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ABSTRACT 

Distylous species of Turnera are strongly self-incompatible, therefore they provide an excellent system for investigations of the proteins involved 
in distyly. Distyly is a genetic polymorphism in which there are two self-incompatible but cross-compatible morphs. The long- versus short-styled 
morphs have a reciprocal arrangement of reproductive organs. Little is known of the molecular basis of distyly in any species. Previous 
molecular investigations of Turnera species identified two proteins that are specific to the transmitting tissue of short styles: a polygalacturonase 
and an α-dioxygenase. Here we continue to search for proteins that might be involved in distyly, since we have not yet identified the genes that 
occur at the S-locus and no reliable candidate proteins from pollen have been identified to date. Comparative investigations were undertaken to 
detect and identify morph-specific proteins from styles and pollen using a proteomics approach. Using 2-D PAGE, and mass spectrometry, two 
new proteins were identified that are specific to short styles: a putative cysteine protease and a putative β-expansin. Neither the cysteine 
protease nor the β-expansin was detected in mutants or in self-compatible homostylous species of Turnera. They are absent in short styles 
sampled one day prior to anthesis. We speculate upon the function of these two proteins in the self-incompatibility system of short-styled plants. 
We also discovered a number of proteins unique to anthers of the long- or short-styled morph. We have not yet identified these proteins, but this 
remains an important aspect of our future work. 

1. INTRODUCTION 

Considerable progress has been made over the past decade in elucidating molecular genetic mechanisms of self-incompatibility (SI) for plant 
species that possess either gametophytic (Foote et al. 1994, Franklin et al. 1995, McCubbin and Kao 2000, Igic and Kohn 2001, Cruz-Garcia et 
al. 2003, Wheeler et al. 2003) or sporophytic SI systems (Nasrallah et al. 1985, Schopfer et al. 1999). For a third category of SI, the 
heteromorphic SI systems (including both distyly and tristyly), little progress has been made to date. Here we first review our earlier work and 
then present the use of a proteomics approach in an effort to discover candidate proteins involved in distyly in species of the genus Turnera 
(Turneraceae). 

Distyly is a genetic polymorphism in which plant populations are comprised of two approximately equally frequent morphs; one long- and the 
other short-styled. Stigmas and anthers are reciprocally positioned in flowers of the morphs such that short-styled plants have anthers positioned 
above the stigmas, while long-styled plants have anthers positioned below the stigmas. This reciprocal arrangement is commonly associated 
with a diallelic SI system (de Nettancourt 1977, Barrett 1992). There is often a suite of other morphological dimorphisms (e.g. pollen size, pollen 
production, sculpture of pollen walls, and stigmatic papillae size) that accompanies the style and stamen length dimorphism (Dulberger 1992). 
The inheritance of distyly is commonly determined by a single diallelic locus (the S-locus), where short-styled plants are Ss and long-styled 
plants are recessive homozygotes, ss (Shore and Barrett 1985, Lewis and Jones 1992). 

While distyly has been a model system in genetic and evolutionary studies (Barrett 1992), the mechanism(s) responsible for the 
dimorphisms and the SI system is largely unknown. Work has been initiated to explore the mechanism(s) of dimorphic SI in a number of taxa 
(e.g. Averrhoa, Fagopyrum, Primula, and Turnera) using varied approaches including comparisons of protein profiles and genetic localization 
(Golynskaya et al. 1976, Shivanna et al. 1981, Stevens and Murray 1982, Wong et al. 1994, Athanasiou and Shore 1997, Aii et al. 1998, Nagano 
et al. 2001a 2001b, Athanasiou et al. 2003, Khosravi et al. 2004, Miljuš-Đukić et al. 2004, Manfield et al. 2005). We have concentrated our work 
on distylous species of Turnera. We used non-denaturing IEF-PAGE, 1-D SDS-PAGE, and most recently, 2-D PAGE (in this chapter) to identify 
candidate proteins (Athanasiou and Shore 1997, Athanasiou et al. 2003, Khosravi et al. 2003 2004, Tamari and Shore 2004 2006). 
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Comparisons of total protein profiles using non-denaturing IEF gels, revealed a protein specific to short styles in Turnera subulata 
(Athanasiou and Shore 1997). This protein was later identified as a putative polygalacturonase based upon sequence analyses (Athanasiou et al. 
2003). Immunolocalization analysis demonstrated that the style polygalacturonase first appears two days before anthesis and is restricted to the 
transmitting tissue (the tissue supporting pollen tube growth) of short styles and stigmas, for a number of species of Turnera in the taxonomic 
series Turnera (Khosravi et al. 2003). A family of more than 20 polygalacturonases occurs in flowering plants and these fall into five sub-families 
or clades (Markovič and Janeček 2001). Phylogenetic analyses based on the deduced amino acid sequence, placed the style polygalacturonase 
of Turnera with members of the clade E of the polygalacturonases (Athansiou et al. 2003). A number of observations suggested that the 
polygalacturonase is post-translationally modified. This clade E style polygalacturonase appears to be novel in possessing a cleavable pro-
peptide at its N-terminus (Khosravi 2004). Genetic studies revealed that the gene encoding the style polygalacturonase (TsPG) is linked and 
4.6cM distal to the S-locus (Athansiou et al. 2003). Because TsPG is not an S-locus gene, this finding suggests that expression of the style 
polygalacturonase must be modulated by the dominant S-allele that determines the short-styled morph. 

Athanasiou and Shore (1997) had also discovered, using IEF-PAGE, a protein unique to pollen of the short-styled form of T. subulata. This 
protein was also later identified as a polygalacturonase, but it belongs to clade C of the polygalacturonases, a clade comprised largely of pollen-
expressed polygalacturonases (Markovič and Janeček 2001, Athanasiou et al. 2003). In a later survey of additional distylous species, Tamari and 
Shore (2004) were unable to confirm if this high pI pollen polygalacturonase is always present in pollen of short-styled plants. Its involvement in 
distyly, if any, requires further investigation. 

Khosravi et al. (2004) used 1-D PAGE to discover and later identify an α-dioxygenase that is expressed to a high level in short styles of the 
Turnera species examined but not in a more divergent species of the Turneraceae, Piriqueta caroliniana. Immunocytochemical analysis localized 
the α-dioxygenase to the transmitting tissue of short styles. The α-dioxygenase reaches a detectable level one day before anthesis (Khosravi et 
al. 2004). Inheritance studies show that the gene encoding the α-dioxygenase is not closely linked to the S-locus of distyly. 

There are a number of reasons that lead to the prediction that there are as yet undetected proteins/genes involved in distyly in Turnera. First, 
linkage analyses showed that neither the gene encoding the α-dioxygenase nor the style polygalacturonase are at the S-locus, hence, we have 
not identified the gene(s) ultimately responsible for the Mendelian inheritance of distyly (Athansiou et al. 2003, Khosravi et al. 2004). Second, the 
α-dioxygenase and possibly the style polygalacturonase have been implicated in signaling pathways involving the expression of pathogenesis-
related proteins in other species (Fry et al. 1993, Côté and Hahn 1994, Hadfield and Bennett 1998, Sanz et al. 1998, Mahalingam et al. 1999, 
Ridley et al. 2001, Kim et al. 2002). If these identified pathogenesis-related proteins are indeed involved in distyly (e.g. in SI or some aspect of 
morphology), as a result of their activity, other proteins in these signaling pathways must occur, which warrant investigation. Finally, most of our 
effort has been to identify proteins specific to styles, and no reliable candidates for the pollen component(s) of distyly have been identified from 
Turnera species (Athanasiou et al. 2003, Tamari and Shore 2004). 

In this chapter we use a proteomics approach involving 2-D PAGE and peptide sequencing, to investigate protein profiles of distylous 
species of Turnera. We provide evidence that two additional proteins appear to be specific to short styles. Using N-terminal sequencing and 
sequencing of tryptic peptides (using mass spectrometry after trypic digestion), the proteins are tentatively identified as a cysteine protease and 
a β-expansin. Protein profiles of anthers from long- and short-styled plants were compared using 2-D PAGE and proteins specific to both were 
detected. We also explored protein profiles following compatible and self-pollinations. These revealed a protein that "disappears" in compatible 
pollinations of long styles. We have not yet identified the latter proteins. 

1.1. Plant material 
We studied plants of a number of species of Turnera (Turneraceae) maintained under glasshouse cultivation at York University, Toronto, Canada. 
These species are colonizing perennials native to the Neotropics. Two species, T. subulata and T. ulmifolia, are often used as ornamentals in 
tropical regions of the world. Our studies focussed on distylous species in the taxonomic series Turnera, including T. scabra, T. subulata, and a 
somewhat more distantly related species, T. joelii (Truyens et al. 2005). For comparative purposes, it has proved useful to investigate self-
compatible homostylous species including T. ulmifolia, and T. velutina. Homostylous species are self-compatible and usually have stigmas and 
anthers at the same level within flowers. We also investigated three mutants one of which was a spontaneous homostylous mutant (Mhomo-H) 
derived from a short-styled plant (Mhomo-S; Tamari et al. 2005) and two X-ray generated mutants of T. subulata (1 homostyled and 1 long-
styled). 

For investigations of protein profiles following pollination, crosses were performed shortly after flowers opened, using fine forceps. The 
timing of pollinations was arranged so that protein extractions were performed one hour after pollination. Pollen germinates and compatible 
pollen tubes grow to a considerable distance in styles after one hour (Tamari et al. 2001). 

1.2. Protein purification, separation and amino acid sequencing 
Protein extractions from styles and pollinated styles were according to Khosravi et al. (2003). Protein extractions of anthers were according to 
Hurkman and Tanaka (1986). For protein extraction, tissues were collected from a large number of plants (>30) to reduce the possible influence 
of individual proteome variation on the results. Protein quantification, 2-D PAGE, and gel staining were performed following the protocols in 
Khosravi et al. (2003). 

Briefly, total proteins were differentiated using 2-D PAGE with IEF in the first dimension and 10% or 12.5% (w/v) SDS-PAGE in the second 
dimension. Two different concentrations of SDS-PAGE were used for every sample to optimize the resolution of a wider range of proteins. To 
confirm the consistency of the 2-D PAGE results, all samples were run at least four times. Every repeat trial followed the complete process, 
beginning with protein preparation, separation and staining of the gels. To detect proteins with a pI >7, proteins were resolved on 2-D PAGE 
using non-equilibrium pH gradient electrophoresis (NEPHGE) in the first dimension of separation. To confirm the consistency of results, each 
sample was repeated at least twice. 

To identify the proteins, the protein spots were excised from the gel and used to obtain tryptic peptide sequences, following tryptic digestion 
(Khosravi et al. 2004). For N-terminal sequencing, the protein spots were transferred to a sequencing grade PVDF membrane and Edman 
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Fig. 1 Two-dimensional gel electrophoresis of Turnera subulata styles. All the gels are silver-stained. A short styles and B long styles are shown with IEF separation 
for the first and 10% (w/v) SDS-PAGE for the second dimension. C short styles and D long styles are shown with NEPHGE for the first and 12.5% (w/v) SDS-PAGE for the 
second dimension. The locations of protein spots specific to short styles are circled in A and labeled as [a], [b], [c], [d]. The relative positions of the missing spots are circled 
in B. Similarly, on the NEPHGE gels, the short specific spots (labeled as pro-p) and their corresponding positions on the long style gels are circled in C, D. The sizes of the 
molecular mass markers (Precision marker protein, BioRad) are shown at the left. 

degradation was used for sequencing (Khosravi et al. 2004). Tryptic peptide sequencing was conducted by first generating a peptide mass 
fingerprint for each protein spot isolated from 2-D PAGE gels (following Khosravi et al. 2004) using matrix-assisted laser desorption/ionization 
(MALDI) time-of-flight (TOF) mass spectrometry (Applied Biosystems [AB] Perceptive Voyager DE-STR). Peptide sequences were then obtained 
by subjecting peptides to MALDI nano-electrospray ionization and tandem mass spectrometry on hybrid quadrupole-TOF mass spectrometers 
(AB MDS Sciex, QSTAR-XL and MDS Sciex Centaur [Qstar prototype]). 

1.3. Identification of proteins 
Proteins were identified using sequence similarity searches following Khosravi et al. (2004) using an MS-BLAST protocol; an Internet based 
program developed for identification of proteins (Shevchenko et al. 2001; http://dove.embl-heidelberg.de/Blast2/msblast.html). Amino acid 
sequences were aligned using Clustal X (Thompson et al. 1997). 

1.4. Style proteins 
Total proteins from long and short styles were differentiated on 2-D PAGE gels. The protein profiles obtained were compared to detect proteins 
specific to either of the morphs. Note that we refer to various protein spots on gels using lowercase letters enclosed in square brackets, each of 
which corresponds to a specific protein indicated on the relevant figures. On silver stained gels of T. subulata, three protein spots (Fig. 1A, spot 
[b], 20 kD pI 5.2; spot [c] 35 kD pI 6.8, and spot [d], 35 kD pI 6.6) were detected for short styles that are missing from the same positions on gels 
for long styles (Fig. 1B). There might be a fourth spot ([a], 30 kD pI 4.8) on gels of short styles (Fig. 1A). When gels were stained with 
Coomassie Brilliant Blue (CBB), spot [a] appeared to be abundant in short styles and it was missing from long styles. These four spots are also 
present for the short-styled plant Mhomo-S (Fig. 2A). The molecular mass and pI of proteins [c] and [d] correspond to those of proteins identified 
previously from T. scabra; likely post-translationally modified forms of the style polygalacturonase protein (Khosravi et al. 2003, Khosravi 2004). 
Spots [a] and [b] have not been reported previously. 

 

53

Floriculture, Ornamental and Plant Biotechnology Volume I ©2006 Global Science Books



Khosravi et al.                                                                                                   A proteomics approach to the study of distyly 
 

 

Fig. 2 Two-dimensional gel electrophoresis of styles of the mutant Mhomo-H and the original non-mutant short-styled plant Mhomo-S. All the gels are silver-
stained. A Mhomo-S styles and B Mhomo-H styles are shown with IEF separation for the first and 10% (w/v) SDS-PAGE for the second dimension. C Mhomo-S styles and 
D Mhomo-H styles are shown with NEPHGE for the first and 12.5% (w/v) SDS-PAGE for the second dimension. The locations of protein spots specific to Mhomo-S styles 
are circled in A and labeled as [a], [b], [c], [d]. The relative positions of the missing spots from Mhomo-H are circled in B. Similarly, for the NEPHGE gels, the short-specific 
spots (labeled as pro-p) and their corresponding positions on the long style gels are circled C, D. The sizes of the molecular mass markers (Precision marker protein, 
BioRad) are shown at the left. 

Turnera joelii, a more distantly related species, was used to investigate the consistency of the results. Short styles of T. joelii also possess 
four short-specific spots in similar positions to those of T. subulata (Khosravi 2004). In T. joelii, spots [c] and [d] appear to be shifted slightly 
toward the basic end of the gel and all four spots are somewhat less intense compared to T. subulata. 

We used 2-D PAGE gels with NEPHGE in the first dimension to detect proteins with pI >7. Comparisons of the protein profiles of short and 
long styles from T. subulata (Figs. 1C, 1D) and T. joelii (Khosravi 2004) revealed three or four spots with average molecular masses of 
approximately 10 kD. These short style specific spots were also detected from T. scabra (Khosravi 2004) and likely represent portions of a pro-
peptide cleaved from the style polygalacturonase. These proteins also occur in the short-styled plant, Mhomo-S (Fig. 2C). 

Protein profiles of long and short styles sampled one day before anthesis were examined for appearance of the protein spots [a] – [d] at this 
earlier developmental stage (Khosravi 2004). Spot [d] is clearly visible, and spot [c] is only barely visible in short styles; this is consistent with the 
previous report where it was shown that the style polygalacturonase appears two days before anthesis (Khosravi et al. 2003). Protein spots [a] 
and [b] were not apparent on the gels one day before anthesis suggesting they are expressed only at flowering, at least at a detectable level. 
Further examination of the gels did not reveal any other spots specific to either morph. 

1.5. Profiles of mutants, homostylous species and self-compatible plants 
We extended our investigations of style proteins to include three mutants (Mhomo-H, X-homo and X-long), and two homostylous species (T. 
ulmifolia and T. velutina). We also compared 2-D PAGE profiles of the original short-styled plant (Mhomo-S), which gave rise spontaneously to 
the self-compatible mutant Mhomo-H (Tamari et al. 2005). Note that we show only the results from the mutant Mhomo-H, compared with the non-
mutant short-styled plant Mhomo-S (Fig. 2). While styles of the non-mutant short-styled plant, Mhomo-S, possess all the short style specific 
protein spots (Figs. 2A, 2C) the mutant Mhomo-H does not possess any of them (Figs. 2B, 2D). Neither of the X-Ray generated mutants (X-
homo and X-long) possesses any of these short style specific proteins (Khosravi 2004). Likewise neither of the two self-compatible homostylous 
species investigated (T. ulmifolia and T. velutina) possess the short style specific proteins (Khosravi 2004). These results further support the 
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short style specificity of the proteins and their functional relevance in some aspect of distyly. 
Two unusual self-compatible short-styled plants of T. subulata, plants BRY and SL8, were also investigated. Interestingly, plant BRY seems 

to have all the short style specific protein spots except spot [b] (Khosravi 2004). The absence of spot [b] from BRY needs to be confirmed using 
methods with greater sensitivity, such as immunoblotting or RNA blotting, since the protein may have an altered pI causing it to shift to a different 
position on the gel making it difficult to detect. If it is indeed not expressed, then this might indicate that protein [b] plays a role in SI since the 
plant, BRY, is self-compatible. The protein profile of the second self-compatible short-styled plant (SL8) was also explored. Styles of this plant, 
however, possess all the protein spots mentioned above (Khosravi 2004). 

 
Table 1 Approximate molecular mass, Mr (kD), and pI of proteins specific to either short (S) or long (L) anthers of T. scabra and T. joelii, based upon 2-dimensional gel 
electrophoresis. 

 Mr pI 
Protein spots T. scabra T. joelii T. scabra T. joelii 
a-(S) 23 24 5.9 4.5 
b-(S) 33 72 6.2 4.7 
c-(S) 23 26 26.5 6.1 
d-(L) 35 39 5.8 6.3 
e-(L) 47 23 6.3 4.6 
f-(L) 100 23 6.7 4.8 

1.6. Profiles of anthers from long- and short-styled plants 
We used two species, T. scabra and T. joelii, for this investigation and compared 2-D PAGE profiles of anthers from long- and short-styled plants. 
A number of protein spots were identified specific to anthers from short- (Fig. 3A; spots [a], [b], [c]) or from long-styled (Fig. 3B; spots [d], [e], [f]) 
plants of T. scabra (Table 1). As many as eight protein spots were identified as being specific to anthers of long- (four protein spots) or short-
styled (four protein spots) plants of T. joelii (Khosravi 2004; Table 1). Comparisons of 2-D PAGE profiles using NEPHGE in the first dimension 
did not reveal any morph-specific proteins for either species (Figs. 3C, 3D; Khosravi 2004). 

 
 
 
 

Fig. 3 Two-dimensional gel electrophoresis of T. scabra anthers. All the gels are silver-stained. A Anthers from short-styled and B anthers from long-styled plants are 
shown with IEF separation for the first and 10% (w/v) SDS-PAGE for the second dimension. C anthers from short-styled and D anthers from long-styled plants are shown 
with NEPHGE for the first and 12.5% (w/v) SDS-PAGE for the second dimension. The locations of protein spots specific to anthers from short-styled plants are circled in A 
and labeled as [a], [b], [c]. The relative positions of spots [a], [b], [c] (missing spots) are circled in B. The locations of protein spots specific to anthers of long-styled plants 
are shown with square boxes in B and labeled as [d], [e], [f]. Their relative positions are also shown with square boxes in A. The sizes of the molecular mass markers 
(Precision marker protein, BioRad) are shown at the left. 
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Fig. 4 Two-dimensional gel electrophoresis of T. scabra pollinated styles. All the gels are silver-stained. A self-pollinated short styles, B self-pollinated long styles, C 
compatible-pollinated short styles and D compatible-pollinated long styles, are shown with IEF separation for the first and 10% (w/v) SDS-PAGE for the second dimension. 
The locations of protein spots specific to short styles are circled in A, C and labeled as [a], [b], [c], [d]. The relative positions of the missing spots are circled in B, D. The 
relative position of the spot [e] that is missing from compatible-pollinated long styles is circled and labeled with an asterisk, D; corresponding spots from other pollinations 
are circled and labeled with an asterisk A - C. The size of the molecular mass markers (Precision marker protein, BioRad) are shown at the left. 

 

1.7. Profiles of self- and compatible-pollinated styles 
We compared protein profiles of self- and compatible-pollinated styles of both morphs of T. scabra to detect any proteins whose expression 
might be induced by pollination. Short styles that were self-pollinated (Fig. 4A) or compatible-pollinated (Fig. 4C) did not show any differences, 
and their styles possessed all four of the short style specific proteins identified above (Fig. 1A). As expected, long styles did not possess any of 
these four proteins spots (Figs. 4B, 4D). Interestingly, compatible-pollinated long styles lack a protein spot marked with an asterisk and termed 
spot [e] (Fig. 4D), that is present in short styles (compatible- and self-pollinated; Figs. 4A, 4C) and in long styles that are self-pollinated (Fig. 4B). 
This protein spot is also present in both unpollinated long and short styles (Fig. 1). Protein profiles using NEPHGE in the first dimension also 
revealed the absence of this single protein spot only from compatible-pollinated long styles (Khosravi 2004). No other differences were apparent 
on these gels. 

Comparisons of pollinated styles did not reveal the induction of any morph-specific proteins. However, this study did not include a 
quantitative investigation to look for changes in expression levels or amounts of proteins present. With this caveat in mind, however, it seems 
that pollination does not alter protein profiles. The short style specific proteins are still present and no novel proteins are induced in long styles. 
The only apparent difference is the single protein spot [e] common to both styles, which "disappears" from long styles that are compatible-
pollinated. This protein warrants further exploration as a protein that might play some role in the SI system. 

Table 2 Tryptic and N-terminal sequences obtained from putative cysteine protease, β-expansin and an unidentified 18 kD protein. 
Cysteine protease Spot [a] 
N-terminal: GASHGSGSFMYENVDKVPPSVDWRK 
Tryptic: 1. VPPSVDWR; 2. VPANNEAALLK; 3. YWIVK; 4. NSWGEAWGER; 5. GLAMEASYLP 
β-expansin Spot [b] 
N-terminal: NYPTWAPAVATWYGD 
Tryptic: 1. AGLLQIQYQR; 2. AWIPMQR 
Unidentified:  Spot [e] 
N-terminal: LYTDGDVVPARVGNE 
Tryptic: 1. LYTDGDVVPAR; 2. GGYYTLYSYK; 3. EVCGEVGVPK 
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1.8. Peptide sequence analysis and identification of short-specific proteins 
 
We used peptide sequencing in an effort to identify the short style specific proteins [a] and [b] (Fig. 1A), and protein spot [e] (Fig. 4) which 
"disappears" in longs styles following compatible pollination. Following tryptic digestion of protein [a], we obtained the sequences of five peptides 
(Table 2; Fig. 5). The sequence of one of the tryptic peptides is contained entirely within the N-terminal sequence (Table 2; Fig. 5). Two tryptic 
peptide sequences were obtained from protein [b], as well as 15 amino acid residues from N-terminal sequencing (Table 2; Fig. 6). Finally, from 
protein [e], three tryptic peptide sequences were obtained as well as one from the N-terminal (Table 2). For protein [e], one of the tryptic peptide 
sequences is contained entirely within the N-terminal sequence, confirming that the N-terminal sequence is from the same protein spot. It is 
particularly important to confirm that N-terminal sequence and tryptic sequences belong to the same protein [e] since, as will be discussed below, 
we were unable to identify this protein using database searches. 

To identify the three proteins, all of the peptide sequences from a particular protein were used in MS-BLAST searches because multiple 
peptide sequences increase the chance of identifying homologous proteins (Shevchenko et al. 2001). The MS-BLAST searches resulted in high 
scoring pairs for all the peptide sequences for proteins [a] (total score 334), and [b] (total score 146), but protein [e] peptide sequences, 
collectively, did not produce any high scoring pairs. 

Protein [a] was identified as a putative cysteine endopeptidase (or cysteine protease). The peptide sequences were aligned against cysteine 
proteases from the monocot Oryza sativa (rice, accession Q9SXM1) and a dicot, Pisum sativum (garden pea, O82708; Fig. 5). Protein [b] was 
identified as a putative β-expansin. All seven positive MS-BLAST hits were β-expansin sequences and a large number of other hits were also β-
expansin sequences from various plant species. The peptides were aligned against β-expansins from O. sativa (Q941I7) and a dicot, Nicotiana 
tabacum (tobacco, accession Q9AXE4; Fig. 6). Interestingly, the N-terminal sequences that we obtained from all three proteins do not begin with 
a methionine residue. 

1.8.1. Cysteine protease 

Cysteine proteases possess a signal peptide for intracellular localization (targeted to the ER) as well as a pro-peptide which is removed to 
generate the mature enzyme (Pechan et al. 1999, Vincent and Brewin 2000, Chen et al. 2002). Polyclonal antibodies against pea cysteine 
protease, revealed protein bands of 38 kD and 30 kD, which are believed to correspond to precursor and mature polypeptides, respectively 
(Vincent and Brewin 2000). N-terminal sequencing of cysteine protease from sweet potato leaf also confirmed the presence of a cleavable pro-
peptide from the enzyme; however, a spot detected on 2-D gels had an apparent molecular mass of 30 kD, which is larger than the predicted 
molecular mass of 23.3 kD (Chen et al. 2002). Such a discrepancy is common to a number of cysteine proteases (e.g. Ueda et al. 2000, 
Tournaire et al. 1996). This discrepancy is attributed to glycosylation of the mature proteins (Chen et al. 2002). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Alignment of tryptic and N-terminal amino acid sequences of the putative cysteine protease of Turnera scabra against cysteine proteases from Oryza 
sativa (accession Q9SXM1) and Pisum sativum (accession O82708). The N-terminal sequence is shaded, and the underlined portion was also obtained from one 
tryptic peptide sequence. The peptides from T. scabra are aligned above the sequence of O. sativa. Asterisks represent positions where the amino acid residues from O. 
sativa and P. sativum are identical. Amino acid residues with very similar properties are shown with a colon “: “ and those with somewhat less similarity, with a period “.” The 
isobaric amino acid pairs (leucine and isoleucine, and lysine and glutamine) presented in tryptic peptides could be either one or the other of these amino acids. The arrow 
indicates the putative N-terminal of the mature cysteine protease of Pisum sativum and it corresponds to the beginning of one of our tryptic peptide sequences. 
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The alignment of the N-terminal sequence of our putative cysteine protease is consistent with the cleavage of both a signal peptide (of 20 
amino acid residues) and a pro-peptide (of an additional 108 residues) from a thiol-protease of unpollinated pea ovaries (Cercós et al. 1999). 
Curiously, our first tryptic peptide sequence (Fig. 5) begins precisely at the beginning of the mature polypeptide while our N-terminal peptide 
possesses a portion of the putative pro-peptide sequence. The estimated molecular mass of 30 kD, and acidic pI of the Turnera cysteine 
protease (Fig. 1) corresponds to that of the cysteine protease from sweet potato leaf (Chen et al. 2002). 

1.8.2. β-expansin 

β-expansins are also processed such that a signal peptide, and in some instances a further short peptide of 11 amino acid residues is 
removed from the N-terminal while a larger peptide sequence is removed from the C-terminal yielding a 20kD mature protein (Downes et al. 
2001, Pezzotti et al. 2002). The mature protein corresponds to the estimated size of our putative β-expansin (Fig. 1) and the position of our N-
terminal sequence corresponds to the likely N-terminal of the mature protein (Fig. 6). 

The search to identify proteins involved in pH-dependent cell wall-loosening, led to the discovery of plant cell wall proteins referred to as 
expansins (McQueen-Mason et al. 1992, Cosgrove 2000). The mechanism by which expansins promote cell wall loosening and extension is not 
clear (Lee et al. 2001, Li et al. 2002). Expansins are relatively conserved proteins with a signal peptide that directs the nascent polypeptide to a 
secretory pathway (Li et al. 2002). The role of expansin is not limited to cell growth, and expansins are believed to be involved in plant 
reproduction (Cosgrove et al. 1997, Rose et al. 2000). For example, it is believed that the wall-loosening properties of β-expansin (e.g. in maize, 
rice and tobacco), supports penetration of pollen tubes by softening tissues of the pistil (Cosgrove et al. 1997, Pezzotti et al. 2002). The pistil-
specific β-expansin observed in N. tabacum is expressed in stigmatic, and placental tissues, and is found in the stigmatic exudate. This supports 
its possible role in cell wall loosening during the pollination process (Pezzotti et al. 2002). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
2. CONCLUSIONS AND FUTURE PROSPECTS 
We conducted 2-D PAGE analyses with two goals in mind: 1) to discover and identify proteins from both styles and pollen, specific to either 
morph, that might be involved in distyly; 2) to detect long- and short-specific proteins and/or changes in protein profiles in styles after self- and 
compatible-pollination. We were successful in identifying two additional short style specific proteins, one a putative cysteine protease and the 
other, a putative β-expansin. Our survey shows that the cysteine protease and β-expansin are present in short styles of T. scabra, T. subulata 
and T. joelii at flowering but not in mutants or homostylous species. The appearance of these proteins in short styles of T. joelii is particularly 
important, since it is a more divergent species. Based on the assumption that the SI mechanism and protein components of distyly are 
conserved across Turnera species (at least within series Turnera of the genus), morph-specific proteins that are common across species are the 
most suitable candidates for further investigation. One of the future tasks will be to make degenerate primers based upon these protein 
sequences to sequence the entire gene. Antibodies can then be made to both verify the morph-specificity and tissue distribution of the proteins 
(following Athanasiou et al. 2003, Khosravi et al. 2004). The sequence data can also be used to more closely identify the proteins, since for 
example, there are a number of β-expansins (Li et al. 2002). 

Fig. 6 (top of next page) Alignment of tryptic and N-terminal amino acid sequences of the putative β-expansin of Turnera scabra against β-expansin sequences 
from Oryza sativa (accession Q941I7) and Nicotiana tabacum (accession Q9AXE4). The peptide sequences from T. scabra are aligned above the O. sativa sequence. 
The N-terminal amino acid sequence is shaded. Amino acid residues with very similar properties are shown with a colon “: “ and those with somewhat less similarity, with a 
period “.” The isobaric amino acid pairs (leucine and isoleucine, and lysine and glutamine) presented in tryptic peptides could be either one or the other of these amino 
acids. 
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Our previous developmental studies had shown that a short style specific polygalacturonase is detectable two days before anthesis, and the 
α-dioxygenase, one day before anthesis (Khosravi et al. 2003 2004). Two-D profiles of styles one day before anthesis show that both the 
putative cysteine protease and β-expansin have not reached a detectable level. However, immunoblotting and/or RNA blotting of the cysteine 
protease and β-expansin should be undertaken to enhance the sensitivity of our ability to detect the proteins and/or their corresponding genes. 

2.1. Possible roles of the β-expansin and cysteine protease in distyly 
We speculate that there are two possible functions of β-expansin in short styles of Turnera. β-expansin might be involved in either style 
elongation or pollen tube growth. We believe we can reject the first of these hypotheses. Because we detected the β-expansin only in mature 
short styles, it is difficult to imagine a role in style elongation. Furthermore, the plant BRY has short styles, yet it does not appear to possess the 
β-expansin. For the second hypothesis, we know that self pollen tubes of short-styled plants are inhibited in the stigmatic and style transmitting 
tissue yet pollen from long-styled plants grows through these styles (Tamari et al. 2001). We suggest that the β-expansin might be involved in 
promoting compatible pollen tube growth. This provides support for a complementary model of SI (de Nettancourt 1977), where components in 
the short style are required to enable the growth of compatible pollen from long-styled plants. Since long styles lack the β-expansin, long pollen 
tube growth is not supported in long styles and this manifests itself as "SI" of long-styled plants. One finding that runs counter to this latter 
hypothesis is that the self-compatible short-styled plant, BRY, did not appear to possess the β-expansin yet it supports pollen tube growth of 
pollen from both long- and short-styled plants. It will be important to verify the absence of the β-expansin using immunoblotting and/or RNA 
blotting investigations which would lead to the rejection of both of these hypotheses. 

We speculate that the cysteine protease could play a role in SI of short-styled plants. Some cysteine proteases have been implicated in 
resistance responses to plant pathogens, since their expression has been shown to be enhanced in response to infection of tomato by 
Cladosporium fulvum (Kruger et al. 2002). Cysteine proteases are also thought to be involved in programmed cell death, particularly during leaf 
and flower senescence (He and Kermode 2003). Given these potential roles in cell death, we speculate that the cysteine protease we have 
discovered in short styles could be involved in inhibition of the short pollen tubes. One challenge posed by this hypothesis is to understand why 
long pollen tubes are not inhibited. Under this hypothesis, pollen from long- and short-styled plants must differ and we have initiated studies here 
to identify the pollen component(s) of SI. 

2.2. Detection of morph-specific proteins from pollen 
We detected a number of candidate proteins in anthers of T. scabra, three of which were specific to short-styled plants and three to long-styled 
plants. For T. joelii, we discovered four proteins specific to anthers of short-styled and four specific to long-styled plants. We have not yet 
identified any of these proteins, which remains as an important future task. Our first approach will be to concentrate on proteins that are common 
to both species. The proteins of choice for initial investigation are those that have similar molecular mass and somewhat similar pI in both 
species, for example, short specific spot [c] (24 kD, pI 4.5) from T. scabra and spot [c] (23 kD, pI 5.9) from T. joelii. Once identified, we will also 
need to confirm their morph, organ, and tissue specificity using immunoblotting. 

2.3. Changes in protein expression following pollinations 
Following pollinations, we did not detect the induction of any proteins, suggesting that proteins involved in SI are constituitively expressed at the 
time of flowering. We did, however, discover an 18 kD protein that seems to be present in both long and short styles, yet it has "disappeared" 
when long-styled plants are compatible-pollinated with pollen from short-styled plants. To our knowledge, there has never been a report of a 
protein "disappearing" after pollination in the SI systems investigated. Previous pollination studies showed no changes in the expression pattern 
of the style polygalacturonase, but provided some evidence of an increase in expression of the α-dioxygenase (Khosravi et al. 2003 2004). 
Unfortunately, following peptide sequencing, we have been unable to identify this "disappearing" protein [e] in MS-BLAST searches. PCR 
amplification of the gene corresponding to this protein, using degenerate primers, will be undertaken to obtain the full sequence of this gene in 
an effort to determine its identity. 

Our approach to understanding events leading to the SI reaction and dimorphism in Turnera has been to discover morph-specific proteins in 
pollen and styles. All four of the proteins (polygalacturonase, α-dioxygenase, β-expansin, and cysteine protease) are specific to styles of the 
short-styled morph. Interestingly, the short-styled morph is determined by the dominant S allele that confers the short-styled phenotype (Shore 
and Barrett 1985). Genetic mapping has shown that the style polygalacturonase and α-dioxygenase are not at the S locus. This suggests that 
the S-allele is responsible for inducing the expression of these proteins perhaps via a regulatory function (i.e., a product of the S-allele is a 
transcription factor or a signal molecule). Interestingly, the polygalacturonases, α-dioxygenases and cysteine proteases have all been implicated 
in plant responses to pathogens. Both polygalacturonases and α-dioxygenases generate signal molecules. While expansins are not directly 
associated with a pathogen response, expansins may work in association with polygalacturonases during the processes of cell wall expansion. 
This connection to pathogen response proteins leads to the possibility that the mechanism of SI of short-styled plants involves processes co-
opted from pathways involving a plant's resistance to pathogens. Since none of these proteins occur in long-styled plants, some other 
mechanism must be responsible for their SI. Clearly, the use of RNA interference and/or transgenic methods will be required to explore the 
functions of all these proteins in distyly. 
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