

binding assays with the KK01 and KK06 full-length protein products revealed 

that both these proteins interact with DNA, with KK01 preferentially binding to 

ssDNA and KK06 binding ssDNA and dsDNA equally. 

Taking into account the data presented in Chapters 2 and 3, it is possible to 

conclude that a 2DGE proteomics approach is a viable albeit time-consuming 

strategy for identifying proteins with possible roles during the early stages of 

bread wheat meiosis. The successful isolation and characterisation of two novel 

DNA-interacting proteins, KK01 and KK06, highlights the success of this 

approach while future work characterising these two proteins further will increase 

our understanding of meiosis in bread wheat. 
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6.1.4 – Future research directions for the protein candidates identified 

An important outcome of the research from this thesis was the characterisation of 

both the KK01 and KK06 proteins. Based on previously published literature, 

proteins with the MATH-BTB domain, which the KK01 candidate possesses, 

have been shown to interact with DNA and cause chromatin remodelling and gene 

expression regulation (Sunnerhagen et al. 1997, Wolffe 1997). Meanwhile, the 

KK06 candidate shares high levels of inter-species amino acid sequence similarity 

with HSP70-2 variants previously characterised in both human and mouse (Allen 

et al. 1996, Dix et al. 1996, Dix et al. 1997, Zakeri et al. 1988). KK06 therefore 

appears to be a good candidate as a HSP70-2 bread wheat homologue, with its 

gene expression profile and DNA-binding activity indicating it has the hallmarks 

of an SC protein. Future work should focus on investigating the roles of these 

proteins in planta through the use of antibodies raised against these proteins. 

Furthermore, 3-dimensional immuno-fluorescence localisation experiments of 

wheat meiocytes will determine the spatial and temporal localisation profiles 

during early meiosis while co-immunoprecipitation assays should reveal any 

protein partners that interact with these candidates within the cell. 

The antibodies raised against these two proteins could also be used in 

translational proteomics assays to determine whether the KK01 and KK06 spots 

identified in Chapter 2 of this study do correspond to the protein spots of the 

KK01 and KK06 candidates. Further work encompassing localisation assays 

using meiocytes from the ph1b and ph2a mutants may also assist in elucidating 

the functions of these two proteins and whether either (or both) of these 

candidates behave differently in the ph mutants. 
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6.2 – A gene-targeted approach to study meiosis: TaPHS1 and 

TaZYP1 

6.2.1 – TaPHS1 

The isolation and characterisation of the wheat PHS1 homologue, TaPHS1, 

revealed that it shares relatively high levels of sequence similarity with its 

equivalents in other plant species. Bioinformatic analysis of the TaPHS1 amino 

acid sequence showed that it neither possesses any known nuclear localisation 

signal nor known conserved DNA-binding domains. Sequence alignments of 

PHS1 proteins from multiple species detected four conserved regions (termed 

Regions 1 to 4) within the PHS1 proteins analysed, with repeats found in both the 

Arabidopsis and wheat PHS1 sequences. However, the function of these 

oligopeptide repeats is not yet known. 

 One significant discovery made during the characterisation of the TaPHS1 

protein is its ability to interact with DNA in vitro. Further characterisation using 

partial peptides of the four conserved regions identified that Region 1 was 

responsible for the DNA-binding ability of TaPHS1. Sequence analysis revealed 

that two S/TPXX DNA-binding motifs are present in Region 1 indicating that 

Region 1 may contain an uncharacterised DNA-binding domain. Interestingly, 

Region 1 coincides with the exact region in which the insertion mutations used to 

generate the Atphs1-1 and Zmphs1-0 knockout mutants are located (Ronceret et 

al. 2009, supplementary data). 

3-dimensional immuno-fluorescence localisation experiments conducted 

with an antibody raised against TaPHS1 localised the TaPHS1 protein to the 
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nucleus of wheat meiocytes with the signal appearing as diffuse tracts with 

punctate foci that followed the chromatin. This data further supports the DNA-

binding results and suggests that TaPHS1 interacts with chromatin in planta. The 

ability to interact with DNA and its localisation to chromatin were not previously 

observed in the PHS1 localisation profiles of both AtPHS1 and ZmPHS1. 

Therefore, this raises the question of whether TaPHS1 functions as a direct 

transporter of meiotic proteins such as RAD50 into the nucleus as was 

hypothesised (but disfavoured) by Ronceret and colleagues (Ronceret et al. 2009). 

Other differences between the wheat PHS1 compared to both the Arabidopsis and 

maize PHS1 proteins was that the TaPHS1 signal was observed on the nucleolar 

periphery; however its function there remains speculative. Data from dual 

immuno-fluorescence localisation of TaPHS1 and TaASY1 revealed that while 

both signals were localised close to one another, the two proteins did not appear to 

co-localise. 

6.2.2 – A model for homology searching in wheat 

Based on observations of disrupted RAD50 localisation in the phs1 mutants of 

both Arabidopsis and maize, Ronceret and colleagues (2009) hypothesised that 

PHS1 regulates RAD50 localisation into the nucleus. Considering the localisation 

profile of TaPHS1, it is plausible to hypothesise that TaPHS1 shuttles its meiotic 

protein partner(s) (such as RAD50) into the nucleus and may even be involved in 

the direct loading of protein(s) onto chromatin (as TaPHS1 itself associates with 

chromatin). The localisation pattern of TaPHS1 (diffuse tracts with punctate foci 

along regions of the chromatin) could also indicate multiple roles for TaPHS1 

during early meiosis (at least in bread wheat). 
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Firstly, regions of concentrated TaPHS1 protein which form foci may 

indicate a role in the direct positioning of elements of the recombination 

machinery (such as RAD50) by TaPHS1 at recombination sites. This is plausible 

as many recombination proteins such as RAD51, RAD50 and MLH3 (Franklin et 

al. 1999, Jackson et al. 2006, Ronceret et al. 2009) appear as foci associated to 

chromatin during the early stages of meiosis. 

In contrast, the diffuse tracts of TaPHS1 may indicate a direct role in the 

homology searching mechanism in bread wheat as both homology searching and 

recombination are tightly-linked processes. It is tempting to suggest that free 

TaPHS1 molecules marked for nuclear entry by SUMOylation (or another as yet 

unknown nuclear localisation signal) move into the nucleus and form these diffuse 

tracts to perform homology searching. TaPHS1 molecules may also interact and 

transport protein partner(s) which are required for homology searching but are not 

required at recombination sites. Previously, PHS1 has been indirectly linked with 

homology searching as the failure of the RAD51 recombinase protein to be 

recruited to chromatin in the Zmphs1-0 mutant is caused by disrupted RAD50 

localisation into the nucleus. The absence of RAD50 in the nucleus prevents the 

assembly of the MND1-RAD50-NBS1 complex (collectively known as the MRN 

complex) thus preventing resection of the DSB and the failed recruitment of the 

RAD51 recombinase (Pawlowski et al. 2004, Ronceret et al. 2009). Nuclear 

magnetic resonance (NMR) imaging of the DNA-RAD51 nucleoprotein filament 

structure (Nishinaka et al. 1998) and in vitro DNA pairing assays have shown that 

RAD51 is capable of homology searching and promotes homologous 

chromosome pairing over regions of DNA several kilobases in length (Eggler et 

al. 2002). However, it is debatable as to whether the lack of RAD51-based 
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homology searching is able to account for the 95% of synapsis that occurs 

between non-homologous chromosomes in the Zmphs1-0 mutant. Furthermore, 

with the reach of the RAD51/DMC1 homology searching nucleoprotein filaments 

limited to only a few kilobases, TaPHS1 molecules that form the diffuse tracts 

may somehow play a direct role in the homology searching process over longer 

distances of the chromatin. Additional data substantiating this hypothesis was 

uncovered by Osman and colleagues (2006) when they reported that both AtZYP1 

and ZmPHS1 possess regions of peptide sequences that resemble bacterial 

topoisomerase IV domains. The bacterial topoisomerase IV proteins are members 

of the topoisomerase type IIA family previously hypothesised to have potential 

roles in inter-homologue chromosome resolution (von Wettstein 1984). This fits 

well into the model where TaPHS1 may act as a component of the homology 

searching mechanism in wheat. 

An additional homology searching mechanism may be necessary in the 

case of hexaploid bread wheat due to its large genome size (approximately 16,000 

Mb), which contains long regions of repetitive sequence throughout. Based on 

comparisons of PHS1 function in both maize and Arabidopsis (two species with 

vastly different genome sizes and complexities), Ronceret and colleagues (2009) 

hypothesised that the target of PHS1-mediated chromosome pairing control must 

be in the gene-rich portions of both genomes. However, it is noteworthy that the 

maize phs1 mutant showed a more severe phenotype and that maize has a genome 

approximately 20-fold larger than Arabidopsis. Extrapolation of the phs1 

phenotype based on genome size may prove fatal in hexaploid wheat with a 

genome approximately 128-fold larger than Arabidopsis; even if only gene-rich 

regions are considered. 
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Based on the data presented, could it be that TaPHS1 functions differently 

from its two other known plant homologues? And is it possible that bread wheat 

has evolved a different mechanism for homology searching as it has for the 

control of homologous pairing with the Ph1 locus? 

 

Figure 6.1 – A model for TaPHS1 homology searching in bread wheat. This model is 
based on combining data from previous literature as well as the results of this study. Blue 
region indicates previous function attributed to the maize PHS1 homologue by Ronceret 
et al. (2009) that hypothesised PHS1 regulates nuclear entry of RAD50. While the direct 
transport of RAD50 by PHS1 was suggested by Ronceret et al. (2009), it was 
disfavoured. However, the immunolocalisation profile of TaPHS1 showing TaPHS1 
interacts with chromatin and the high levels of TaPHS1 signal in the nucleolus suggest 
that TaPHS1 may directly transport RAD50 into the nucleus. Furthermore, TaPHS1 may 
aid in the loading of RAD50 onto the DSB sites of the chromatin due to its DNA-binding 
ability thus resulting in the formation of the TaPHS1 foci signal. Within the nucleus, the 
MRN complex assembles at DSB sites and processes the DSBs to form single-stranded 3′ 
overhangs. This is followed by the recruitment of the RAD51 and DMC1 homology 
searching recombinases. The recruitment and direct transport of other unknown protein 
partners involved in recombination to the DSB sites by TaPHS1 may also contribute to 
foci signal formation (yellow region). Both transport processes (blue and yellow region) 
show that TaPHS1 has an indirect role in homology searching. Free TaPHS1 and possible 
TaPHS1-protein complexes (with protein partners not required at DSB sites) may also be 
marked for nucleus entry where the TaPHS1 molecules form diffuse tracts along the 
chromatin to directly perform homology searching over larger distances compared to the 
RAD51/DMC1 nucleoprotein filament complexes (dull-orange region). TaPHS1 
molecules may then be moved to the nucleolus either for degradation, export back into 
cytoplasm, or sequestration into the nucleolus until they are required again (see following 
page). 
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6.2.3 – Future directions of TaPHS1 research 

While chapter 4 reported on the characterisation of TaPHS1, more research could 

be conducted to understand the role(s) of this protein within wheat meiocytes. 

Firstly, temporal localisation of TaPHS1 in relation to other known meiotic 

proteins (e.g. RAD50) should be investigated using dual 3-dimensional immuno-

fluorescence localisation. Data generated from such experiments would provide 

valuable insight into the precise order in which these meiotic proteins are loaded 

onto the chromatin in bread wheat. Co-immunoprecipitation assays using the anti-

TaPHS1 antibody should also be conducted to determine whether TaPHS1 

interacts directly with other proteins within the cell in planta. 

Another possible approach to identify protein partners of TaPHS1 would 

be to use the pGADT7-TaPHS1 prey plasmid generated in this study to screen a 

Y2H bait library constructed with total meiotic cDNA. In tandem, the co-

immunoprecipitation assays and Y2H screen could prove complimentary and 

yield significant results, especially when paired with data from the 3-dimensional 

immuno-fluorescence experiments proposed. Furthermore, a bait vector library 

made from portions of the TaRAD50 coding sequence isolated may determine 

whether PHS1 directly interacts with RAD50 and causes its transport into the 

nucleus. Tagging of the TaPHS1 protein with GFP, coupled with live cell 

imaging, could reveal when TaPHS1 protein molecules are sequestered to the 

nucleolus and whether these molecules are then degraded or recycled to the 

cytoplasm for transport of additional proteins into the nucleus. 

Other characterisation experiments could revolve around the deletion of 

the oligopeptide repeat region within the TaPHS1 sequence to determine whether 

those repeats play a role (be it structural or otherwise) within the TaPHS1 protein. 
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Last but not least, analysis of Taphs1 knock-down/knock-out mutants will help 

further our understanding of the role(s) of TaPHS1 in bread wheat.  

 

6.2.4 – TaZYP1 

The isolation and characterisation of TaZYP1 revealed that it shared relatively 

high levels of sequence similarities with its homologues in other plant species 

while Q-PCR profiling showed that it is highly expressed during early meiosis. 

There also appeared to be a correlation between the expression profiles of 

TaZYP1 and TaASY1. Competitive DNA-binding assays showed that TaZYP1 

interacted with both ss- and dsDNA with no preference for either DNA species in 

vitro, while 3-dimensional fluorescence immuno-localisation suggests that 

TaZYP1 was first loaded onto chromatin during leptotene as foci that then 

lengthened into linear tracts during zygotene and pachytene before dissipating by 

diplotene. Analysis of the ph1b and five taasy1 knock-down mutants showed that 

TaZYP1 localisation, in general, was similar to that of the wild-type. However, a 

delay in unloading of the TaZYP1 signal was observed as evidenced during 

diplotene in both the ph1b and taasy1 meiocytes (where higher levels of TaZYP1 

signal were retained when compared to wild-type). In both wild-type and the 

Taasy1 mutants, the TaZYP1 signal appeared to be loading onto regions of 

chromatin as TaASY1 was being unloaded. This was in contrast to previous 

reports in Arabidopsis, rice and rye that showed the ZYP1 signals within these 

species appearing while ASY1 signal was still present on the chromatin (Higgins 

et al. 2005, Mikhailova et al. 2006, Wang et al. 2010). While this anomaly can be 

explained by technical differences (e.g. the degree of anther fixation), and/or 

personal interpretation of the stage of a given meiocyte; it may also represent a 
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true result that reflects a different mechanism for SC formation that has evolved in 

bread wheat. Furthermore, although ZYP1 and its homologues in other organisms 

are thought to have a conserved function, immuno-fluorescence localisation 

experiments in Arabidopsis (Higgins et al. 2005), rice (Wang et al. 2010), and rye 

(Mikhailova et al. 2006) have revealed that the ZYP1 protein is loaded differently 

onto the chromatin of these species during leptotene. 

 The differences in the loading pattern of TaZYP1 compared to its other 

homologues with regards to ASY1 raises questions as to the precise temporal 

loading of TaZYP1 in wheat. In addition, the presence of TaZYP1 foci during 

leptotene may suggest that TaZYP1 is recruited to recombination sites. In light of 

the different systems regulating SC formation in various species previously 

studied, these data highlight the need for further work to be conducted to 

determine whether SC formation in wheat is regulated by recombination 

initiation. 

 

6.2.5 – Future directions of TaZYP1 research 

Future research involving TaZYP1 should involve dual-immunofluorescence 

localisation of TaZYP1 in conjunction with an anti-RAD51 or anti-DMC1 

antibody to determine if and when the TaZYP1 foci seen during early leptotene 

localise to recombination sites. Data obtained from such experiments may 

determine the order in which these proteins are loaded onto chromatin. However, 

antibodies would first need to be raised against the wheat RAD51 and/or DMC1 

proteins. This is because the widely used anti-HsRAD51 antibody previously 

reported to bind the RAD51 homologues of many plant species (Franklin et al. 

1999, Li et al. 2007, Terasawa et al. 1995) does not work in 3D-
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immunofluorescence localisation assays using wheat meiocytes (Khoo, 

unpublished data) although the antibody was able to detect the wheat RAD51 

protein in western blots (Khoo et al. 2008). Furthermore, the widely-used anti-

AtDMC1 antibody does not bind to the wheat DMC1 homologue either. This is 

more than likely a consequence of the antibody having been raised against the 

first 18 amino acids of AtDMC1, of which only seven residues are identical in the 

equivalent TaDMC1 sequence (Jolly 2010). Ideally, to answer the question of 

whether SC formation and TaZYP1 loading onto chromatin is mediated by 

recombination initiation, the anti-TaZYP1 antibody should also be used in 

fluorescence immuno-localisation experiments using meiocytes from wheat spo11 

as well as dmc1 knock-out mutants. 

Other future experiments using the anti-TaZYP1 antibody developed 

could involve co-immunoprecipitation assays to identify protein partners of 

TaZYP1. This would lead not only to a better understanding of TaZYP1 but may 

also allow the identification of novel uncharacterised proteins that have an 

important role in the formation of the SC in bread wheat. 

 

6.3 – The bigger picture 

While the isolation and characterisation of genes involved in bread wheat meiosis 

may appear to be purely fundamental, such studies contribute to the ever-growing 

body of knowledge which increases our understanding of this highly complex cell 

division process. For bread wheat researchers, a desire to understand meiosis is 

further driven by the promise that tools (i.e. bridging lines, new mutants in 

addition to ph1b) will one day lead to increasing the genetic variation within 

current breeding lines much more easily than what is currently possible. In order 
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to do so, inter-specific chromosomes must be able to interact with one another 

thereby allowing genetic recombination to occur thus leading to the acquisition of 

new genes (or the retrieval of genes previously lost through breeding practices) 

that may prove beneficial for current and future wheat breeding programs. The 

ability to control such introgression ‘events’ into current breeding lines would 

eventually enable superior wheat varieties to be generated so that increasing food 

demands can be met in an ever-changing agricultural environment caused by 

climate change and an increasing human population. 
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Appendix A 

Synthesis of 2% aceto-carmine 

 A solution of 55% acetic acid made using autoclaved nanopure water and glacial 

acetic acid (Chem-Supply, Gillman, South Australia, Australia) was heated using 

a Bunsen burner until boiling. Carmine natural red 4 powder (Sigma-Aldrich, St 

Louis, Montana, USA) (2% w/v) was added with the solution boiled for a few 

moments longer and then cooled. The stain solution was then filtered using moist 

Grade 2 Whatman Qualitative circle paper (Whatman International Ltd., 

Maidstone, England). 
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Appendix B1 

Output files for KK01 protein spot sequencing 
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Output files for KK02 protein spot sequencing 
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Output files for KK03 protein spot sequencing 
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Output files for KK04 protein spot sequencing 
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Output files for KK05 protein spot sequencing 
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Output files for KK06 protein spot sequencing 
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Appendix B2 

Figure 1 – KK01 candidate full-length ORF sequence 

 
ATGGCTGCGTCCCCTACCAGCTCGCGCTCCGTGACGGAGACGGTGAACGGCTCCCACCGCTTCGTG
ATCCAGGGCTACTCCCTCGCCAAGGGGATGGGCGTCGGGAAGCACATCGCGAGCGAGACCTTCACC
GTCGGGGGATACCAGTGGGCTATCTACTTCTACCCAGACGGGAAGAACCCCGAGGACAACTCGGCC
TACGTTTCCGTCTTCATCGCGCTCGCTTCCGAGGGCACTGACGTCCGCGCTCTCTTTGAGCTCACA
CTGCAGGACCAGAGCGGCAAGGGCAAGCACAAGGTCCACTCCCACTTCGATCGCTCGCTCGAGTCT
GGCCCCTACACCCTCAAGTACCGAGGCTCTATGTGGGGTTACAAACGGTTCTTTCGGCGAACTGCC
CTTGAGACATCGGACTTTCTTAAAGATGATTGTTTGAGGATAAACTGCACTGTGGGTGTTGTGGTT
TCAACTATTGATTACTCCAGACCACACTCCATTCAGGTTCCAGACTCTGATATTGGCTACCACTTC
GGTTCTCTTTTGGACAGTAATGAAGGGGTTGATGTTATTCTTAATGTGAGTGGAGAGAGGTTTCAT
GCCCATAAGTTGGTGTTGGCTGCACGGTCTACTGTATTTAGATCCAAACTTTTTGACGATGAATCA
GAAGGAGACAAGAACGAGGTTAATGAGAGTGAGGATCTGAAGGAGATTGTTCTTGATGATCTAGAG
CCCAAGGTTTTCAAGGCAATGCTTCATTTCATCTACAGAGATACCCTCGTTGATGATTATGAGTTG
GATGCATCAAGCTCCATGGGCTCTATTTTTGATACTTTGGCGGCAAAGTTGTTGGCCGCAGCAGAC
AAGTATGACTTAGGAAGGTTAAGATTGCTATGTGAATCTTACTTGTGCAAAGGCATTTCTGTGGCC
TCGGTTGCAAATACTCTTGCAACTGGGGAGAGTCACCACGCCATGGAGCTTAAAGCCGTTTGCCTA
AAATTTGCTGCAGAAAATCTTTCAGCTGTGATCCGGACTGACGGGTTCGATTACCTCAAGGATAAT
TGCCCATCACTTCAGTCGGAGATACTGAGAACTGTTGCTGGGTGTGAGGAGCCGTGCAGTAGTGGC
GGGAAAAGCCAGAGTGTATGGGGACAGCTCTCGGACGGTGGCGACACTAGTGGCCGTAGGGTGAGG
CCAAGAATCTGA 
 

 

Figure 2 – KK03 candidate full-length ORF sequence 
 
ATGGGCGACTCTGGCGGCTCCGTCGTGTCTATTGACGTCGAGCGCATCTCCTTCGGCGGGAAGGAA
CATCATATACAAACAAAACATGGACCTGTATCTGTTGCTGTGTATGGTGACCATGATAAGCATGCC
CTTATTACTTATCCAGATGTTGCTTTGAACCATATGTCTTGCTTCCAAGGACTACTATTCTGCCCG
GAGGCTGCCTCACTGCTGCTCCATAATTTTTGCATTTACCATATAAGCCCCCCTGGACATGAGTTA
GGAGCCACTCCGATTTTACCAAACAGTCCTGTGGCATCAGTTGATGAGTTAGCGGATCAGGTTGCA
GAAGTACTTGATTTCTTTGGATTGAGTTCTGTTATGTGCTTAGGTGTCAGTGCTGGTGCATACATT
CTTACTCTCTTCGCAACAAAGTATAGGGAGCGTGTGCTAGGTCTTATCCTCGTTTCACCTCTATGT
AGAACTCCCTCATGGACTGAGTGGTTTTATAACAAGGTGATGTCGAATTTGTTGTATTATTACGGG
ATGTGTGACGTTGTGAAGGACTGTTTGTTGCAGCGTTACTTTGGCAAGAGAGTGCGAGGAGGCTCT
GCTGTACCAGAATCTGATATTATGCAGGCGTGTAGAAGTTTCCTAGATCAACGGCAAAGCATGAAT
ATATGGCGGTTTATCCACACAATCAATGAGAGACATGACTTGACAGAAAGCCTGAAGCAGCTGCAG
TGCAGAACTCTGATATTTGTCGGTGAGAACTCGCAGTTCCACACTGAAGCTGTTCACATGACTGCA
AAGCTTGATAAGAGATACAGTGCTCTTGTTGAGGTGCAAGCGTGTGGGTCCGTCGTGACGGAGGAG
CAGCCGCACGCGATGCTGATACCAATGGAGTACTTCCTCATGGGATACGGCCTGTTCAGGCCGAGC
CATGTAAGCTCCAGCCCTCGCAGCCCTTTGAACCCGTTCTGCATATCGCCGGAGCTCCTCTCGCCC
GAGAGCATGGGTGTGAAGCTGAAGCCAATCAAGACGCGAGCCAATCTCAGGGTTTAG 
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Figure 3 – KK04 candidate partial coding sequence (including 3′ untranslated 
region) 
 
TATGGGGAGCATGCGGAGCACCTTGTTTCCTAACTTTGGCAGCATGTTTAGCGTGGCGGAACAGCA
GCAGGCTAAAGCTGACTGGGATGCTGAGAGTCATAGGGATGATGAAGATTATGCATCGGATCATGG
TGCTGATGACATTGAGGATAGCCTCAATAGCCCGCTTATTTCTCGTCAAGCGACAAGCGTGGAGGG
TAAGGAGATTGCTGCACCTCATGGAAGTATAATGGGTGGTGTGGGAAGAAGTAGCAGCATGCAGGG
AGGGGAGGCAGTAAGCAGCATGGGCATTGGTGGGGGGTGGCAGTTAGCTTGGAAGTGGACTGAGAG
AGAAGGTGCAGATGGGCAAAAGGAAGGCGGCTTCCAGCGTATTTACTTGCATGAGGAGGGCGTGTC
AGGTGATCGGAGGGGCTCTATATTGTCTATGCCAGGAGGTGATATTCCTCCTGGTGGTGAGTATAT
CCAGGCAGCCGCTCTAGTGAGCCAACCTGCTCTTTATTCGAAGGACCTGATAGAGCAGCAGCTTGC
TGGTCCTGCCATGGTACATCCATCTGAGGCAGTTGCCAAGGGTACAAAATGGGCAGAACTATTTGA
ACCTGGAGTGAAGCATGCACTGTTCGTTGGCATAGGATTACAGATCCTGCAGCAGTTTGCGGGTAT
CAATGGAGTCCTCTACTACACACCTCAGATACTTGAGCAAGCAGGTGTCGGGGTTCTTCTATCAAA
CATTGGACTAAGCTCTTCCTCTGCATCTATTCTTATTAGTGCCTTGACAACCTTGCTGATGCTTCC
CAGCATTGGCATCGCCATGAGACTCATGGATAGGTCAGGAAGAAGGTTTCTTCTCCTTTCGACAAT
CCCTGTCTTGATAGTAGCGCTAGCTGTCTTGGTTTTGGTGAATGTTCTGGATGTCGGAACCATGGT
GCACGCTGCGCTCTCAACGATCAGCGTCATCGTCTATTTCTGCTTCTTCGTCATGGGGTTTGGGCC
TATCCCAAATATTCTCTGCGCGGAGATTTTCCCCACCTCTGTCCGTGGCATCTGCATAGCCATCTG
CGCGCTAACCTTCTGGATCGGCGACATCATCGTGACATACACTCTCCCCGTGATGCTCAACGCCAT
CGGTCTCGCTGGAGTCTTCGGCATATATGCCATCGTTTGCATACTAGCCTTTGTATTCGTCTACAT
GAAGGTCCCTGAGACAAAGGGCATGCCCCTGGAGGTCATCACCGAGTTCTTCTCTGTCGGGGCAAA
GCAGGGCAAGGAAGCCACGGACTAGTTGCTCTGATCCGGTGATCCGCGTCGCTGGTGGTAATTTTG
TGGTGTCATAACTACTACTACACTGGTTAACCTGCGATGCTTTGGTGAAGAAACTTCAAAGAGAGC
AGATACGGAAGACTTTACATCGTGAGGCTGAATTGTGTTGTCGTAGGCCGGCTTTTGGAAGTAGGA
TATGTACTTAGATCATCTGTTCTTTTCGCTTTGGAACTTTCTATTTGTGTTATTCAGAATTTCTTG
CCCATGTAACTAGTGCTGTTATCACAATTTATGTCGATTATGTGTTTGCCTTAAAAAAAAAAAAAA
AAAAAAAAAAAAAA 
 

Figure 4 – KK06 candidate full-length ORF sequence 
 
ATGGCCATCGGATCTCTCCTCGCCTCGCGGCTGGCCAGGTCCGGCCACGCCCTCGCCACGCGCGCC
ATCGCTCAGGCTCCCCGGACCCACAATCATCATCACGCGACGTCTCCCCTGCTCTCCAGGCTCGGA
GCCGTGGCCCGCGCTTTCAGCTCAAGGCCCGCCGCCGCCGATGTCATCGGGATCGATTTGGGCACG
ACGAACTCATGTGTCTCCGTCATGGAAGGAAAGACACCACGGGTGATTGAGAATGCTGAAGGTGCG
AGGACAACGCCCTCCATTGTTGCCACAAACAGCAAAGGCGAGATCTTGATTGGCATCACTGCCAGT
CGACAGGCAGTGACAAATGCCGAGAACACAGTTCGTGGGTCCAAGCGCCTGATTGGTAGAGCTTTT
GATGACCCACAGACTCAGAAGGAAATGAAGATGGTGCCTTACAAGATTGTCAGGGGAACAAATGGT
GATGCCTGGGTGGAGATGGCTGGGAAGTCATACTCCCCGAGTCAGATTGGTGCGTTTGTTCTTACC
AAGATGAAGGAAACTGCAGAGGCTTACCTTGGCAAGTCGGTCTCCAAGGCTGTTATTACAGTCCCA
GCTTATTTCAATGATGCTCAGCGTCAGGCCACCAAGGATGCTGGTAGGATTGCTGGGTTGGACGTG
ATGAGGATTATCAATGAGCCCACTGCTGCAGCTCTGTCGTATGGAATGAACAACAAGGAGGGCCTG
ATTGCTGTATTTGACTTGGGTGGTGGCACATTTGATGTATCAATCCTTGAGATTTCTAATGGCGTT
TTTGAGGTCAAGGCGACCAATGGAGATACTTTCCTTGGTGGTGAGGACTTTGATGCTACATTGCTC
AACTACCTGGTTAGTGAATATAAGAACTCTGACAACATTGATCTGAGCAAGGACAAGTTGGCCCTG
CAAAGGCTCAGGGAAGCTGCTGAGAAGGCGAAGGTTGAGCTTTCCTCGACTCCACAGACTGAAATT
AATCTCCCATTCATCACAGCAGATGCCTCTGGTGCGAAGCATTTCAACATTACCTTGACCAGATCA
AAGTTTGAGTCTCTTGTGGGCAATCTCATTGAGAGAACTCGCATCCCATGCACAAACTGCCCCAAG
GATGCTGGTGTTTCTGCAAAGGAGATTGATGAGGTTCTACTGGTTGGTGGTATGACAAGGGTGCCA
AAGGTCCAGGATATTGTTTCTCAGATATTCGGCAAGTCTCCAAGCAAGGGTGTCAATCCTGATGAG
GCTGTTGCCATGGGGGCTGCCATTCAGGGTGGCATCTTGAGGGGTGATGTGAAGGAGCTCTTGTTG
CTGGATGTAACACCCCTTTCCCTTGGTATTGAGACTCTTGGAGGCATCTTCACAAGGCTAATCAAC
AGGAACACCACAATTCCAACCAAGAAGAGCCAGACCTTCTCCACTGCTGCAGATAACCAGACGCAG
GTTGGAATCAAGGTGCTTCAGGGTGAGAGGGAGATGGCCACAGATAACAAGCTTCTTGGTGAATTC
CAGCTTGAAGGTATTCCACCAGCCCCGAGGGGTATGCCACAGATCGAGGTCACTTTTGACATTGAT
GCCAATGGTATTGTCAAGGTGTCAGCAAAGGACAAGTCCACTGGCAAAGAGCAGGATATCACCATC
AAATCTTCAGGTGGTTTGTCTGACAGTGACATTGAGAAGATGGTGAAGGAGGCGGAGCTAAATTCT
CAGAGGGATCAGGAAAGGAAGTCGTTGATTGACCTCAGGAACTCTGCAGATACCACCATCTACAGC
ATCGAGAAGAGCGTCAGCGAGTACAAAGACAAGGTCCCTGCTGAAGTCGTCACGGAAATCCAGTCT
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GCTGTCTCTGATCTGAGAGCAGCAATGGCTGGTGATGATTCGGACGCCATCAAGCAGAAGCTGGAG
GCGGCGAACAAGGCAGTCTCAAAGATTGGACAGCACATGCAGGGTGGTGGCGGCGCTGCCGGCGGC
GACAGCGGCAGCAGTGGTGGTGGCGACCAGACTCCGGAAGCTGAATACCAGGACCCCAAGGAGGCC
AAGATGTAG 



 342 

Appendix B3 

Figure 1 – Genotype southern blot for KK06 candidate. Genotype Southern blots using 

BamHI and DraI digested genomic DNA from Chinese Spring and the ph1b mutant 

revealed that the KK06 gene candidate is located outside of the ph1b deletion. This result 

was based on equivalent banding patterns (denoted by red boxes) seen in both the 

Chinese Spring and ph1b lanes. 
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Appendix C1 

Author declaration permitting the use of the publication, Khoo et al. (2011) Poor 

Homologous Synapsis 1 (PHS1) interacts with chromatin but does not co-localise 

with ASYnapsis 1 (ASY1) during early meiosis in bread wheat. BMC Plant 

Biology (submitted), in this thesis. 
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Appendix C2 

Table 1 – List of primers used for isolation and characterisation of TaPHS1 in Khoo 

et al. (2011) (Additional File 1). 

 

Primer name Primer sequence (5´ �� 3´) Tm 
(°C) 

TaPHS1 gene isolation primers 
TaPHS1_F1 CATTTTCGGCGTCATCGTCGTCG 65 TaPHS1_R1 CTACAGTGACAAGTCGCCACCCAGTTCA 
TaPHS1 gene expression primers (to amplify ORF for protein production) 
TaPHS1_F2 ATGGCGGGCGCCGGC 62 TaPHS1_R1 CTACAGTGACAAGTCGCCACCCAGTTCA 
TaPHS1 peptide primers (to amplify conserved regions for protein production)  
TaPHS1_Reg1_F1 CGGCGGAGGCAGAGGTGG 65 TaPHS1_Reg1_R1 GAAGGAGTGGGTGGGGCGAGA 
TaPHS1_Reg2_F1 GTCTACGAGGAGCACTATGTATCTATCCTCAACTT 66 TaPHS1_Reg2_R1 AGGGAAACGTACAGCAAACTTCTGGAT 
TaPHS1_Reg3_F1 AAGGAACTCTCAAGCAACACCAT 59 TaPHS1_Reg3_R1 CGCTTCATCTGGCCTGTATTG 
TaPHS1_Reg4_F1 GGCGGGGACGACTCTTTTCAT 62 TaPHS1_Reg4_R1 Primer used was TaPHS1_R1 
Plasmid vector sequencing primers 
T7 (pGEM®-T Easy) TAATACGACTCACTATAGGG 50 SP6 (pGEM®-T Easy) ATTTAGGTGACACTATAG 
GW1 (pCR®8/GW/TOPO®) GTTGCAACAAATTGATGAGCAATGC 50 GW2 (pCR®8/GW/TOPO®) GTTGCAACAAATTGATGAGCAATTA 
Quantitative real-time PCR (Q-PCR) primers  
TaPHS1_QF1 CACTCGGATTGATGCTGCTG 55 TaPHS1_QR1 TGACAAGTCGCCACCCAGTT 
Southern blot probe primers  
TaPHS1_SF1 TGAACTGAATTGTGTCGGATGAA 54 
TaPHS1_SR1 AAAGCTCACGAACACCACCCT 

 

 

Figure 1 – TaPHS1 full-length ORF sequence (GenBank accession: GQ851928) 
 
ATGGCGGGCGCCGGCGGCAGGAGCAGGGAGCGGCTCACGTCGCGCGCGGAGGAGGCCGCGGGGGGCAAGC 
GGCGGAGGCAGAGGTGGGAGGTGGAGTTCGCGCGCTACTTCGCGAAGCCGCGGCGCGCCCCCTCGACGCC 
GCCGCCCCCCGGCCTCCGCTACATATCCCGCGGCAAGCAACTCCACCAGGGCACCTGGCTCCTGGCAGCC 
TCCCCCGCCGCCCTCTGCATCTCTCGCCCCACCCACTCCTTCGCCGCCCGCGTCCTCACCGTCTCCATCG 
GCGACGTCGTCTACGAGGAGCACTATGTATCTATCCTCAACTTCTCATGGCCACAGGTTGCATGCGTGAC 
AGAGTGCCCAGTTAGAGGGAGCAGGGTGGTGTTCGTGAGCTTTTGTGATAGGTCCAAACAGATCCAGAAG 
TTTGCTGTACGTTTCCCTCGCCTCAGTGATGCAGAATCATTCTTGAATAGTGTGATTGTGAAGGAACTCT 
CAAGCAACACCATGGATATCATGCCATCTGGAAGCGACTATATGTGTGAGCTTGAAGATTCATCATCATC 
TGAATATATTCCTTCTAATGGACTTCAATACAGGCCAGATGAAGCGGTAAGCTTTGAGGAGCCAACTTCT 
GATCACAGGACAGACGCACCTGCTGTTGGCTACCACATGGAACCAGATCAGCCTGTTCTTCAATCTCCCA 
TTGCTACAAATATCAATAGCATCTACTCTGGTTTTCCCGAGGGTTACTCTGGCTTCCCTGAGGGCTACTC 
TGGTTTCCCTGAGGGTTACTCTGGTTCAGTTAAAATTGAGAGAGATGGAGGACCCTTTCCAGCAACTATA 
ACTGATCATGCTCCTGAAAAGGCCTACATACTGGACACTCGGATTGATGCTGCTGGTGGAAATTCGGTTG 
CTGATAAAGGAAAGGGTGCTGGTAAAGAGATTGATGTTAGTGACGTAACACGTGATATTTTGGCAGGGAT 
AGAGACATATGGCGGGGACGACTCTTTTCATGATATGCTGTCCAAGCTCGACAAAGCCATTGATGAACTG 
GGTGGCGACTTGTCACTGTAG 
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Figure 2 – TaRAD50 full-length ORF sequence 

 
ATGAGCACGGTGGACAAGATGCTGATCAAGGGGATCCGGAGCTTCGACCCGGAGAACAAGAACGTCATCACCT
TCTTCAAGCCCCTCACCCTCATCGTCGGCTCCAACGGAGCCGGCAAAACCACCATCATCGAGTGCCTGAAGCT
GTCCTGCACCGGCGAGTTGCCCCCCAACTCCCGCTCCGGCCACACCTTCGTCCATGACCCCAAGGTAGCAGGT
GAGACTGAAACGAAAGGGCAGATTAAGCTGCGGTTTAAGACAGCAGCAAGAAAGGATGTGGTGTGCATCCGCT
CTTTCCTGCTTACCCAGAAGGCATCAAAGATGGAGTTTAAGGCAATCGAGAGCGTCCTCCAGACTATAAATCC
ACACACGGGCGAGAAGGTTCGTCTCAGCTACAGATGCGCTGATATGGATAGGGAGATTCCAGCCCTAATGGGT
GTTTCGAAGGCTATATTGGAGAATGTTATATTTGTGCACCAAGACGAATCCAATTGGCCATTACAGGACCCTT
CAACACTTAAGAAAAAGTTTGACGACATCTTTTCTGCTACCCGCTATACCAAAGCTCTCGAAGTCATAAAGAA
ACTTCACAAGGACCAAGCACAAGAAATCAAGACTTTTAGGTTAAAGTTGGAGAACCTTCAGACTCTTAAAGAT
CAAGCATACAGGCTTCGTGACAGTATTGCACAAGATCAAGAGAAGTCAGACGCCTTAAAAACTCAAATGGAGG
ACCTGAAAACAAACATCCAAGCTGTGGAAAACAAAATCCTTCGTACCGAAACAAGTATGGTGGACTTGAGGAA
ACTTCAGGGGCAAATTAGCACCAAAGCAACTGCTAGAAGTACATATTTTACACTTCAGCAGCAACAGTATGCC
GCTCTTTCTGAGGAAAATGAAGATACTGATGAGGAGCTGAAGGAGTGGCAAACAAAATTTGAAGAAAAAATTG
CATTACTGGAAACGAAAATCGCTAAACTTGAAAGAGAGATGAATGATGAATATGCAAAAAGCTCTCTGCTATC
TGAGACCATCAATGATTCAACACGCGAAATAGGAAAGCTCCAGGCAAAAGCTGACGCTCACATGTCCGTGAAG
CATGAAAGAGATTCACCCATCAAAACGATATTCAATAAACATAATCTTGGGCCAGTTCCTGATGCTCCTTTTA
CCAATGATATTGCCATGAACCTTACAAACAGAACTAAAGCAAGACTATCGAATCTCGAGGACGATTTGCAGGA
AAAGAAAAAAACTAACGAGACACAGTTAGAATTTCTTTGGGGACGTTATCTTAAAGTAAATGCTCGCTACTCT
GAAGTTGATGGCCAGATACAGTCTAAGAAGGAATCTAAGATAGGTGTTTTAAGGCGCATAAAGGATAAAGAGA
ATGAGCGAGATGCTGCAAAGACGGAGCTTTCAAGGCATAATCTGGCCCGTATTGATGAAAGAGAGCGGCATCT
GCAAATTGAAGTTGAGAGGAAGACAATTGCGCTGGGAGAAAGAGACTATGATTTGATTATAAGTCAGAAGCGC
TCAGAGATATATACCTTGGATCACAAGATAAAAGCACTTCACCGAGAGAAAGATAACATAGCAACTGATGCTG
ATGACAGAGTAAAATTAGAACTCAAGAAGGATGAGTTGGAGAAGTGCAAGAAGAAACTTAAAAAGATATATGA
TGAACATAAGGATAAATTTAGAAGTGTCCTTAAGGGAAGGCTTCCTCATGAGAAGGATGTCAAGAAGGAGATT
ACTCAAGCTTTCGGGTCTGTAGACTCAGAATACAATGATTTGAACTCAAAATCTCAGGAAGCGGAACAACAGT
TGAAATTGGCACAAATGAAAATTGATGCTGCTAAAAGCCACTTATCAAAGCTCCAAAAAGTTTTGGATGCAAA
AAGAAAGCATCTGAACTCGAAACTTCAATCCATTTTTAAGGTATCTGTTGACATCAACGCTTACCCCAAGATT
TTGAAAGATGCCATGGACGAGAGAGATAAACAGACAAATAATTTCAGTTATGCTAAGGGAATGCGCCAAATGT
ATGAACCTTTTGAAACAGTGGCCCGCCAGCATCACAAGTGTCCTTGCTGTGATCGTGCTTTCACACCTGATGA
AGAGGACCTCTTTGTAAAGAAGCAAAGGACAACAGGTACAAGTACCGCAAAGCGCTTGAAAGTGCTGGCAGAG
AACTTATCAGTTGCTGAAGACTTATTCAATCAATTGGATAATCTCCGTGTGATTTATGATGAATATGTGAAAC
TGGAGAAAGAGACTATACCTTTAGCAGAGAAGGATTTGGAACAACTTTCGGCAGATAAAAGTGAGAAGGAACA
GATATCTGATGATCTTGTGAGTGTTCTTGCTCAAGTTAAAATGGACAGGGATGGAGTGGAAATCTTGTTACGT
CCAGTTGATACTATTGACAGGCATGTGCAAGAAATACAGGAGTTAGAACCACAAGTCAAAGATCTTGAATATA
AGCTTGATTCTCGTGGCCAAGGTGTTAAATCTGTCGACAAAATTCAGTTGGAGCTGATCTCTGTGCAGAGGGC
AAGGGACACATTGACTGGTGAAGTAGACGATCTCAGGGATCGGCAAAAAATGCTTAGCGAGGATCTATCAAAT
GCTCAGATGCGGTGGCATGCTCTTAGGGAAGAAAAACTAAGAGCTTCAAGTGTATTGCTGAAGTTCAAAAAGG
CTGGAGAAGATTTGGTACATTTTGCCGAGGAAAAGGAGCAACTGATCCTAGATCAGAAGCATTTAGAAGAAGC
TCTTGTTCCATTGTCAAAAGAGAGAGAAAGCTTGTTGCAAGAATATAAAGCTTTGAAGGAAAGGTTTGATCAG
GAGTATGATCAGCTGGCAGAAAGAAAAAGGGGATTCCAGCAAGAAATCGATGTACTTGGAACCCTTAACACAC
GCATCAAAGGGTACCTGGATTCAAACAAAGTAGAGAAGCTTAATGAGTTGCAGGAAAGGCATACCCTATCCCT
GTCTCAGTTACAGAAATGTGAGGCAAGAAAGCAAGACATCTCGGTTGAGCTTGACAAGAGCAAACGGCTATTA
CGGAGCCAAGATCAATTGAAAAGAAACATTGATGACAATCTGAACTACAGGAAAACAAAGGCTGAAGTGGATC
GACTTACTCATGATATCGAGTTACTTGAAGATAATGTGCTTTCCATCGGCAGCATGTCTACTATAGAAGCTGA
TCTTAAGCGGCATGCTCAAGAAAAGGAGAGGCTTCTTTCAGAGTATAATAGGTGTCAAGGAACAATTTCTGTT
TACCAAAGTAATATTTCAAAGCACAAACTTGAACTTAAACAGACACAATACAAGGATATTGAGAAGAGATATT
TTAACCAACTTCTTCAACTAAAGACAACTGAGATGGCAAACAAGGACTTGGACCGATACTATGCTGCTTTGGA
CAAGGCTCTTATGCGGTTCCATACCATGAAAATGGAGGAGATAAATAAAATAATTAAGGAATTGTGGCAGCAG
ACATACAGAGGCCAAGATATTGATTGCATAAGCATCAATTCTGATTCTGAGGGTGCAGGCACTCGATCATATA
GCTACCGTGTTGTCATGCAAAATGGTGGTGCTGAGCTGGAAATGCGAGGGCGATGCAGTGCTGGTCAGAAGGT
GCTTGCTTCTCTTATAATCAGACTCGCACTGGCAGAGACATTCTGTCTGAATTGTGGCATATTAGCTCTGGAT
GAGCCAACCACCAATCTTGATGGACCGAATGCTGAGAGCCTAGCTGCTGCCCTATTGAGAATAATGGAGAGTA
GGAAAGGCCAGGAGAACTTCCAGCTGATTATAATCACCCACGATGAGCGGTTTGCTCAGCTTATTGGTCAGAG
GCAACTTGCCGAGAAGTATTACCGAATCTCCAAGGATGAGCAGCAACACAGCAAAATAGAAGCCCAAGAGATA
TTTGACTAG 
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Figure 3 – Summary report of TaPHS1 mass-peptide identification 
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Appendix D1 

Figure 1 – Summary report of TaZYP1 mass-peptide identification 
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Figure 2 – Dual 3-dimensional immuno-fluorescence localisation of TaASY1 and 

TaZYP1 in Taasy1-1.9.2 pachytene cells. Three representative replicates of Taasy1-

1.9.2 mutant pachytene meiocytes showing reduced levels of TaZYP1 signal compared to 

wild-type. Left most panel shows diffuse TaZYP1 signal with foci formation on the 

chromatin while centre and right panels show undetectable levels of TaZYP1. 

 

 

 

 

Figure 3 – Dual 3-dimensional immuno-fluorescence localisation of TaASY1 and 
TaZYP1 in Taasy1-2.2.3 pachytene cells. Three representative replicates of Taasy1-
2.2.3 mutant zygotene-pachytene transition meiocytes showing no significant increase in 
TaASY1 and TaZYP1 protein signals compared to wild-type. 
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Appendix E 

Copyright permission for Figure 1.1 

 

Dear Kelvin,  

   

RE: Permission to reuse one figure from McLeish and Snoad, Looking at 

chromosomes, 1958 in a University of Adelaide thesis 

It is our policy to grant permission free of charge to students who are looking to 

quote excerpts from our titles for strictly academic purposes. This is subject to 

the following conditions: 

·         Your work must be of a entirely academic nature; no commercial 

publication of the work at hand is allowed; 

·         You must acknowledge our edition directly below the reproduced 

material as follows : «author/editor, title, year of publication, 

publisher (as it appears on our copyright page) reproduced with 

permission of Palgrave Macmillan.  This material may not be copied 

or reproduced without permission from Palgrave Macmillan» 

Your thesis may be reproduced through academic aggregators but should it 

become eligible for commercial publication at a later stage, you will need to re-

apply for our permission. 

Best wishes 

Lauren Russell 
 
Rights Co-ordinator 
Palgrave Macmillan 
Houndmills 
Basingstoke  
Hampshire 
RG21 6XS 
+44 (0)1256 329242 Ext. 3518 
fax +44(0)1256 353774 
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