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Abstract 
 
Prezygotic interspecific incompatibility is the active recognition and rejection of 

pollen or pollen tubes from interspecific crosses. Successful interspecific pollinations 
result in hybrid plants with unique gene combinations. However, interspecific 
fertilization frequently wastes parental resources due to seed abortion or unhealthy hybrid 
offspring. The ability of plants to identify and prevent interspecific pollinations preserves 
reproductive resources for successful intra-specific pollinations. Mechanisms of 
interspecific incompatibility are diverse and the factors regulating them have not been 
fully identified. This research identifies interspecific incompatibility mechanisms that 
result in Nicotiana obtusifolia pollen being rejected by the N. tabacum style. A transgenic 
N. tabacum plant was developed with a transmitting tract (TT)-ablated style that had no 
mature TT cells. Pollen tube growth of N. obtusifolia and N. repanda was promoted in 
TT-ablated style relative to growth in the normal style. This reversal of incompatibility 
demonstrated that the mature TT was required for interspecific incompatibility. The TT-
ablated style was used to develop a novel pollen tube growth assay (PTGA). Ablation of 
the TT produces a hollow style that is amendable to liquids being injected into the style 
prior to pollination. Injection of control medium had no effect on pollen tube growth of 
N. tabacum or N. obtusifolia in the TT-ablated style. Through the application of this 
novel PTGA, proteins from the N. tabacum TT that regulate the interspecific 
incompatibility interaction were purified and identified. Proteins extracted from the 
normal N. tabacum TT specifically inhibited pollen tube growth of N. obtusifolia and N. 
repanda when injected into the TT ablated style prior to pollination. The proteins 
required for inhibition were sequenced and identified using tandem mass spectrometry. 
The major protein component of the active fraction was a class III pistil extensin-like 
protein (PELPIII), indicating a function in interspecific incompatibility. To complement 
the PTGA experiments, PELPIII antisense N. tabacum plants were tested for 
compatibility with N. obtusifolia and N. repanda pollen. Plants with undetectable 
PELPIII protein had compatible growth of N. obtusifolia and N. repanda. The loss of 
interspecific inhibition in PELPIII antisense styles further supported that PELPIII was 
required for interspecific incompatibility in the N. tabacum style. 
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Chapter 1: Introduction 

Significance 

Sexual plant reproduction is vital for human food production. Dependence on 

fruits and grains makes understanding the mechanisms involved in sexual plant 

reproduction a necessary area of research (Tester and Langridge 2010). An important 

component of plant breeding is introgression of genes from wild relatives into cultivated 

crops (Hawkes 1977). This allows breeders to take advantage of traits like disease 

resistance and drought tolerance often found in wild species. Unfortunately, making 

interspecific crosses is not always successful (Jansky 2006; Ganesh Ram et al. 2008).  

Plants have evolved interspecific reproductive barriers that regulate gene flow and 

prevent hybridization between species, thus preserving species integrity (Rieseberg and 

Blackman 2010). Post-pollination, prezygotic, interspecific pollen-pistil incompatibility 

is one mechanism that prevents hybridization between species. Identifying the 

mechanisms involved in interspecific incompatibility (II) will facilitate interspecific 

breeding as well as the understanding of relatedness and evolution of species. In a recent 

review by Rieseberg and Blackman (2010) the only reported pistil specific speciation 

gene reported to be involved in pollen-pistil II was the stylar ribonuclease (S-RNase). 

Identification of other II genes will further the understanding of evolutionary mechanisms 

that either lead to speciation events or contribute to the continued maintenance of diverse 

species. Nicotiana is well suited for the study of II because of its large flowers, diversity 

of species, interspecific pollen-pistil interactions, abundant genetic and genomic 

resources, and the ease of transformation (Goodspeed 1954). 
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Background 

Pollen Tube Growth and Pollen Tube Growth Assays 

Pollen tube growth is a crucial component of sexual plant reproduction. 

Angiosperm pollen consists of a generative cell and a vegetative cell (Brewbaker 1959). 

The generative cell divides to form two sperm cells, which complete double fertilization. 

The vegetative cell forms the pollen tube, a single cell that extends from the pollen grain, 

penetrates the maternal tissue, grows through the pistil, and delivers the sperm cells to the 

ovule (Taylor and Hepler 1997). Pollen tubes grow only at the distal tip of the tube and 

have the most rapid growth observed in any cell type (Taylor and Hepler 1997). The 

pollen tube wall is composed of an inner layer of callose and an outer layer of pectin, 

hemicelluloses, and cellulose (Taylor and Hepler 1997). The pollen tube response to pistil 

factors facilitates successful and unsuccessful fertilization (McClure 2004; Johnson et al. 

2004; Zang et al. 2008; Qin et al. 2009). In order to identify the mechanisms involved in 

II, pollen tube growth assays (PTGAs) are needed to evaluate pollen tube response to 

growth factors.  

Pollen hydration and germination, morphology of the pollen tubes, rate of growth, 

and duration of pollen tube growth have all been studied using in vitro, semi-in vitro, and 

in vivo PTGAs (Brewbaker 1959; Higashiyama and Inatsugi 2006). In vitro assays 

culture pollen tubes in liquid or solid media outside of plant tissue while in vivo assays 

culture pollen tubes fully within the pistil. Semi-in vitro assays start with pollen tube 

growth on the pistil and partway through the style. The style is then cut ahead of the 

growing pollen tubes and the cut end is placed into in vitro medium. The pollen tubes are 
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allowed to grow out of the cut end of the style into the medium.  In vitro and semi-in 

vitro PTGAs allow application of exogenous treatments to pollen tubes and have 

advanced the understanding of pollen tube growth and guidance (Williams et al. 1982; 

Mulcahy and Mulcahy 1985; Cheung et al. 1995; Mollet et al. 2002; Higashiyama and 

Inatsugi 2006; Palanivelu and Preuss 2006; Hiscock and Allen 2008; Qin et al. 2009).  

However, current in vitro and semi-in vitro PTGAs are not representative of natural 

growth through the pistil, resulting in poor data that often confound the conclusions that 

can be made (Read et al. 1993; Higashiyama and Inatsugi 2006; Sauter 2009; Qin et al. 

2009). In comparison, in vivo PTGAs support natural pollen tube growth but do not allow 

the direct manipulation of the primary growth medium (stigma, style, and transmitting 

tract) to test growth regulators or other exogenous treatments on pollen tube growth.  In 

vivo PTGAs are commonly used to determine pollen-pistil interactions such as self and 

interspecific compatibilities (Kuboyama et al. 1994; Kikuchi et al. 2007; Lee et al. 2008; 

Distefano et al. 2009). After evaluation of pollen-pistil interactions in vivo it can be 

difficult to identify the unknown pistil factors involved in regulating in vivo pollen tube 

growth.  

One obstacle to further elucidating the function of various molecules on pollen 

tube growth is the lack of a PTGA that supports the same pollen tube growth rates and 

length observed in vivo and allows for the direct manipulation of the pollen tube growth 

environment (Higashiyama and Inatsugi 2006; Chen et al. 2000; Lush et al. 1997; Read et 

al. 1993). Development of a novel PTGA that cultures pollen tubes fully within a 

transmitting tract (TT) ablated N. tabacum style yet allows application of exogenous 
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treatments to growing pollen tubes has been demonstrated as an effective PTGA (Eberle 

et al. 2012).  

Pollen-Pistil Interactions 

Compatible and incompatible interactions between the pollen and pistil regulate 

sexual plant reproduction. In a compatible pollination; pollen is deposited on the stigma, 

hydrates, germinates, grows through the style, targets the ovule, and fertilizes the egg 

(Lord and Russell 2002). Rapidly growing pollen tubes use the resources of the pistil’s 

TT to support their growth (Johnson and Lord 2006). The TT is a specialized, 

metabolically active file of cells that is continuous from the stigma to the ovary (Jansen et 

al. 1992). Pollen tubes grow though the TT extra-cellular matrix, which is composed of 

sugars, amino acids, glycolipids, glycoproteins, polysaccharides, lipids, and proteins 

(Swanson et al. 2004, Lind et al. 1994). In addition to supporting compatible pollen tube 

growth the Nicotiana pistil regulates both self and interspecific incompatibility. 

Self Incompatibility 

Self incompatibility is the most common anti-selfing mechanism in angiosperms 

(Dixit and Nasrallah 2001). It is controlled by the single multi-allelic S-locus and results 

in inhibition of pollen tube growth when the pollen and pistil share a common S-locus 

allele (Takayama and Isogai 2005, McClure 2006). Gametophytic self incompatibility in 

Nicotiana is controlled by stylar ribonuclease (S-RNase) activity. S-RNases are cytotoxic 

molecules in the TT extra-cellular matrix that specifically degrade the RNA of pollen 

tubes with matching S-haplotype resulting in incompatible pollen tube growth (McClure 

and Franklin-Tong 2006; Hancock et al. 2003). Secondary factors are required for self-
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incompatible pollen rejection (Sassa and Hirano 2006; McClure and Franklin-Tong 

2006). One factor, HT-B (H-Top Band) is a small asparagine-rich protein that is 

hypothesized to be involved in stabilizing an S-RNase sequestering vacuole in pollen 

tubes and is involved in intra- and inter-specific pollen rejection in N. alata (McClure et 

al. 1999; McClure 2006; Goldraij et al. 2006). HT-B was originally identified in N. alata 

and homologs have been found in Lycopersicon and Solanum (McClure 2006). A second 

factor, the style specific 120kDa (120K) protein is required for self incompatibility in N. 

alata (Lind et al. 1996; Hancock et al. 2005). Lind et al. (1996) showed that 120K is 

translocated to the pollen cytoplasm from the TT extra-cellular matrix. McClure (2006) 

proposed that 120K functions in the sequestering of S-RNase in pollen tube vacuoles 

based on its association with the vacuole membrane. The pollen specific S-locus F-box 

(SLF) protein and Cullen1 protein have been shown to regulate pollen side gametophytic 

self incompatibility (McClure 2004; Li and Chetelat 2010). SLF contains an F-box motif 

that is associated with formation of an E3 ligase complex that ubiquitinates target 

proteins causing protein degradation (Hua and Kao 2006). The SLF protein was shown to 

interact with all S-RNase and results in ubiquitination and degradation of non-self S-

RNase (Hua et al. 2007; Takayama and Isogai 2005). Cullen1 is also involved in 

formation of the ubiquitin ligase complex that targets S-RNase for degradation in the 

pollen tube (Hua and Kao 2006; Li and Chetelat 2010).  

There are two proposed models on how self-compatible and self-incompatible 

pollen tubes process S-RNase: the sequestration model and the ubiquitination model (Kao 

and Tsukamoto 2004; Sims et al. 2010). Goldraij et al. (2006) proposed a sequestration 

model where self and non-self S-RNase are taken-up by pollen tubes along with 120K 
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and HT and sequestered in a vacuole. They proposed that in self incompatible pollen the 

vacuole is disrupted in late stages of pollen tube growth through HT-B and 120K activity 

regulated by the interaction between S-RNase and SLF (Goldraij et al. 2006). Hua and 

Kao (2006) have proposed an ubiquitination model that localizes all interactions to the 

cytoplasm. Incompatible interactions occur when SLF and S-RNase have matching 

alleles; in this situation the two factors weakly interact allowing the S-RNase to degrade 

the pollen RNA. In a compatible pollination the S-factors have a strong interaction and 

assemble the E3 ligase complex with an S-binding protein and Cullen1-G, resulting in the 

ubiquitination and degradation of the S-RNase (Hua and Kao 2006). The mechanisms 

that regulate self incompatibility may have homology to mechanisms involved in II. 

Understanding how pollen-pistil interactions identify and regulate self-pollen tube growth 

can provide a basis for the elucidating the factors regulating II. 

Interspecific and Unilateral Incompatibility  

Interspecific incompatibility mechanisms prevent interspecific pollinations, 

preserving reproductive resources for successful intraspecific pollinations (Goodspeed 

1954; Edlund et al. 2004). Mechanisms of II are diverse and the factors regulating them 

have not been fully identified (Kuboyama et al. 1994; Bedinger et al. 2011). Self 

incompatibility mechanisms have long been implicated in the rejection of interspecific 

pollen by self incompatible species, termed unilateral incompatibility (Pandey 1971; 

Hancock et al. 2003; Beecher et al. 2001; Murfett et al. 1996). In unilateral 

incompatibility, pollen from self-compatible species is rejected by self-incompatible 

pistils while the reciprocal cross is compatible. McClure et al. (2000) showed that S-
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RNases are active in interspecific pollen rejection in Nicotiana. Self incompatible N. 

alata rejects pollen from the three self compatible species: N. plumbaginifolia, N. 

tabacum, and N. glutinosa. The rejection of the interspecific pollen in the N. alata pistil 

follows the unilateral incompatibility model. However, when the pollinations were 

repeated using self-compatible, S-RNase free, N. alata ‘Breakthrough’ incompatibility 

with N. tabacum and N. glutinosa pollen was maintained. The ability of N. alata 

‘Breakthrough’ to inhibit pollen tube growth in the absence of S-RNase activity indicates 

an S-RNase independent II mechanism (Murfett et al. 1996). Kuboyama et al. (1994) 

described II between N. rustica, N. repanda, and N. trigonophylla (syn. N. obtusifolia) 

pollen and the SC N. tabacum style, which further demonstrated II distinct from self 

incompatibility (Kuboyama et al. 1994). Therefore, while some II is regulated through a 

unilateral mechanism, such as N. alata pollinated with N. plumbaginifolia, there are II 

mechanisms independent of S-RNase activity that have not been identified. Li and 

Chetelat (2010) reported that the pollen specific gene, CULLEN1, is required for 

unilateral incompatibility in Solanum. Expression of CULLEN1 resulted in interspecific 

compatible pollen tube growth (Li and Chetelat 2010). CULLEN1 forms a protein 

complex that mediates the ubiquitination of S-RNase and this function appears to be 

conserved in the unilateral incompatibility interaction (Li and Chetelat 2010). A 

homologous protein in Nicotiana may function in a similar manner in unilateral and 

interspecific incompatibility interactions. At this point, pistil-specific factors independent 

of the self incompatibility mechanism that regulate II pollen tube growth have not been 

identified.  
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Putative Function of TT-Specific Arabinogalactan Proteins in II 

In Nicotiana, highly abundant, secreted proteins found in the TT extra-cellular 

matrix include a transmitting tissue-specific proline-rich protein (TTS), a (1-3)-β-

glucanase glycoprotein (Sp41), the 120kDa protein (120K), and the class III pistil-

specific extensin like protein (PELPIII; Bosch et al. 2001; Cheung et al. 1993; Sessa and 

Fluhr 1995, Lind et al. 1994). Arabinogalactan proteins are a diverse group of high 

carbohydrate content proteins involved in cell growth and expansion and are thought to 

provide nutrients to pollen tubes, function in adhesion of pollen grains to the stigmatic 

surface, and form the gel structure of the TT extra-cellular matrix (Lind et al. 1994; 

Sanchez et al. 2004; Hancock et al. 2005). We hypothesize that arabinogalactan proteins 

may also have function in pollen-pistil II interactions.  

Transmitting Tract Specific protein was shown to bind to pollen tubes and 

promote pollen tube growth in vitro (Cheung et al. 1995). It was also shown to have 

chemotropic growth properties towards N. tabacum pollen tubes in semi-in vivo PTGAs 

(Cheung et al. 1995; Bosch et al. 2003). The TTS protein may function in II if 

interspecific pollen tubes are not able to utilize TTS from another species to support 

growth.  

Sp41, a (1,3)-β-glucanase, has high abundance in the TT, making up 

approximately 12% of the soluble TT extra-cellular matrix proteins (Ori et al. 1990). 

Sessa and Fluhr (1995) evaluated the function of Sp41 in transgenic tobacco, with 

undetectable Sp41 levels and activity, and described normal flower and self pollination 

phenotypes. They concluded Sp41 did not have a function in compatible pollen tube 
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growth (Sessa and Fluhr 1995). Sp41 may have a putative function in II. It is a pathogen 

related protein and has (1,3)-β-glucanase activity, which may interact with callose in 

pollen tubes (Lotan et al. 1989; Ori et al. 1990).  

120K-like proteins were identified in the self-compatible species N. tabacum, N. 

langsdorfii, N. plumbaginifolia, and N. longiflora and were shown to be polymorphic in 

sequence and glycosylation (Hancock et al. 2005). Variation in 120K across species may 

result in variation in function. The function of 120K in these SC species is not known but 

may have analogous function in II as it does in unilateral incompatibility. The 120K 

protein is proposed to sequester S-RNase in pollen tube vacuoles (McClure 2006) and 

may also function in sequestration of II molecules in self-compatible species.  

PELPIII was shown to be incorporated into the pollen tube wall and callose of 

both N. tabacum and N. obtusifolia pollen tubes (de Graaf et al. 2004). Bosch et al. 

(2003) reported that antisense suppression of PELPIII had no effect on in vitro pollen 

tube growth of N. tabacum, N. rustica, or N. maritime with pollen tubes growing to the 

same length in wild-type and antisense styles in the same time frame. Both N. rustica and 

N. maritima are incompatible with the N. tabacum style. They also showed that 

suppression of the PELPIII in the TT changed the structure of the TT extra-cellular 

matrix to have a more “granular” appearance compared to wild-type styles. They 

concluded that PELPIII did not have function in either self or interspecific pollen tube 

growth and is involved in establishing the physical environment of the style (Bosch et al. 

2003). Despite their convincing conclusions, the extensin-like properties and 
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incorporation into the pollen tube wall of PELPIII strongly suggest a function in pollen 

tube growth and possibly II with species that Bosch et al. (2003) did not test.  

The four TT proteins discussed here are thought to be important to pollen tube 

growth based on there high accumulation in the TT. However, their function in N. 

tabacum styles remains largely a mystery (Sanchez et al. 2004). These proteins and 

others may be involved in mechanisms that regulate II. 

Nicotiana tabacum as an II Model System 

To elucidate the mechanisms controlling II the use of a transgenic N. tabacum line 

(TT-ablated), without a transmitting tract, was employed. N. tabacum was transformed 

using the TT-specific Sp41::Barnase construct, resulting in TT-ablation (Sessa and Fluhr 

1995; Gardner et al. 2009). The TT-ablated N. tabacum transgenic line supported pollen 

tube growth of SC pollen, demonstrating that the TT was not essential for pollen tube 

growth and fertilization (Eberle et al. 2012). To understand the function of the TT in II, 

over 20 Nicotiana spp. were used to pollinate both normal and TT-ablated N. tabacum 

pistils (Smith personal communication). Some species that were incompatible in the 

normal style became compatible in the TT-ablated style. For these species the removal of 

the TT resulted in removal of incompatibility between the N. tabacum pistil and the 

Nicotiana spp. pollen. This indicated that the TT was essential for incompatibility 

between these species. The comparison of compatible and incompatible pollen tube 

growth in normal and TT-ablated N. tabacum styles provides a novel system to study 

molecules specific to the TT that are involved in II.
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Conclusion 

The research reported in this thesis describes a novel PTGA used to identify II 

factors of the N. tabacum TT (Eberle et al. 2012). Using this assay, the TT specific 

protein PELPIII was identified as required for pre-zygotic inhibition of interspecific 

pollen tube growth in N. tabacum styles. In addition to identifying PELPIII as an II 

protein the PTGA also provides an approach to further study the components of the TT 

and their function in pollen tube growth. The PTGA described in Chapter 2 is an efficient 

assay that can be used to elucidate the function and identification of unknown molecules 

involved in pollen tube growth (Eberle et al. 2012). This thesis reports the novel finding 

of PELPIII function in II that will further the understanding of speciation mechanisms 

and may have important application in plant breeding.  
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Chapter 2: A novel pollen tube growth assay utilizing a transmitting tract-ablated 

Nicotiana tabacum style1

Summary 

 

Sexual plant reproduction requires multiple pollen-pistil interactions from the stigma 

(pollen adhesion, hydration, and germination) to the ovary (fertilization). Understanding 

the factors that regulate pollen tube growth is critical to understanding the processes 

essential to sexual reproduction. Many pollen tube growth assays (PTGAs) are not 

representative of pollen tube growth through the style, with shorter and slower pollen 

tube growth. The identification and study of factors that regulate pollen tube growth have 

been impeded by a lack of an efficient and reproducible PTGA. The objective of this 

research is to develop a robust assay for Nicotiana tabacum pollen tube growth in an 

environment that supports sustained and normal growth yet is amenable to testing the 

effects of specific factors. In this paper, we demonstrate that transmitting tract-ablated 

pistils from N. tabacum, lacking a mature transmitting tract (TT) due to tissue-specific 

ablation, have application as a PTGA.  The ablated style supports normal pollen tube 

growth and the hollow structure of the style allows modification of the growth 

environment by direct injection of test material. The PTGA is robust and allows for rapid 

and accurate measurement of pollen tube length and pollen tube morphology, supporting 

pollen tube growth from 20 to 35°C and at pH ranging from 4.8 to 7.6. Use of the ablated 

style for a PTGA is a novel method for the culture of pollen tubes with sustained growth 

in vivo while permitting the application of treatments to the growing pollen tubes.

                                                      
1 This chapter was published in Sexual Plant Reproduction, 2012, Vol 25, pp. 27-37. 
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Introduction 

Pollen tube growth is an essential component of plant sexual reproduction and the 

study of pollen tube biology is critical to understanding the nature and regulation of 

reproduction. To successfully elucidate the factors that regulate pollen tube growth, a 

reliable pollen tube growth assay (PTGA) is required to assess each stage of pollen 

growth from hydration of the pollen grain to fertilization of the ovules. Pollen tube 

growth assays have been broadly categorized into three main types: in vitro, semi-in vivo, 

and in vivo (Brewbaker 1959; Higashiyama and Inatsugi 2006). Each of these assays may 

be used to evaluate hydration and germination of the pollen grain as well as morphology 

of the pollen tubes, rate of growth, and length or duration of pollen tube growth. A PTGA 

is categorized as in vitro when pollen grains are cultured outside the plant, in liquid or 

gelled medium comprised of essential components including water, an osmoticum (such 

as sucrose or polyethylene glycol), boron (for germination, growth rate, and cell wall 

structure), and calcium (essential for pollen tube tip development; Johri and Vasil 1961; 

Brewbaker and Kwack 1963; Capkova-Balatkova et al. 1980; Taylor and Hepler 1997; 

Higashiyama and Inatsugi 2006). More complex medium compositions can be optimized 

to a particular species for maximizing pollen germination and pollen tube growth (Read 

et al. 1993; Cheung et al. 1995; Jauh et al. 1997; Lush et al. 1997). In vitro PTGAs are 

used to measure viability, germination, pollen tube morphology, and pollen tube growth 

rate, as well as to test the effects of putative growth promoting and inhibiting substances 

(Taylor and Hepler 1997). Pollen tubes grown in vitro require precise medium 

preparation and defined growth conditions. A significant disadvantage of in vitro PTGAs 

is that the population of pollen tubes has no uniform direction of growth. This is very 
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different from in vivo pollinations where pollen adheres to the surface of the stigma, 

hydrates, germinates, and tubes have consistent directional growth towards the ovary. 

The lack of uniform directional growth of pollen tubes during in vitro pollen tube growth 

makes it difficult to accurately measure the length of the population of pollen tubes after 

prolonged incubation time and calculate growth rate (Read et al. 1993; Lush et al. 1997). 

The use of gelled medium for in vitro culture of pollen tubes partially addresses the need 

for uniform directional growth by limiting growth to a single plane and allowing 

treatments to be isolated to defined locations in the medium (Williams et al. 1982; 

Franklin-Tong et al. 1988; Lush et al. 1997). In vitro PTGAs also have the disadvantage 

that pollen tube growth rates are highly variable and typically less than those measured in 

vivo. Even after optimization of in vitro conditions for N. tabacum, the maximal growth 

rates were only 40% of those achieved in vivo (Read et al. 1993; Sauter 2009).  The 

limited rate and duration of pollen tube growth in vitro has restricted the use and 

reliability of these assays.   

Semi-in vivo assays begin with pollen deposition on the stigma, allowing for natural 

hydration, germination, and initiation of tube growth through the stigma into the style. 

After an incubation period, the style is removed from the pistil, ahead of the growing 

pollen tube tips, and the cut end of the style is placed in in vitro medium (Cheung et al. 

1995; Higashiyama and Inatsuga 2006; Palanivelu and Preuss 2006). The pollen tubes 

grow out of the cut end of the style into a medium where they are exposed to a treatment, 

and the length, direction, and morphology of pollen tube growth can be measured 

(Mulcahy and Mulcahy 1985; Cheung et al. 1995; Higashiyama and Inatsugi 2006; 

Palanivelu and Preuss 2006). Germination on the stigma and growth through the style 
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give directionality to the growing pollen tubes, making these assays suitable for attractant 

studies (Mulcahy and Mulcahy 1985; Cheung et al. 1995; Palanivelu and Preuss 2006). 

Semi-in vivo grown pollen tubes are also thought to be more responsive to treatment 

effects once they emerge from the style than in vitro pollen tubes because the pollen grain 

may contain reserves that can delay the growth response in vitro (Taylor and Hepler 

1997; Higashiyama and Inatsugi 2006). In a semi-in vivo assay, the pollen tube emerges 

from the style actively growing and may have a more immediate response to a treatment 

contained in the culture medium (Johri and Vasil 1961; Higashiyama and Inatsugi 2006). 

However, semi-in vivo grown pollen tubes have disadvantages similar to in vitro assays.  

For example, pollen tubes emerging from the cut end of a style may behave similarly to 

pollen tubes germinated and grown in vitro; having decreased pollen tube growth rates 

compared to growth in vivo (Higashiyama and Inatsugi 2006). Additionally, the semi-in 

vivo assay does not permit the pollen to be exposed to a treatment during each growth 

phase (i.e. hydration, germination, and early growth) and is, therefore, a measure of 

response at only one growth stage. Furthermore, pollen tube growth through the stigma 

and style elicits specific responses from the pollen tube that may impact the response to 

the in vitro treatment (Hiscock and Allen 2008; Qin et al. 2009). 

Pollen tubes are cultured within the pistil during in vivo PTGAs to determine pollen-

pistil interactions such as self and interspecific compatibilities (Kuboyama et al. 1994; 

Kikuchi et al. 2007; Lee et al. 2008; Distefano et al. 2009), to test the effect of specific 

reproductive mutations (Jiang et al. 2005; Crawford et al. 2007; Gremski et al. 2007; 

Valdivia et al. 2009; Gardner et al. 2009), and to determine reproductive gene function 

using transgenic plants (Cheung et al. 1995; Beecher et al. 2001; Zhang et al. 2008; Rea 
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et al. 2010). The pistil environment can be manipulated by adjusting pollen density and 

environmental conditions such as temperature, light, and humidity to measure effects on 

pollen tube growth (Shivanna et al. 1991; Zinn et al. 2010). In vivo assays support the 

fastest pollen tube growth rates for N. tabacum compared to the other pollen tube growth 

assays, with growth rates up to 0.65 mm/h (Read et al. 1993; Higashiyama and Inatsuga 

2006). A significant limitation of in vivo assays is the inability to directly manipulate the 

primary growth medium (stigma, style and transmitting tract) to test growth regulators or 

other exogenous treatments on pollen tube growth. However, in vivo assays are ideal for 

assessing the effects of altered pollen or pistil gene activity on the growth of pollen tubes.  

Each of the three types of pollen tube growth assays provides advantages and 

disadvantages for specific applications in the study of pollen tube growth. In vitro and 

semi-in vivo assays work well for attraction studies however, they do not reach the 

growth rates observed in vivo. In vivo assays do not allow for the direct application of a 

treatment to the growing pollen tubes. In order to test the biological activity of substances 

on the growth of pollen tubes a PTGA must allow for the direct manipulation of the 

pollen tube growth environment and support normal and sustained pollen tube growth.  

In previous experiments to determine the function of the transmitting tract (TT) a 

transgenic N. tabacum line was produced with sterile anthers and lacking a mature TT 

(ablated; Gardner et al. 2009). N. tabacum has a solid style with a central TT connecting 

the stigma to the ovary. Ablation of the TT resulted in a hollow style and stigma necrosis 

(Gardner et al. 2009). The ablated N. tabacum style supports pollen tube growth after 

removal of the necrotic stigma and the addition of trilinolein to the cut style surface 
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before pollination (Wolters-Arts et al. 1998). We developed a novel PTGA by injecting 

material directly into the hollow styles of the ablated N. tabacum transgenic line. Our 

PTGA supports sustained pollen tube growth rates equal to those reached in vivo, allows 

for easy and accurate measurement of pollen tubes after variable incubation times, is 

reproducible and is a new method for the study of pollen tube growth.   

Materials and Methods 

Plant Material and Growth Conditions 

All plants were grown in a greenhouse under a 14h/day 10h/night photoperiod with 

supplemental light from 600-watt high-pressure sodium lamps with PAR 200 µmol m-2 s-

1 and an average temperature of 24.4°C. Nicotiana tabacum ‘Samsun’ wild type and 

ablated lines were described previously (Gardner et al. 2009). Male-sterile (MS) N. 

tabacum ‘Samsun’ was created using the MS/FS ablation construct modified by removal 

of the female-sterility (FS) gene (sp41:barnase; Gardner et al. 2009), resulting in a 

normal pistil and sterile anthers. Male-sterile flowers were used for ‘normal style’ 

pollinations, referring to the presence of a normal TT in the style. Male sterility 

eliminated the need to emasculate flowers prior to pollination.  Wild-type N. tabacum 

‘Samsun’ plants were used as the pollen source in all pollinations. 

Injections and Pollinations for the PTGA  

Fully mature normal and ablated N. tabacum flowers were collected from the 

greenhouse prior to pollination. All manipulations were performed at room temperature 

(RT; 23.4±0.5°C) in the laboratory unless otherwise specified. Flowers were placed in 1 

ml of floral preservative (10 g Chrysal Clear/L water; Pokon & Chrysal USA, Miami, 
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FL) in individual wells of a 50-place BestBox Jr. microfuge rack (USA Scientific, Inc, 

Ocala, FL). Stamens and corollas of the normal and ablated N. tabacum flowers were 

removed at the base of the style using a Sharp Stainless Double Edge razor blade 

(Samah Razor Blades Ind. Ltd., Tejgaon, Dhaka) and the stigma was cut off 

approximately 3-5 mm below the stigma (Fig. 1). Normal and ablated styles were 

pollinated within 1 minute of stigma removal.  

The utility of the ablated line for a PTGA was tested by injection of solutions directly 

into the hollow ablated style prior to pollination and comparing pollen tube growth to 

non-injected normal and ablated styles. Injected ablated (injected) styles had liquid 

medium (Table 1) injected into the base of the style, using a 29G x ½ inch Kendall 

Monoject insulin syringe (Tyco Healthcare Croup LP, Mansfield, MA) until the 

medium flushed through the proximal end of the style (Fig. 1). Pollen was collected from 

wild-type N. tabacum ‘Samsun’ flowers, less than 48 h post-anthesis, into a 1.5 ml 

microfuge tube and suspended in trilinolein within 20 min of collection from the anther 

(Wolters-Arts et al. 1998). The suspension of pollen was added to the cut style surface of 

normal styles with stigma removed, ablated styles with stigma removed, or ablated styles 

with stigma removed followed by injection. Pollinated styles were incubated in a sealed 

Moduul Fridge Box, 169 container (Rosti Mepal Lochem, Netherland) at RT or in a 

temperature-controlled incubator. 

Pollination and PTGA Parameters 

Pollen grain density was determined using a Spotlite hemocytometer (American 

Scientific Products, McGaw Park, IL) and diluted to a final concentration in trilinolein. 
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The effect of pollen concentration on pollen tube growth in the PTGA was tested using 

pollen suspensions with different pollen concentrations. Approximately 0.5 µl of pollen 

suspension solution was applied to normal, ablated, and injected styles at concentrations 

from 100 to 20,000 pollen grains/µl of trilinolein. A concentration of 20,000 pollen 

grains/µl trilinolein was used for all other pollination experiments.  

The effect of temperature on the PTGA was evaluated by incubating pollinated styles 

at different temperatures and measuring the pollen tube growth response. Normal, 

ablated, and modified complete medium (MCM; Table 1) injected styles were pollinated 

at RT and incubated for 40 h at 5, 15, 23 (RT control), 25, 35, 40, and 45°C.  

To understand how the absence of the TT and injection into the style impacted the 

rate of pollen tube growth over time, pollen tube length was evaluated at three time points 

after pollination. Pollinations were performed at RT (23°C) and incubated at 30°C. Styles 

were fixed at 4, 16, and 28 h post-pollination. The assay is destructive and requires that 

the pollinations at each incubation time be independent from the other time points.  

Pollen Tube Measurements and Data Analysis 

Styles were fixed and processed as described by Gardner et al. (2009), except styles 

were not longitudinally bisected prior to fixing. Pollen tube length within individual 

styles was quantified as the distance from the proximal end of the cut style to the end of 

the pollen tube growth front (Fig. 2). Average pollen tube length represents the mean 

length of pollen tube growth of 10 pollinated styles (two sets of five pollinated styles per 

treatment). Styles with 10 or fewer pollen tubes were not included in mean pollen tube 

length calculations, with the exception of the 45°C treatment. At 45°C no pollen tubes 
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were visible in any of the 10 pollinated styles. For this treatment pollen tube length was 

recorded as 0 mm.  All data were statistically analyzed using SPSS v17.0 (IBM 

Corporation, Somers, NY 10589). Replications in time were compared using one-way 

ANOVA (critical p value = 0.1). Mean separation among treatments was performed using 

Tukey's Honestly Significant Difference (HSD) test (α = 0.05).  

Pollen tube growth rates (mm/h) were calculated for the 0-4 and 0-28 h incubation 

periods by dividing the mean pollen tube length by the incubation time. Standard 

deviation of the mean growth rate was calculated by dividing the standard deviation of 

the mean pollen tube length for each time period by the incubation time (4 or 28 h 

respectively).  

Because of the destructive nature of the sampling protocols, pollen tube length (mm) 

from 4-16 h was not directly measured, but rather calculated from length measurements 

after the first 4 h and the first 16 h (designated L0,4 and L0,16, respectively). The mean 

growth rate from 4-16 h (R4,16) was calculated as the difference in mean pollen tube 

lengths divided by twelve (the number of hours elapsed between the two measures): 

12
)( 4,016,0

16,4
LLR −= . The standard deviation of R4,16 is a function of the variance 

estimates for the two growth measurements, Var(L0,4) and Var(L0,16), and the covariance 

between the two, Cov(L0,4,L0,16), as follows: 
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Because the two growth values are not statistically independent of each other, the 

covariance term is non-zero. Direct estimation of the covariance is not possible, however, 

again because of the destructive nature of the sampling protocols.  The covariance term is 

likely positive; negative covariance would require a substantial reversal of relative 

growth rates among pollen tubes after the first four hours.  Thus,
12

)()( 4,016,0 LVarLVar +
 

used in this study, is likely an overestimate of the standard deviation of R4,16 (Zar 1984). 

Growth rate from 16-28 h was calculated in an analogous manner.  

Results 

Pollen tube growth in normal, ablated, and buffer injected ablated styles 

Pollen tube length in the normal versus ablated styles was not significantly different, 

though mean pollen tube length in ablated styles was 20% less than that of normal styles 

40 h post-pollination (Fig. 3).  Pollen tube growth in the ablated styles averaged 20 mm 

after 40 h. Pollen tube growth in ablated styles injected with seven different buffers 

(Table 1) was not significantly different from growth in the non-injected ablated styles 

with the exception of the Tris-HCL (pH 8.0) treatment, which significantly reduced 

growth by approximately 50% (Fig. 3). Styles injected with HEPES buffer, a common 

biological buffer in the Good’s series (Good et al., 1966) with 2 mM Na2S2O5 and 1 mM 

DTT exhibited significantly reduced pollen tube length compared to normal styles. The 

injected buffers were prepared at their pKA at a concentration of 50 mM, with the 

exception of Modified Complete Medium (Table 1).  There were no detected differences 

in pollen tube morphology in normal, ablated, or injected styles (Fig. 3). In general, 
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pollen tube length was most reduced by buffer injections with pH 7.6 and higher, whereas 

buffers with pH ranging from 4.8-7.4 were not reduced in pollen tube length compared to 

non-injected. 

Pollen grain concentration effect on pollen tube growth 

The concentration of pollen grains suspended in trilinolein impacted the number of 

pollen tubes observed in the style and the growth of pollen tubes (Fig. 4). Pollinations 

using pollen concentrations of 100 pollen grains/µl had no measurable pollen tube growth 

in normal, ablated, or MCM injected styles (data not shown). Pollinations using pollen 

concentrations of 500 and 1,000 pollen grains/µl also resulted in styles with unsuccessful 

pollinations, as defined by styles having fewer than 10 pollen tubes (Fig 4).  Pollen tube 

lengths were significantly longer in normal styles at 10,000 and 20,000 pollen grains/µl 

than at 500 or 1,000 pollen grains/µl.  Pollen tube lengths in ablated styles with or 

without injection were not significantly different with pollinations using 500-20,000 

pollen grains/µl. Pollinations using pollen concentrations of 10,000 and 20,000 pollen 

grains/µl were consistently successful (greater than 10 pollen tubes per style) in all 

treatments. 

Temperature optimum for the PTGA 

Pollen tube lengths among normal, ablated, and MCM injected styles did not 

significantly differ at any of the eight incubation temperatures (Fig. 5). Pollen tube 

lengths were not significantly different among the intermediate temperature treatments 

(RT, 25, 30, or 35°C), which had the longest mean pollen tube lengths. Pollen tube 

lengths were significantly shorter in normal, ablated, and injected styles under the 
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extreme incubation temperatures (5, 15, 40, and 45°C). Mean pollen tube length at 5°C 

was significantly reduced compared to all higher temperatures, except for 45°C, which 

yielded no pollen tube growth. 

Pollen tube growth rate varies over the length of the style 

The rates of pollen tube growth at varying time points and positions in the style were 

evaluated to determine if injection has an impact on pollen tube growth throughout the 

style.  Pollen tube lengths in normal, ablated, and MCM injected styles were not 

significantly different from each other at 4 or 16 h post-pollination when incubated at 

30°C (Fig. 6a). The mean pollen tube length in normal styles was significantly longer 

than those in either ablated or injected styles 28 h post-pollination, which is consistent 

with the growth measured after 40 h (Fig. 3 and 6a). The mean pollen tube lengths in the 

ablated and injected styles were not statistically different from each other after any 

incubation period. 

The mean pollen tube growth rate (mm/h) for normal styles was 1.01 mm/h during 

the first 4 h of growth, decreased to 0.79 mm/h over the next 12 h, and increased to 1.09 

mm/h during the final 12 h with a mean overall rate for the 28 h growth period of 0.95 

mm/h (Fig. 6b). The rates of pollen tube growth in ablated styles were 0.86 mm/h, 0.66 

mm/h, and 0.81 mm/h for the same time intervals, respectively, with a mean overall 

growth rate of 0.75 mm/h. The corresponding rates of pollen tube growth in the injected 

styles were 0.75 mm/h, 0.78 mm/h, and 0.57 mm/h in the final 12 h, with a mean overall 

growth rate of 0.68 mm/h. 
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The rates of growth for all three style treatments were most similar during the 4-16 

hour growth period. At the 0-4 h and 16-28 h growth intervals, growth rates were highest 

in normal styles, followed by ablated styles, and lowest in the injected styles. Within the 

0-4 h and 4-16 h growth intervals, the mean rates of growth for all style treatments were 

within one standard deviation of each other, but the mean growth rate in normal styles 

exceeded those of the ablated and injected styles by more than one standard deviation 

during the 16-28 h interval. Overall mean rate of pollen tube growth for the entire 28 h 

interval was greatest in the normal style. Ablated and injected mean growth rates were 

within one standard deviation of the means of each other over the 0-4, 4-16, and 0-28 

hour intervals, but not the 16-28 h interval. Injected styles had a slower mean pollen tube 

growth rate during the 16-28 h growth interval. 

Discussion 

A novel and robust PTGA was developed to test experimental treatments applied 

directly to growing pollen tubes in an in vivo environment without sacrificing growth rate 

and morphology. The TT-ablated style of N. tabacum was used for the in vivo culture of 

pollen despite the fact that the TT had previously been thought to be essential for pollen 

tube growth (Labarca et al. 1970; Lord and Sanders 1992; de Graaf et al. 2004). Studies 

in both Arabidopsis (Crawford and Yanofsky 2008) and N. tabacum (Smith, unpublished) 

have since demonstrated pollen tubes grow in styles without a mature TT. Pollen tube 

length in the ablated style is slightly reduced compared to growth in the normal style (Fig 

3). This reduction is most likely due to the absence of the mature TT, a highly specialized 

tissue in which pollen tubes grow intercellularly. Despite the reduced pollen tube length 
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in the ablated style, the length and growth rate are greater than that reported for N. 

tabacum pollen in in vitro culture systems, with lengths as great as 25 mm after 40 h and 

growth rates from 0.68 to 0.78 mm/h versus maximum lengths of 12-15 mm and growth 

rates from 0.25-0.30 mm/h in optimized medium (Fig. 3; Read et al. 1993; Lush et al. 

1997). The improved pollen tube growth compared to in vitro, in the absence of the TT, 

may be a result of the physical environment of the style. 

 This PTGA allows efficient measurement of pollen tube length and evaluation of 

morphology as in other in vivo assays (Kuboyama et al. 1994; Crawford et al. 2007; 

Distefano et al. 2009). Pollen grains suspended in trilinolein are deposited on the cut 

surface of the style where they hydrate and germinate (Fig. 2). The pollen tubes grow 

with a consistent direction toward the ovary, despite the absence of the TT. The pistil 

cortex maintains the integrity and spatial location of the pollen tubes throughout 

softening, staining, and squashing, prior to observation (see methods), allowing for 

accurate measurement of pollen tube length after prolonged pollen tube growth (Fig. 2). 

Prolonged incubation in vitro typically results in pollen tubes growing without a 

consistent direction, resulting in intertwined tubes and making accurate measurements of 

length difficult (Read et al. 1993). 

The hollow style of the TT-ablated line makes it amenable to injection of 

experimental treatments into the style prior to pollination. Use of the assay requires the 

researcher to become proficient at injecting material into the ablated styles without 

excessive damage. Additionally, wounding of the flower occurs prior to pollination, 

which may be a significant variable in some experiments and needs to be considered. 
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Furthermore, the exact environment and growth medium inside the style is not known 

after diffusion of the injected material among style cells and with the preexisting stylar 

material. The constituents of a treatment may be known prior to injection, but once 

injected, the pH, concentration, location in the tissue, contact with pollen tubes, and 

contributions of the style cannot be determined. This results in the PTGA being a less 

rigorously defined environment than a defined medium in an in vitro or semi-in vivo 

culture system. Nevertheless, the PTGA provides a method to apply treatments, through 

injection, to pollen tubes that are grown in a modified in vivo environment that sustains 

growth at rates approximating those produced in vivo (Fig. 3).  

The PTGA is compatible with many commonly used buffers 

The utility of a PTGA is in part determined by its ability to grow pollen tubes at a rate 

comparable to growth in vivo and its compatibility with diverse buffers and conditions. 

Injection of six of the seven buffers (Table 1) into an ablated style caused no significant 

decrease in pollen tube length relative to the non-injected ablated style (Fig. 3). Pollen 

tube growth was significantly reduced by Tris-HCL, pH 8.0, but pollen tubes were still 

able to grow at an overall rate of 0.26 mm/h and reach 11 mm in length (Fig. 3). The 

buffers were selected based on their common use and their utility in isolating proteins and 

other components from the TT. Acetate buffer has been used in the isolation of S2-

glycoproteins from N. alata styles (Harris et al. 1989; Murfett et al. 1992); sodium 

phosphate buffer was used for extraction of Transmitting Tract Specific protein and Pistil 

Extensin-Like Protein III from N. tabacum styles (Cheung et al. 1995; Bosch et al. 2001, 

2003); Tris-HCL was used to extract stigmatic exudates from Papaver rhoaes, 
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glycoprotein from Prunis avium, and arabinogalactan-protein from Gladious (Williams et 

al. 1982; Franklin-Tong et al. 1988). In each of these experiments, the isolated protein 

required buffer exchange or dilution into a solution that was compatible with in vitro 

pollen tube growth before the biological activity could be tested. MES and HEPES are 

Good’s (1966) buffers, and MES is the buffering agent used in the complete media for in 

vitro N. tabacum pollen tube growth (Read et al. 1993) and as a buffering agent in the 

MCM in this study (Table 1).  

The compatibility of these commonly used buffers with the PTGA demonstrates its 

utility for measuring the biological activity of extracts from the style or other tissues. 

Despite causing a significant reduction in pollen tube length relative to the other buffers, 

Tris-HCl pH 8.0 can be used to evaluate factors for pollen tube growth measurements in 

this assay. However, the fact that the buffer significantly decreases pollen tube growth 

would need to be acknowledged. Prior to any experiment the PTGA will need to be tested 

for compatibility with the specific set of buffers and conditions being employed.  The 

broad compatibility of N. tabacum pollen tube growth across a range of buffers and pHs 

injected into ablated styles as well as the sensitivity to the Tris-HCL pH 8.0 buffer, 

supports the conclusion that this novel PTGA can be used to test the biological activity of 

compounds isolated in many common buffers. 

A critical concentration of pollen grains is necessary for consistent pollen tube growth.  

Pollen concentration is known to affect pollen germination and the rate of pollen tube 

growth (Johri and Vasil, 1961; Lush et al. 1997). The stigmatic tissue is critical to pollen 

adherence, hydration, germination, and growth (Wolters-Arts et al. 1998; Chapman and 
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Goring 2010; Hiscock and Allen 2008). The TT-ablated N. tabacum pistil has a necrotic 

stigma that acts as a physical barrier to pollen tube growth (Gardner et al. 2009). We 

investigated the efficiency of using pollen suspended in trilinolein at different 

concentrations as a replacement for the stigma (Wolters-Arts et al. 1998). Trilinolein 

effectively replaced the stigma and supports consistent pollen tube growth through the 

style at concentrations of 10,000 and 20,000 pollen grains/µl in normal, ablated, and 

MCM injected styles (Fig. 4).  

The mean pollen tube length in the normal style was significantly longer when 

pollinations were performed with10,000 and 20,000 pollen grains/µl (Fig. 4). For normal, 

ablated, and injected styles the number of failed pollinations, defined by styles with fewer 

than 10 pollen tubes per style, was noteworthy at concentrations below 10,000 pollen 

grains/µl (Fig. 4). The numerous excluded pollinations at these concentrations reduce the 

efficiency of the assay. Pollen germination efficiency in vitro and in vivo is known to be 

concentration dependent, with a higher concentration of pollen grains yielding a higher 

germination percent (Chen et al. 2000; Lord and Russell 2002; Higashiyama and Inatsugi 

2006). While this PTGA does require a high concentration of pollen to be applied to the 

cut style to consistently achieve successful pollinations, using 10,000 and 20,000 pollen 

grains/µl results in highly reproducible pollen tube growth.  

Pollen tube growth is significantly affected by the temperature. 

Temperature plays an important role in many physiological processes including 

pollen tube growth (Johri and Vasil, 1961; Shivanna et al. 1991; Karapanos et al. 2010; 

Zinn et al. 2010). Pollen tube growth has been shown to be affected by temperature, with 
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pollen tube germination and length maximized at temperatures between 20-30°C and 

decreasing at high and low temperatures (Johri and Vasil 1961; Kakani et al. 2002; 

Kakani et al. 2005; Zinn et al. 2010). This trend is consistent for N. tabacum pollen tube 

growth in the normal, ablated, and MCM injected N. tabacum styles (Fig. 5). Most 

importantly, the pollen tube length at each temperature is not significantly different 

between non-injected and injected ablated styles. This demonstrates that injection into the 

ablated style does not impact the pollen tube response to temperature. Pollen tube growth 

in the injected styles is maximized at temperatures from 20-35°C, which is consistent 

with other in vitro experimental results (Johri and Vasil 1961; Kakani et al. 2002; Kakani 

et al. 2005). Despite a significant reduction in pollen tube length at temperatures of 5, 15, 

and 40°C there is measurable pollen tube growth allowing for the evaluation of the 

response to injected treatments at these extreme temperatures.  

Pollen tube length and rate is not affected by stylar injections. 

The rate of pollen tube growth throughout the style varies as pollen tube growth 

transitions from autotrophic to heterotrophic (Read et al. 1993; Stephenson et al. 2003). 

We investigated how the absence of the TT and injection of MCM into the hollow style 

impacted pollen tube growth through the style at specific time points. Pollen tube length 

and growth rate were the most similar between normal and injected styles at16 h post-

pollination (Fig. 6). Therefore, the 16 h incubation period can be used to compare 

injected treatments relative to normal styles without needing to account for any decrease 

in pollen tube length as a result of the ablated TT. Any significant difference between the 
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normal and injected treatment measured before 16 hrs may be attributed to the injected 

treatment.  

Pollen tube lengths were not significantly different in the non-injected and injected 

ablated styles at any of the time points tested (4, 16, and 28 h; Fig. 6). However, the 

pollen tube growth rate from 16-28 hrs slowed by 30% in the injected styles compared to 

the non-injected styles. Despite the reduced rate over this time period, pollen tube lengths 

of injected and non-injected ablated styles are not significantly different after 28 or 40 h 

post pollination (Fig 3 and 6). Depending on the type of experiment being carried out, 

careful consideration of incubation time and growth rates will be required to minimize 

variation due to injections.  

Average N. tabacum pollen tube growth rate in the injected style is 0.68 mm/h over 

28 h (Fig. 6) compared to a growth rate in normal N. tabacum styles of 0.95 mm/h over 

28 h. Read et al. (1993) reported, for optimized medium, in vitro pollen tube growth rates 

of 0.25 mm/h for N. tabacum and in vivo growth rates of 0.65 mm/h (with the stigma). 

The injected style does not support growth rates equal to those observed in normal N. 

tabacum styles; however, the rate of growth in the injected styles at 30°C is markedly 

improved over those observed in other optimized culture systems.  

The PTGA allows the evaluation of pollen tube response to an injected treatment after 

long and short incubation times. 

An incubation time of 40 h at RT allows pollen tubes to reach maximum length 

without growing the full length of the ablated styles (Fig. 2 and 3). This pollination time 

increases the interaction time of the pollen tubes with the injected treatment. By selecting 
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a time point at which to measure growth of pollen tubes where they have not grown the 

full length of the style, we were able to determine whether a treatment enhanced, 

inhibited, or had no effect on pollen tube length. Shorter incubation times may be used to 

decrease the total assay time or evaluate the pollen tube response at different growth 

phases. It is also possible that the pollen tube growth response to a treatment may be time 

sensitive. Jahnen et al. (1989) reported that the in vitro response of N. alata was only 

observed at specific time points, and treatments were equal at other time points. A similar 

phenomenon could occur in this PTGA, where a treatment effect may only be 

differentiated within a small time interval and the pollen tube length would be equal at all 

other time points. For this reason, it is important to consider evaluation of pollen tube 

growth after determining when the maximum effect can be measured.   

Implications 

The TT-ablated N. tabacum pistil can be used for a novel and robust PTGA to test the 

effect of applied treatments on pollen tube growth. A range of conditions and parameters 

that affect pollen tube growth were evaluated using this PTGA. This assay provides a 

new tool in the assessment of pollen tube growth under a variety of conditions and 

treatments. We show that the ablated N. tabacum style supports pollen tube growth 

following injection of a substrate into the style. Parameters that are known to impact 

pollen tube growth were investigated to determine the magnitude of their effect on this 

novel PTGA. Based on experimental results, we defined the PTGA experimental 

parameters as pollinations using 20,000 pollen grains/µl trilinolein, RT incubation, and a 

40 h incubation time for low variability and robust pollen tube growth. We propose that 
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the PTGA can be used to test biological activity of TT factors involved in self 

incompatibility, interspecific incompatibility, signaling, and growth (Williams et al. 

1982; Harris et al. 1989; Cheung et al. 1995; Kuboyama et al. 1994; Wu et al. 2001; de 

Graaf et al. 2004). Transmitting tract extracts and other compounds can be formulated in 

specific buffers that are known to be compatible with this PTGA (Table 1; Fig. 3). This 

PTGA offers a significant improvement in pollen tube growth rate and total length 

compared to in vitro and semi-in vivo assays. It will serve as a valuable tool to investigate 

the function of biological factors in pollen tube growth. 
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Figure 1 

 

 

 
Figure 1. Steps of the PTGA procedure. a. Mature TT ablated N. tabacum flower, b. corolla and stamen removed, c. stigma removed, d. 
injection into the base of the style. e. Magnified view of droplet of dye extruded from the cut end of the style after injection and f. the injection 
site. Chevron indicates where the corolla and stamens were removed, arrow indicates where the stigma was removed, and arrowhead indicates the 
injection site. White bar represents 10 mm for panels a-d 
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Figure 2 

 

 

 
Figure 2. Normal (a, d), ablated (b, e), and MCM injected (c, f) N. tabacum styles 40 hrs post 
pollination with N. tabacum pollen. a, b, and c show pollen grains and pollen tubes at the cut 
style surface. Asterisks designate the cut style surface with pollen grains. d, e, and f show the 
pollen tube growth front with dashed lines marking the end of the growth front. Arrows indicate 
pollen tubes and arrowheads indicate vascular tissue. The white bar (a) represents 1 mm; all 
photos are shown at the same magnification 
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Figure 3 

 

 

 

 

 

 
Figure 3. Mean ± S.E. length of N. tabacum pollen tubes measured 40 h post pollination in 
normal and ablated non-injected and ablated injected styles. Seven different buffers (NaOAc, 
MCM, MES, PBS, HEPES, HEPES++, and Tris-HCl; Table 1) were injected into ablated styles 
prior to pollination. Letters represent Tukey’s HSD mean separation at α=0.05 
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Figure 4 

 

 

 

 

 

 
Figure 4. Mean ± S.E. length of N. tabacum pollen tubes measured 40 h post pollination in 
normal, ablated, and MCM injected styles using four pollen grain concentrations (500, 
1,000, 10,000, and 20,000 pollen grains/µl trilinolein). Each pollen concentration for each style 
treatment was replicated with N=10 styles. Styles with less than 10 pollen tubes per style were 
not used to calculate mean pollen tube growth. The number of styles used to calculate average 
pollen tube length is indicated (n). Letters represent Tukey’s HSD mean separation at α=0.05 
within each style treatment 
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Figure 5 

 

 

 

 

 

 
Figure 5. Mean ±S.E. length of N. tabacum pollen tubes measured 40 h post pollination in 
normal, ablated, and MCM injected styles incubated at eight temperatures (5, 15, RT (23), 
25, 30, 35, 40, 45°C). Letters represent Tukey’s HSD mean separation at α=0.05 
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Figure 6 

 

 
Figure 6. N. tabacum pollen tube growth over time a. Mean pollen tube lengths ±S.E. for 
normal, ablated, and MCM injected N. tabacum styles incubated at 30°C for 4, 16, and 28 hrs. 
Letters represent Tukey’s HSD mean separation at α=0.05. b. Calculated mean pollen tube 
growth rate (mm/hr) ± SD for 0-4, 4-16, 16-28 and 0-28 h incubation time intervals (see methods) 
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Table 1 Constituents and pH of buffers used as injection treatments in the PTGA. All buffers were prepared at their pKA’s at a final concentration 
of 50 mM (except MCM) and were injected into the ablated N. tabacum style 

 

Injected Buffer Treatments Constituents pH 

Modified Complete Mediuma 
(MCM) 

0.03% (w/v) casein acid-hydrolysate, 15mM 2-(N-
morpholino)ethanesulfonic acid (MES)-KOH pH 5.9, 1.0 mM 
CaCl2, 1.0 mM MgSO4, 1.6 mM H3BO4 

5.9 

Acetate buffer (NaOAc) 50 mM Sodium acetate 4.8 

MES buffer (MES) 50 mM 2-(N-morpholino)ethanesulfonic acid (MES) 6.2 

Phosphate buffer (PBS) 10 mM Na2HPO4 

2.7 mM KCl 

137 mM NaCl 

2 mM KH2PO4  

7.6 

HEPES buffer (HEPES) 50 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 
(HEPES) 

7.6 

Tris buffer (Tris-HCl) 50 mM 2-Amino-2-(hydroxymethyl)-1,3-propanediol, hydrochloride 
(Tris-HCl) 

8.0 

HEPES + Na2S2O5 + DTT 
(HEPES++) 

20 mM HEPES, 2 mM sodium metabisulfite (Na2S2O5), and 1 mM 
Dithiothreitol (DTT) 

7.6 

a Read et al. 1993. 



40 

Chapter 3: The Class III Pistil-Specific Extensin-Like Nicotiana tabacum protein, 

PELPIII, is essential for interspecific incompatibility. 

Summary 

Prezygotic interspecific incompatibility (II) involves an active inhibition mechanism 

between the pollen of one species and the pistil of another related species. These barriers 

to fertilization effectively prevent hybridization and maintain species identity. 

Elimination of the mature transmitting tract (TT) in a transgenic N. tabacum line with an 

ablated TT resulted in the loss of inhibition of interspecific pollen tube growth of N. 

obtusifolia and N. repanda. The role of the TT in the II interaction between N. tabacum 

and N. obtusifolia was further characterized by evaluating N. obtusifolia pollen tube 

growth in normal and TT-ablated styles at different post-pollination times, temperatures, 

and developmental stages. The II activity of the TT slowed and arrested N. obtusifolia 

pollen tube growth, was temperature dependant, and was developmentally regulated. We 

hypothesized that proteins produced by the mature TT and secreted into the extra-cellular 

matrix regulate II. Extracts from the mature TT of N. tabacum were injected back into the 

hollow style prior to pollination to measure inhibitory activity on pollen tube growth. 

Protein extracts from normal N. tabacum styles inhibited the growth of incompatible 

pollen tubes of N. obtusifolia and N. repanda. The protein that was consistently 

associated with specific inhibition of II pollen tubes was the class III pistil-specific 

extension-like protein (PELPIII), and its requirement for II was confirmed through 

antisense suppression of PELPIII. Inhibition of N. obtusifolia and N. repanda required 

the accumulation of PELPIII in the TT of N. tabacum, indicating a novel function for 

PELPIII as an II protein. 
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Introduction 

Interspecific reproductive barriers are important for genetic isolation of 

populations and genesis of new species (Moyle and Graham 2004; Howard 1999; 

Rieseberg and Blackman 2010). Geographical, ecological, mechanical, and physiological 

barriers all contribute to reproductive isolation (Tiffin et al. 2001). In order to achieve 

fertilization, pollen must land on a compatible pistil, hydrate, germinate, and grow 

through the stigma, down the style to the ovary where double fertilization occurs (Lord 

and Russel 2002). Interspecific reproductive barriers can act pre or postzygotically 

(Howard 1999; Rieseberg and Blackman 2010). Prezygotic barriers such as time of 

flowering, geographic distribution, and pollinator preferences all act prior to pollination. 

Pollen-pistil interactions occur post-pollination but prior to zygote formation. Pollen-

pistil interactions serve a critical role in accepting and promoting fertilization from 

compatible pollen sources and preventing fertilization from incompatible pollen sources 

(Kikuchi et al. 2007; Lee et al. 2008; Figueroa-Castro and Holtsford 2009). To 

understand the role of post-pollination, pre-zygotic, interspecific barriers in speciation it 

is important to identify the mechanisms controlling them. It is not clear whether 

speciation is a result of these barriers or if they form as a consequence of speciation and 

genetic divergence (Rieseberg and Willis 2007; Liedl and Anderson 1993). This study 

focuses on elucidating prezygotic, post-pollination barriers regulated by the transmitting 

tract (TT) of the Nicotiana tabacum pistil. Understanding interspecific reproductive 

barriers will give insight into species evolution, maintenance, and gene flow (Howard 

1999). 
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The pistil regulates both intra- and interspecific pollen incompatibilities. Self 

incompatibility (SI) is a highly studied mechanism of intraspecific incompatibility (II) 

that prevents self pollination, thereby reducing inbreeding depression (Kao and 

McCubbin 1996; Takayama and Isogai 2005; Goldberg et al. 2010). Self incompatibility 

is present across multiple plant families, has arisen at least three separate times in the 

evolutionary timeframe, and operates under multiple mechanisms (Takayama and Isogai 

2005). Nicotiana has gametophytic SI, controlled by the multi allelic S-locus that encodes 

for the pollen-specific S-Locus F-box (SLF) and the style specific S-RNase proteins 

(Chen et al. 2010). The mechanisms and unlinked genes involved in gametophytic SI are 

well defined (Takayama and Isogai 2005; McClure 2006; de Graaf et al. 2006; Chen et al. 

2010; Sims et al. 2010). Unlike SI, mechanisms regulating interspecific pollen-pistil 

interactions are much less understood (Murfett et al. 1996; McClure et al. 2000).  

Interspecific pollen-pistil barriers are a result of either incompatibility or 

incongruity. Incongruity has been defined as a passively evolved mismatch of genetic 

information between two species (Hogenboom 1973; Liedl and Anderson 1993; 

Kuboyama et al. 1994) while II is referred to as an active rejection of interspecific pollen 

(Liedl and Anderson 1993; McClure et al. 2000). Interspecific incompatibility is often 

associated with SI and termed unilateral incompatibility (UI), where a SI female will 

reject pollen from a self-compatible (SC) male while the reciprocal cross is compatible 

(Pandey 1968; Lewis and Crowe 1958; de Nattancourt 1997; Bedinger et al. 2011). There 

is evidence that SI and UI are regulated by common and separate mechanisms depending 

on the species involved in the interaction (McClure et al. 1999; Li and Chetelat 2010). 

Murfett et al. (1996) showed that the S-RNase protein in SI N. alata pistils was involved 
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in rejection of pollen from SC N. glutinosa, N. tabacum, and N. plumbaginifolia. When 

pollinations were performed on SC N. alata pistils with no S-RNase, pollen of N. 

tabacum and N. glutinosa was still incompatible, implicating N. alata has II mechanisms 

dependent and independent of S-RNase that cause rejection of both species (Murfett et al. 

1996). There is evidence that the HT (High Top) family proteins are involved in UI in 

both Nicotiana and Solanum (McClure et al. 2000, Bedinger et al. 2011). HT is a small 

asparagine-rich protein that is required for SI in N. alata (McClure et al. 1999). Self-

compatible species have also been shown to reject pollen from SC species, which also 

suggests an independent mechanism for UI and SI (Kuboyma et al. 1994; Bedinger et al. 

2011). The hypothesis that the mechanism of UI does not always follow that of SI is 

further supported by variation in the phenotype and location of inhibition of UI crosses 

compared to SI in other genera (Liedl et al. 1996; Li and Chetelat 2010; Covey et al. 

2010; Bedinger et al. 2011). Unilateral incompatible pollinations have been shown to be 

inhibited at different positions in the style than SI pollen tubes. Since the specific 

mechanism regulating UI and II is apparently species-specific there is often confusion in 

the literature about whether inhibition of interspecific pollen is due to incompatibility or 

incongruity as the two concepts are not mutually exclusive (Kuboyama et al. 1994; 

McClure et al. 2000). We use II to refer to the inhibition of interspecific pollen tube 

growth by the N. tabacum style, in part due to its SC nature.  

Rapidly growing pollen tubes use resources of the TT to support their growth, and 

the TT is the location of gametophytic SI interactions in Nicotiana (Johnson and Lord 

2006). The TT is a specialized, metabolically active file of cells that is continuous from 

the stigma to the ovary (Jansen et al. 1992). Pollen tubes grow though the TT extra-
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cellular matrix, which is composed of sugars, amino acids, glycolipids, glycoproteins, 

polysaccharides, lipids, and proteins (Swanson et al. 2004, Lind et al. 1994). Proline-rich 

proteins are predominant in the TT extra-cellular matrix and are thought to have 

important function in pollen tube growth (Wu et al. 2001). In Nicotiana, three 

hydroxyproline-rich proteins, Transmitting Tissue Specific (TTS), 120-kDa (120K), and 

the class III Pistil Extensin-Like Protein (PELPIII), have been identified as major 

components of the TT extra-cellular matrix. Each protein is highly soluble, 

developmentally regulated, highly glycosylated, and has a conserved cysteine-rich C-

terminal domain (Bosch et al. 2001; Wu et al. 2001). Sanchez et al. (2004) suggested that 

while TTS, 120K, and PELPIII have very similar amino acid backbones; the differences 

in their glycosylation may play an important a role in their function. The TTS protein was 

shown to promote pollen tube growth in vivo and in vitro in N. tabacum (Cheung et al. 

1995). The pollen tubes of N. tabacum were shown to deglycosylate TTS during growth 

and incorporate the protein into the pollen tube wall (Wang et al. 1993; Wu et al. 1995). 

The 120K protein was isolated from N. alata, taken up into the cytoplasm of pollen tubes, 

and shown to be required for S-specific pollen rejection, although its function in SC N. 

tabacum has not been reported (Hancock et al. 2005; Lind et al. 1996). Lind et al. (1994) 

demonstrated the 120 kDa protein is found in style extracts across multiple Nicotiana 

spp. with notable size polymorphisms between species (Hancock et al. 2005). The 

PELPIII protein was shown to be incorporated into pollen tube walls of both compatible 

and incompatible pollen tubes, but its function has not been identified (Goldman et al. 

1992; de Graaf et al. 2003; Bosch et al. 2003; de Graaf et al. 2004; Cruz-Garcia et al. 

2005). Bosch et al. (2003) evaluated the effect of antisense suppression of PELPIII on N. 
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tabacum, N. rustica, and N. maritima pollen tube growth. They found that reduced 

accumulation of PELPIII alone or in tandem with the reduction of TTS and 120k had no 

impact on pollen tube growth on any of the three species tested (Bosch et al. 2003). 

Cheung et al. (1995) showed that when the level of TTS protein was reduced in the N. 

tabacum style pollen tube growth rates were reduced. The TTS reduction in the PELPIII-

antisense styles (Bosch et al. 2003) was likely not reduced sufficientyl to have an effect 

on N. tabacum pollen tube growth. All three proteins were shown to interact with S-

RNase, which suggests they may function in SI or UI (Cruz-Garcia et al. 2005). 

While the TT and its components have been well studied, function of these 

components and the mechanisms that regulate pollen tube growth are still largely 

unknown (Edlund et al. 2004; Swanson et al. 2004; Hogenboom 1973, 1984). The TT is 

the location of pollen tube growth. However, recent studies in Arabidopsis and Nicotiana 

show that, while the TT does support optimal pollen tube growth, it is not essential for 

SC pollen tube growth (Crawford et al. 2007; Eberle et al. 2012). Using a transgenic N. 

tabacum line with ablated mature TT cells and a hollow style (TT-ablated; Gardner et al. 

2008) we studied the incompatibility between the N. tabacum style and N. obtusifolia and 

N. repanda pollen (Kuboyama et al. 1994). Both N. obtusifolia and N. repanda pollen 

tubes are incompatible with N. tabacum styles but their pollen tube growth increases 

significantly in the TT-ablated N. tabacum style. Pollen tube growth of N. obtusifolia 

occurs in both normal and TT-ablated styles while the growth of N. repanda has little to 

no growth in the normal style and significant growth in the TT-ablated style. We show 

here that the N. tabacum TT does have an essential function in inhibiting interspecific 
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pollen tube growth of N. obtusifolia and N. repanda. Since N. tabacum is SC and 

contains no active S-RNase (Golz et al. 1998), the II mechanism is independent of SI. 

The TT-ablated style, in addition to increasing N. obtusifolia and N. repanda 

pollen tube growth, functions as a novel pollen tube growth assay (PTGA; Eberle et al. 

2012). We hypothesized that the inhibitory molecule of the TT that is responsible for II is 

proteinaceous and soluble. We used the PTGA to test the II activity of proteins produced 

by the normal style on incompatible pollen tubes growing in the TT-ablated style by 

injection into the hollow space of the TT-ablated style followed by pollination. Proteins 

involved in II were identified through tandem mass spectral sequencing and PELPIII was 

identified as a top II protein candidate. The N. tabacum protein, PELPIII, was identified 

as being required for specific inhibition of interspecific pollen tube growth. 

Materials and Methods 

Plant Material and Growth Conditions 

All plants were grown in a greenhouse (St. Paul Campus, U of M, 45N lat.) under 

a 14h photoperiod with supplemental lighting from 600 watt high pressure sodium lamps 

at PAR 200 μmol m-2 s-1 and an average temperature of 24.4°C. Nicotiana tabacum 

‘Samsun’ wild-type, TT-ablated, and male-sterile (MS) lines are the same lines used in 

previous research (Eberle et al. 2012; Gardner et al. 2009). Male-sterile flowers were 

used for ‘normal’ style pollinations, referring to the presence of a normal TT in the style. 

Male sterility eliminated the need to emasculate flowers prior to pollination. Wild-type N. 

tabacum ‘Samsun’ plants were used as the N. tabacum pollen source in pollinations of 

‘Samsun’ styles. Seeds of N. obtusifolia (synonym N. trigonophylla; PI 555543) and N. 
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repanda (PI 555551) were obtained from the Germplasm Resources Information Network 

(USDA ARS, USA). Seed from N. sylvestris was a laboratory stock seed originally 

acquired from Thompson & Morgan (Suffolk, UK). 

PELPIII antisense N. tabacum ‘Petit Havana’ SR1 lines C81, C64, and F81 were 

developed by Maurice Bosch (Bosch et al. 2003) and seed was provided via Bruce 

McClure (University of Missouri, Columbia). Wild-type N. tabacum ‘Petit Havana’ SR1 

(Wt) seed was provided by Celestina Mariani (University, Nijmegen). Wild-type and 

antisense plants were emasculated prior to pollen shed. Wild-type plants were used as the 

N. tabacum pollen source in pollinations of Wt and antisense styles.  

Pollinations 

Normal and TT-ablated N. tabacum ‘Samsun’ styles were pollinated, after stigma 

removal, as described by Eberle et al. (2012). Injections of TT-ablated styles were done 

prior to pollination. Pollen was collected and either mixed with trilinolein (Wolters-Art et 

al. 1998) to a concentration of 20,000 pollen grains/μL (concentration determined using a 

hemocytometer), and applied to the cut-style surface, or trilinolein was first applied to the 

cut style followed by the addition of pollen. Pollinations of N. tabacum ‘Petit Havana’ 

SR1 were all performed with the stigma using 1 µL of pollen suspended in trilinolein at 

20,000 pollen grains/μL. Pollinations were incubated at room temperature (23°C) for 40 h 

unless otherwise noted. For pollinations of different style developmental stages, N. 

tabacum ‘Samsun’ MS and TT-ablated flowers were collected at five developmental 

stages (15 mm, 25 mm, 35 mm, pre-anthesis, and post-anthesis). These stages are 

approximately equivalent to stages 4, 6, 8, 10, and 12, respectively (Koltunow et al. 
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1990). Flower measurements were taken from receptacle to the end of the corolla (or 

sepals if the corolla was not exposed). Pollinations were performed after removal of the 

corolla, sepals, and anthers for access to the pistil. The stigma was removed with a razor 

blade 1 mm below the stigma and 0.5-1.0 μl of trilinolein was added to the cut-style 

surface. Pollen from N. tabacum or N. obtusifolia was added to the trilinolein. Styles 

were fixed and pollen tube lengths measured as described by Eberle et al. (2012). Pollen 

tube length measurements were taken for ten pollinated styles per treatment. Styles with 

fewer than ten visible pollen tubes were not included in mean pollen tube length 

calculations. Style length measurements were taken for each pollinated style after styles 

were fixed. Mean separations were performed using Tukey’s Honestly Significant 

Difference (HSD) test (α = 0.05). 

Protein extraction 

Transmitting tract eluates (TTE) from N. tabacum ‘Samsun’ MS styles were 

prepared according to Wang et al. (1993) from longitudinally bisected styles incubated in 

citric acid extraction buffer (84 mM citric acid, 2 mM Na2S2O5 pH 3.0, 1.5% [w/v] 

insoluble polyvinylpolypyrrolidone, 0.05% [v/v] protease inhibitor cocktail; Sigma-

Aldrich, USA) at 0°C for 2 h (Wang et al., 1993). The buffer with eluted material was 

centrifuged at 10,000 g for 10 min and the supernatant was concentrated by filtration 

through a 3 kDa or 50 kDa Centricon Concentrator (Millipore-Amicon, Bedford, MA). 

The 50 kDa filter was used after it was confirmed that the active II molecule was 

retained. A buffer exchange was accomplished by diluting the concentrated TTE 1:50 
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with control medium (Modified Complete Medium (MCM; Eberle et al. 2012), or15 mM 

MES pH 6.0) followed by reconcentration using the same filter.  

Whole style extracts were made from 10 post-anthesis (stage 12) pistils with 

stigma and ovaries removed from Wt and antisense N. tabacum ‘Petit Havana’ SR1. 

Styles were placed in liquid nitrogen and ground in a pre-chilled mortar and pestle 

followed by extraction with citric acid extraction buffer. Protein was precipitated in 20% 

(v/v) ice cold acetone, centrifuged for 15 min at 10,000 g at 4°C, and the protein pellet 

was resuspended in 62.5 mM Tris-HCL; pH 6.8, 2% SDS, 10% glycerol solution. Protein 

concentration was determined using the BCA Protein Assay Kit (Thermo Scientific, 

USA) according to the manufacturer’s instructions. 

Chromatographic Separation 

The 50 kDa TTE buffer exchanged in 20 mM MES, ph 6.0, was fractionated on a 

Mono S 5/50 GL, Tricorn cation exchange column (GE Healthcare, Bjorkgatan). 

Proteins were eluted in 5 ml of 20 mM MES ph 6.0, followed by a linear gradient of 0.0 

to 0.4 M NaCl over 30 ml and 0.4 to 1 M NaCl over 10 ml in 20 mM MES pH 6.0 buffer 

at 1 mL/min. Fractions were collected in 10 ml volumes. Fractions 1, 2, and 3 contained 

proteins eluted from 0-0.15, 0.15-0.25, and 0.25-0.4 M NaCl, respectively. Fractions 

were concentrated and buffer exchanged into 15 mM MES buffer using a 50 kDa 

Centricon Concentrator.  

SDS-PAGE Gels and Protein-gel blots 

Protein samples were loaded at 40 μg (whole style extracts) or 10 μg (TTE) and 

separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
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using PAGEr™ Gold 4-20% Tris-glycine gels according to the manufacturer’s 

instructions (Lonza, Hopkinton). Proteins were visualized using a Coomassie-based 

Imperial Protein Stain according to the manufacturer’s instructions (Thermo Scientific, 

USA). For antibody detection, proteins were electrophoretically transferred to PVDF 

membranes in buffer containing 192 mM glycine, 25 mM Tris, and 0.05% SDS. 

Membranes were blocked with Tris-buffered saline (TBS; 20 mM Tris, 500 mM NaCl, 

pH 7.5) containing 0.2% nonfat milk (Bio-Rad, Hercules, CA) for 45 min at 23°C. 

Membranes were washed with gentle agitation at 23°C for 5 min in a solution of TBS + 

0.1% Tween20 (TBST). After washing, membranes were incubated with antibodies 

against PELPIII, 120K, or TTS (kindly provided by B. McClure; Cruz-Garcia et al. 2005) 

in blocking solution for 90 min, rinsed twice in TBST followed by alkaline phosphatase-

conjugated goat anti-rabbit antibody (BioRad Immunostar GAR-AP) for 60 minutes at 

23°C. Membranes were rinsed three times in TBST and detected with an Immunostar 

chemiluminescent substrate by exposure to X-ray film (Bio-Rad, Hercules, CA).  

In-gel trypsin digests 

Excised gel bands were destained in 50% methanol in 100 mM (NH4)HCO3 

followed by dehydration in commercial (neat) acetonitrile (ACN) and 10 minutes drying 

in a vacuum centrifuge. Gel bands were rehydrated in 50 μL of 25 mM DTT in 25 mM 

(NH4)HCO3 and incubated at 56°C for 30 min. Samples were cooled to 23°C, excess 

liquid removed and 50 μL of 55 mM iodoacetamide in 25 mM (NH4)HCO3 was added to 

the samples, which were then incubated in the dark for 30 min. Gel bands were washed in 

water for 15 min, followed by 200 μl 25 mM (NH4)HCO3 for 10 min, followed by 
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dehydration in 100% acetonitrile, and 10 min drying in a vacuum centrifuge. Gel bands 

were rehydrated in 30 ng/μL trypsin (Promega Sequence Grade Modified, Madison, WI) 

in 25 mM (NH4)HCO3 for 15 min at 4°C followed by incubation at 37°C for 19 h.  

Digested peptides were extracted in 50% ACN/0.3% formic acid for 15 min followed by 

80% ACN/0.3% formic acid for 15 min. The supernatant was pooled and lyophilized in a 

vacuum centrifuge for 1 h. Peptides were purified by a C18 stage tip in 98:2:0.1% 

water:ACN:triflouroacetic acid wash and 80:20:0.1% ACN:water:trifluoroacetic acid 

elution at the UMN Center for Mass Spectrometry and Proteomics (Rappsilber et al. 

2003).  

Tandem mass spectrometry analysis 

Extracted, trypsin-digested, peptide solution was loaded into the Orbitrap Velos 

(Thermo Scientific, Bremen, Germany) for MS/MS analysis. Load amount was judged 

from Coomassie stained gel bands and similarly prepared samples for a 75 μm ID x 13 

cm long C18 column. The resulting mass spectra were analyzed using Protein Pilot 

software version 4.0 with search parameters for biological modification, iodoacetamide 

cysteine alkylation, detected protein threshold [Unused ProtScore (Conf)] > 0.05 (10%), 

and a competitor error margin (ProtScore) of 2.00 (AbSciex, Framingham, MA). Unused 

ProtScore (score) is the sum of peptide contribution values for a given protein. Peptide 

contributions represent discrete peptide sequences only and equal -log10[1-(conf/100)], 

where conf is the peptide confidence from 0-99 calculated from the count of MS/MS 

peaks that match to a set of theoretical MS/MS peaks, hypothesized modification, delta 

mass, peptide cleavage, and alternate hypotheses (AbSciex, Framingham, MA). The 
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database used for spectra identification was the NCBI nr viridiplantae database, released 

on 12/17/2011 (NCBI, 2012). Identified proteins were given an unused score threshold of 

≥4.0 with at least two peptides with a ≥95% confidence. 

Results 

Nicotiana obtusifolia pollen tube growth in normal and TT-ablated N. tabacum styles 

Nicotiana obtusifolia pollen tube length was significantly shorter in the normal N. 

tabacum styles than in the TT-ablated styles at all times post-pollination from 4 to 88 h, 

with the difference in pollen tube length between the two style types increasing with 

increased incubation time (Fig. 1). The pollen tube growth of N. obtusifolia was not 

significantly different in normal N. tabacum styles with or without the stigma (data not 

shown).  Nicotiana tabacum styles (without stigma) were, on average, 26.4 ± 0.13 mm in 

length. By 64 h post-pollination the N. obtusifolia pollen tubes had reached the end of the 

TT-ablated N. tabacum styles (Fig. 1). In comparison, at 64 h post-pollination N. 

obtusifolia pollen tube growth was arrested in normal N. tabacum styles with a maximum 

mean length of 19.9±0.7 mm, approximately 6 mm short of reaching the end of the style 

and the upper most ovules (Fig. 1).  The ablation of the N. tabacum TT resulted in a loss 

of interspecific inhibitory activity by the N. tabacum style toward N. obtusifolia pollen 

tubes. 

Temperature sensitivity of II 

Incubation of N. obtusifolia-pollinated N. tabacum styles at different temperatures 

altered pollen tube length measured 40 h post-pollination (Fig. 2). Pollen tube length in 

normal styles increased with increasing incubation temperatures from 5 to 35°C (0.3±0.1 
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to 26.4±0.6 mm) and decreased from 35 to 45°C (26.4±0.6 to 0.05±0.02 mm; Fig. 2A). In 

the TT-ablated style, pollen tube length followed the same trend increasing from 1.8±0.1 

to 25.7±0.5 mm from 5 to 30°C and decreasing to 5.8±2.4 and 0.1±0.0 mm at 40 and 

45°C, respectively. Pollen tube length at 30 and 35°C was not significantly different. At 

5, 10, 15, 20, 25, 30, and 40°C the pollen tube length of N. obtusifolia was significantly 

shorter in the normal style compared to the TT-ablated style (Fig. 2A). Nicotiana 

obtusifolia pollen tubes grew to equal lengths in normal and TT-ablated styles 40 h post-

pollination when incubated at 35 and 45°C (Fig2A). At 35°C N. obtusifolia pollen tubes 

grew the entire length of normal and TT-ablated N. tabacum styles 40 h post-pollination, 

while at 45°C the pollen tubes did not grow. The equal pollen tube lengths in normal and 

TT-ablated styles at 35°C was in contrast to significantly different lengths (p < 0.01) 

when grown at all other temperatures (except 45°C; Fig. 2A).  To determine if the equal 

pollen tube length in normal and TT-ablated styles at 35°C was a result loss of inhibitory 

activity by the TT, pollen lengths were measured at 16 and 27 h post-pollination 

incubated at 35°C (Fig. 2B). At both 16 and 27 h post-pollination, the mean pollen tube 

length of N. obtusifolia was significantly longer in the TT-ablated style than the normal 

style, 1.7 and 3.4 mm increase, respectively (Fig. 2B). Furthermore, the length in both 

normal and TT-ablated styles at 16 and 27 h was greater at 35°C (Fig. 2B) relative to 

23°C (Fig. 1). At 16 and 27 h post-pollination average pollen tube length in the normal 

style was 4.7 mm and 7.6 mm longer (respectively) at 35°C than at 23°C. Additionally, at 

40 h post-pollination average pollen tube length in the normal style was 4.5 mm longer at 

30°C than at 23°C (Fig. 1 compared to 2A). Nicotiana obtusifolia pollen tubes in the 

normal style at increased temperature reached the end of the normal style after 40 h post-
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pollination at 35°C, but the pollen tube length in the normal style remained shorter than 

the length in the TT-ablated style after 16 and 27 h post-pollination (Fig. 2B).  

Developmental regulation of II 

Nicotiana tabacum pollen tube length was not significantly different between 

normal and TT-ablated styles in 15 mm, 35 mm, and post-anthesis developmental stage 

styles (Fig. 3A). In 25 mm styles the pollen tube length of N. tabacum was significantly 

(p = 0.05) longer in the TT-ablated styles (8.9±1.1) than the normal styles (5.4±1.2). In 

pre-anthesis styles, N. tabacum pollen tube length was significantly longer in the normal 

styles than the TT-ablated styles. Since N. tabacum is SC and was previously shown to 

grow better in the normal styles than in TT-ablated styles, this was not an unexpected 

result (Eberle et al. 2012). At each developmental stage the pollen tube length of N. 

tabacum grew to at least 50% of the length of the style (Fig. 3A). There was a 

relationship between style length and pollen tube length, with pollen tubes growing 

longer as the style length increased, but at no stage did the N. tabacum pollen tubes 

consistently grow the entire style length 40 h post-pollination.   

Nicotiana obtusifolia pollen tube length in the normal style was significantly 

different than in TT-ablated styles at all developmental stages, except 25 mm (Fig. 3B). 

At the 15 mm bud stage, N. obtusifolia pollen tubes grew significantly longer in normal 

than TT-ablated styles. At the 25 mm developmental stage pollen tube length in the 

normal style was not significantly different than in the ablated style. The three most 

mature stages of pistil development had N. obtusifolia pollen tube lengths that were 

significantly longer in the TT-ablated style relative to the normal styles, with the increase 
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being greatest in pre- and post-anthesis styles (Fig. 3B). This was the opposite of the 

early developmental stages where the pollen tube length was longer in normal styles than 

in TT-ablated styles. These data show that N. obtusifolia pollen tube inhibition was 

developmentally regulated, with II only occurring in more mature normal N. tabacum 

styles. 

Activity of TT proteins required for II in the PTGA 

The PTGA (Chapter 2), utilizing the TT-ablated style, was used to test inhibitory 

activity of TTE (TTE was in MCM buffer) on pollen tube growth. Transmitting tract 

eluate injected into the TT-ablated style specifically inhibited pollen tube growth of N. 

obtusifolia and N. repanda but not N. tabacum or N. sylvestris (Fig. 4). Nicotiana 

tabacum pollen tube length was 18.3±1.8 mm in the TT-ablated style compared to 

25.6±0.3 mm in the normal style (Fig. 4). Pollen tube length of N. tabacum in MCM and 

TTE injected styles was 20.5±0.8 and 18.6±1.0 mm, respectively and was not 

significantly different from the pollen tube length in the TT-ablated style (Fig. 4). Pollen 

tubes of N. sylvestris in the normal and TT-ablated style grew to 23.9±1.6 and 23.3±0.9 

mm, respectively, 40 h post-pollination.  Ablation of the TT had no effect on N. sylvestris 

pollen tube growth and pollen was compatible with the normal N. tabacum style. The 

pollen tube length of N. sylvestris in the MCM injection was 20.1±1.7 mm, which was 

approximately 3 mm shorter than the other three treatments. However, in the TTE 

injection treatment N. sylvestris pollen tubes grew to 23.5±0.3 mm, demonstrating that N. 

sylvestris was not inhibited by TTE injection. For both N. repanda and N. obtusifolia, 

pollen tube lengths were significantly reduced in the normal and TTE-injected styles 
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compared to the TT-ablated and MCM-injected styles (Fig. 4). Nicotiana obtusifolia 

pollen tubes grew 12.2±0.3 mm and 14.2±1.1 mm in normal and TTE-injected styles, 

respectively. These lengths were not significantly different from each other, but were 

significantly shorter than the pollen tube length of N. obtusifolia in TT-ablated and 

MCM-injected styles, 21.5±0.5 and 19.6±0.5 mm, respectively. The TTE inhibition of 

pollen tube growth was concentration dependent with shorter N. obtusifolia pollen tube 

lengths caused by injection of TTE with higher protein concentration (Fig. S1). Injection 

of TTE into the TT-ablated style also significantly reduced pollen tube length of N. 

repanda (13.5±0.9 mm) compared to TT-ablated (18.8±2.0 mm) and MCM-injected 

(21.4±1.1 mm) styles (Fig. 4) though length in the normal style was significantly shorter 

than the TTE-injected style. For both N. repanda and N. obtusifolia pollen tubes, the TTE 

injected into the TT-ablated style specifically and significantly inhibited pollen tube 

growth when compared to the length in the MCM-injected styles (Fig. 4). Furthermore, 

injection of TTE resulted in an inhibitory response of N. obtusifolia pollen tubes 

equivalent to the response in the normal N. tabacum style. 

Specific inhibtion of N. obtusifolia pollen tube growth in the PTGA by purified TTE 

proteins 

Cation fast protein liquid chromatography (FPLC) effectively separated the 

protein species and II activity of the TTE into 4 fractions (Fig. 5). The pollen tube length 

of N. tabacum in the normal style was significantly longer than the pollen tube length in 

all the injected style treatments, which were not significantly different from each other 

(Fig. 5A). Nicotiana obtusifolia pollen tube length was significantly shorter in the normal 
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style than in the MES injected style (13.7±1.1 mm and 18.7±0.4mm respectively; Fig. 

5A). Pollen tubes grew to 15.2±0.7 mm in TTE injected styles, which was not 

significantly different than the length in either, the normal or MES injected style (Fig. 

5A). The mean pollen tube length in the TTE injected style was 1.5 mm longer than in 

the normal style and was 3.5 mm shorter than in the MES injected style. Fraction 1 

injected at 13 μg/μL resulted in N. obtusifolia pollen tube length of 16.7±0.7 mm, which 

was 3 mm longer than the normal style and 2 mm shorter than the length of the MES 

injected style and not significantly different from either. Both the TTE and F1 injections 

cause partial inhibition of pollen tube growth but the inhibition was not significant 

compared to length in either the normal or MES injected style. Fraction 2 at 13 µg/µl and 

F3 at 20 µg/µl had significant inhibitory activity towards N. obtusifolia relative to MES 

injected styles with mean lengths of 13.1±1.6 mm and 13.1±1.1 mm, respectively. The 

inhibition caused a length reduction of 0.6 mm compared to the length in the normal style 

and 5.6 mm compared to the MES injected style. When F3 was diluted to 13 µg/µl (equal 

to the concentrations of F1 and F2) and injected into the TT-ablated style, N. obtusifolia, 

pollen tubes grew to 18±0.9 mm, which was not significantly different, then the MES 

injected styles but was significantly longer than in the normal style. Therefore, at 13 

μg/μl, F3 lost inhibitory activity towards N. obtusifolia while F2 had inhibitory activity. 

Injection of TTE, F1, F2, and F3 had no inhibitory activity toward N. tabacum pollen 

tube growth. 

Each FPLC fraction had a unique and simplified protein profile compared to the 

TTE as shown by SDS-PAGE (Fig. 5B). The TTE has a complex profile from 6-200 kDa, 

with a high molecular weight smear from 50-200 kDa. Fraction 1 contained both 
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unbound proteins and weekly bound proteins that eluted with a NaCl gradient from 0 to 

0.15 M. Fraction 1 had of three major bands at 35, 40, and 56 kDa that were easily 

visualized with Imperial Protein Stain (Thermo Scientific, Bremen, Germany) as well as 

other lower abundance bands that showed weaker staining. Fraction 2 contained proteins 

that were eluted with a 0.15-0.25 M NaCl gradient and had two major bands at 50 kDa 

(low molecular weight; LMW) and 115-200 kDa (high molecular weight; HMW). The 

F2-HMW heterogeneous smear from 115-200 kDa was consistent with the reported size 

of glycosylated PELPIII (Fig5B; Bosch et al. 2001). Fraction 3 contained proteins that 

eluted with a 0.25-0.4 M NaCl gradient. The majority of the F3 protein was contained in 

a high molecular weight smear (HMS) at 55-200 kDa with a few weakly stained bands at 

50 and 40 kDa. Highly abundant TT proteins 120k and TTS were previously shown to 

elute in high NaCl gradient (0.23 M NaCl; ph 8.5 and 0.3 m NaCl; pH 6, respectively) 

and appeared similarly heterogeneous in SDS PAGE (Lind et al. 1994; Cheung et al. 

1995). Abundant TT specific proteins120K, TTS, and PELPIII were previously identified 

as major components of the TT extra-cellular matrix and were candidates for II inhibitory 

proteins. 

Identification of F2 and F3 proteins 

Protein-gel blots were used to test for the presence of the PELPIII, 120K, and 

TTS proteins in TTE, F1, F2, and F3 (Fig. 5C). The PELPIII, 120K, and TTS antibodies 

were prepared against synthetic N. alata peptides and shown to also react with N. 

tabacum proteins (Cruz-Garcia et al. 2005). PELPIII was detected in high abundance 

from 120-200 kDa in the TTE, F2, and F3 but not in F1 (Fig. 5C). Detection of PELPIII 
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in F2 showed additional strong detection of a high molecular weight band (above 200 

kDa), which was not detectable in the  TTE and weakly detected in F3. Additionally, in 

F2, a low molecular weight band, around 90 kDa was also detected with the PELPIII 

antibody. The variable detection across fractions may be caused by the heterogeneous 

nature of PELPIII glycosylation or cross reactivity with other proteins. 120K and TTS 

proteins were only detected in the TTE and F3. Two distinct bands were detected with the 

120K antibody, consistent with the results for N. tabacum stylar proteins published by 

Cruz-Garcia et al. (2005). The presence of PELPIII in F2 and F3 combined with the 

specific N. obtusifolia pollen tube growth inhibition activity of F2 and F3, implicated 

PELPIII had a role in II.  

Tandem mass spectral identification of the proteins in F2 and F3 was done to 

confirm the protein gel blot results and identify additional proteins (Table 1). Nine 

proteins from F2 (HMW and LMW) and eleven proteins from F3 (HMS) with a score of 

4-135.1 were identified from in-gel trypsin digested proteins sequenced by tandem mass 

spectrometry (Table 1). The score is the confidence of protein identification, higher 

scores indicated a higher confidence in protein identification, peptide number was used as 

an estimate of relative protein abundance (Gao et al. 2005; Bergeron and Hallet 2007; 

Hoehenwarter and Wienkoop 2010). A score of 4 or more was used as a cutoff for high 

confidence in the protein identification. Five proteins (PELPIII (MG14 and MG15; 

Goldman et al. 1992), TTS, Sp41, and cellulase) were identified in both F2 and F3 (Table 

1; grey shading). PELPIII was identified with high confidence (score >66 and peptide 

number >180) in both F2 and F3, in agreement with the protein-gel blot (Fig. 5). PELPIII 

protein accessions gi|19927 and gi|19929 correspond to the two cDNA clones identified 
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by Goldman et al. (1992) from N. tabacum. While TTS (gi|312836) was identified in F2 

and F3 the peptide number (4 and 35, respectively) was lower in F2 indicating a lower 

abundance (Table 1). Additionally, TTS was not detected in F2 but was detected in F3 

with TTS antibody (Fig. 5C). Sp41 (ß-1,3-glucanase; Ori et al. 1990) and cellulase were 

also identified with high confidence in both F2 and F3. The four proteins identified in F2 

but not F3 were PS60 (ascorbate oxidase homolog), a predicted Populus trichocarpa 

protein (phosphoesterase), N. alata PELP, and a hypothetical Arabidopsis lyrata protein 

(alpha-galactosidase). The five proteins that were identified in F2-LMW had scores of 4-

8.5 and peptide numbers of 2-8 (Table 1). Peptide numbers in this range were to close to 

make conclusions regarding the relative amount of each protein in the F2-LMW band. In 

F3, six proteins were identified that were not identified in F2; 120 kDa, cell wall 

invertase (INV5), a rubber elongation factor, a predicted Hordeum vulgare protein 

(triosephosphate isomerase; TIM), triosephosphate isomerase (TPIP1), and a tobacco 

mosaic virus viral envelope protein (Table 1). PELPIII was identified by protein gel blot 

and tandem mass spectrometry and was consistently associated with fractions (F2 and F3) 

having II activity in the PTGA. These results support PELPIII having a role in II.  

Interspecific inhibitory activity of PELPIII on N. obtusifolia and N. repanda pollen tube 

growth 

The role of PELPIII in the specific inhibition of N. obtusifolia and N. repanda 

pollen tube growth was tested by pollinating PELPIII antisense N. tabacum Petit Havana 

‘SR1’ lines; F81, C81, and C64, (Bosch et al. 2003) with N. tabacum, N. obtusifolia and 

N. repanda pollen (Fig. 6). Pollen tube length of N. tabacum was 24.7±0.4 mm in the Wt 
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style, which was significantly shorter than in the F81 and C64 styles (29.8±0.4 mm and 

27.4±0.8 mm, respectively) but not the C81 style (26.8±0.9 mm; Fig. 6A). Nicotiana 

obtusifolia pollen tubes were significantly shorter in both Wt and F81 styles (14.0±0.3 

mm and 14.9±0.2 mm) compared to C64 styles (19.3±1.5 mm). In the C81 style N. 

obtusifolia pollen tube length was 17.8±0.6 mm, which was not significantly different 

from F81 or C64 but was significantly longer compared to Wt styles (Fig. 6A). The 

pollen tube lengths of N. repanda were also significantly shorter in Wt and F81 styles 

(2.7±1.0 mm and 1.9±0.4 mm) relative to C64 styles (16.4±3.3 mm), but these reduced 

lengths were not significantly different from those in C81 styles (10.1±3.5 mm; Fig. 6A). 

Pollen tube length of N. obtusifolia and N. repanda was significantly longer in C64 styles 

than Wt and F81 styles but pollen tube length of N. tabacum did not follow the same 

trend indicating a specific promotion of interspecific incompatible pollen tube growth in 

the C64 style.  

Protein-gel blots of stylar extracts from Wt, C64, C81, and F81 showed no 

detectable PELPIII in C64 and C81 extracts, and detection of 120k and TTS in all four 

lines (Fig. 6B; Bosch et al. 2003). The F81 line was PCR positive for amplification of the 

NTPII sequence that was linked to the antisense-gene construct (data not shown; Bosch et 

al. 2003). However, there was still detectable PELPIII protein present in F81 style 

extracts (Fig. 6B). Overall, detection of PELPIII via protein gel blot correlated with 

reduced mean pollen tube length of N. obtusifolia and N. repanda but not N. tabacum 

(Fig. 6).  
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Discussion 

Interspecific incompatibility is temperature dependant and developmentally regulated 

The mature TT of N. tabacum caused the arrest of N. obtusifolia pollen tubes prior 

to reaching the ovules, while pollen tubes reached the end of the TT-ablated style 64 h 

post-pollination (Fig. 1). Ablation of the TT increased N. obtusifolia pollen tube length 

relative to normal styles at all times from 4 to 64h (Fig. 1). Promotion of pollen tube 

growth by TT-ablation was specific to interspecific incompatible pollen and was not 

observed for N. tabacum pollen, which grows at a slower rate in the TT-ablated style 

(Eberle et al. 2012). Pollination temperature of 35°C reduced the inhibitory activity of the 

TT towards N. obtusifolia (Fig. 2). At 35°C the N. obtusifolia pollen tubes were longer 

after 16 and 27 h in both normal and TT-ablated styles than at 23° indicating a faster rate 

of N. obtusifolia pollen tube growth at 35° (compare Fig. 1 and 2B). However, at 35°C 

the TT of the normal style maintained inhibitory activity towards N. obtusifolia pollen 

tubes, with shorter growth relative to the TT-ablated style at 16 and 27 h. There was a 

change in the interaction between the TT and N. obtusifolia pollen tubes at 35°C, where 

the more rapidly growing tubes no longer arrested in the style. It is not known if the 

increased growth was the result of changes to the pistil and PELPIII activity or changes 

in pollen tube response to PELPIII or other stylar components at higher temperature. Li 

and Chetelat (2010) identified the pollen-specific gene Cullin1 in Solanum as being 

involved in II and SI. It is reasonable to hypothesize that Nicotiana also has a pollen-

specific factor that interacts directly or indirectly with PELPIII in II and that this 

unknown pollen tube factor may be heat sensitive. Increased temperature has been shown 
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to partially recover II in Cucumis spp (Matsumoto et al. 2012), however, in Lilium a 

temperature of 39°C was shown to recover SI but not II pollen tube growth (Asher and 

Peloquin 1968) and temperature did not affect II pollen tube growth in Oryza (Sitch and 

Romero 1989). There is evidence that higher temperatures can ameliorate the inhibition 

of pollen tube growth during II, however the effect was not uniform for all II and the 

mode of action is unknown.  

 The II activity of the N. tabacum style was developmentally regulated, with N. 

obtusifolia pollen tube growth inhibition beginning at the 35 mm (approximately Stage 8) 

developmental stage (Fig. 3). At earlier developmental stages (15 and 25 mm; 

approximately stages 4 and 6) the mean pollen tube length of N. obtusifolia in the normal 

style was longer than that in the TT-ablated style, indicating the TT was not inhibiting 

pollen tube growth. Kuboyama et al. (1994) also reported developmental regulation of II 

by N. tabacum styles by observing if pollen tubes were able to reach the ovaries 2 days 

after pollination.  In their study pollen tubes of N. repanda and N. obtusifolia did not 

reach the ovary in 42 and 55mm developmentally staged flowers, respectively. These 

data indicate a slight delay in II development compared to our data, though a different 

standard of measurement was used (Kuboyama et al. 1994). Goldman et al. (1992) 

showed that PELPIII mRNA begins to accumulate at stage 3 (~10 mm) of N. tabacum 

‘SR1’ flower development and de Graaf et al. (2003) showed PELPIII protein begins to 

accumulate at stage 3 with greater accumulation at stage 5. We estimate that our 35 mm 

N. tabacum ‘Samsun’ buds were at approximately stage 8 (Koltunow et al. 1990). There 

may be some developmental differences between the ‘Samsun’ and ‘SR1’ cultivars that 

explain the lag in accumulation of PELPIII and the development of II. More likely the 
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amount and location of PELPIII accumulation in the TT extra-cellular matrix that was 

necessary for II activity was reached at a later developmental stages. These data were 

supported by the concentration-dependent inhibition of injections and antisense 

suppression (Fig. 5 and 6). When activity of TTE was tested in the ablated style there was 

a direct relationship between inhibitory activity and protein concentration (Fig. S1), 

which supports the hypothesis that PELPIII activity was concentration-dependent. The 

TT specific developmental accumulation of PELPIII combined with our results that the 

TT was essential for II and II was developmentally regulated demonstrate a correlation 

between PELPIII and II.  

PELPIII is correlated with II activity in the PTGA 

Specific interspecific inhibition of N. obtusifolia and N. repanda pollen tube 

growth by the N. tabacum style in vivo was reproduced by the TTE in the PTGA (Fig. 4). 

This result demonstrated the utility of the PTGA as a practical assay for elucidation of the 

function of exogenous compounds on pollen tube growth. Pollen tubes of N. tabacum and 

N. sylvestris were not inhibited by TTE injection relative to the TT-ablated line. 

Therefore, the inhibitory activity of the TTE was specific to N. obtusifolia and N. 

repanda pollen. The TTE significantly reduced the pollen tube length of N. repanda 

compared to the control injection (MCM), however it was not as reduced in length as in 

the normal style (Fig. 4). This may be a result of the TTE having a lower concentration of 

proteins than were required for in vivo inhibition, or a biological difference in the pollen 

tube growth response of N. repanda in the PTGA relative to in vivo. Complete inhibition 

of N. repanda may also require additional factors not isolated or active in the TTE that 
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were not required for N. obtusifolia II. The reduction of pollen tube length towards N. 

obtusifolia, caused by the TTE injected at 30 μg/μL, was equal to the reduction in the 

normal style. The equal inhibition indicates that all of factors required for in vivo 

inhibition of N. obtusifolia were eluted and active in the TTE.  

Separation of the TTE proteins showed that the majority of the II activity occurs 

in fractions F2 and F3, and PELPIII was present in both fractions (Fig. 5). The higher 

protein concentration required for F3 activity in the PTGA was likely the result of a 

lower abundance of PELPIII relative to the other proteins in F3. An alternative 

hypothesis is that proteins in addition to PELPIII have inhibitory activity and were 

present in each fraction. Protein gel blots showed detection of PELPIII in both F2 and F3 

while TTS and 120K were only detected in F3 (Fig5. C). Based on our hypothesis that the 

same II protein occurs in both F2 and F3, we predict that 120K and TTS were not 

involved in II activity since they were not detected in F2. PELPIII was present in both F2 

and F3, and based on the peptide numbers in Table 1 was the most abundant protein in 

each sample. Unfortunately, peptide number cannot be used to compare abundance 

between the samples. However, in F2, the protein with the next highest peptide number 

was PS60 with a peptide number of 8, over 20 times lower than PELPIII (19929) while in 

F3 the protein with the next highest peptide number was 120K with a peptide number of 

46, which was not even 4 times lower than PELPIII (Table 1). These values indicated that 

while PELPIII was the most abundant protein in both F2 and F3, F3 also has other 

proteins present in relatively high abundance while F2 only has low abundance proteins. 

Additionally, based on the protein gel blot F2 appears to have higher abundance of 

PELPIII than F3 in 10 μg of total protein (observational; Fig. 5C). The putative higher 
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relative abundance pf PELPIII in F2 correlates with the higher II activity of F2, making 

PELPIII a likely candidate in II. 

TTS, Sp41, and cellulase were also detected in F2 and F3 (Table 1). While TTS 

was identified in both fractions via tandem mass spectral sequencing, it was only detected 

in F3 via protein gel blot (Fig. 5C). The relative abundance of TTS in F3 was higher than 

in F2 with peptide numbers of 35 and 4, respectively (Table 1). The detection in F2 was 

likely due to the increased sensitivity of the Orbitrap Velos, in peptide detection. In N. 

tabacum TTS was shown to have function in pollen tube growth promotion and guidance 

(Cheung et al. 1995). Interestingly, presence of TTS in both the TTE and F3 did not 

significantly promote growth of N. tabacum or N. obtusifolia pollen tube growth (Fig. 5). 

Injection of TTE at 30 µg/µl and F3 at 13μg/μl slightly increased pollen tube length of N. 

tabacum compared to MES injections (4.2 and 2.4 mm respectively) though it was still 

significantly shorter than the length in the normal style (5.6 and 7.4 mm respectively). 

The failure of TTS in F3 and TTE to promote pollen tube growth in the PTGA to the 

same length as the normal style may be related to the glycosylation gradient of TTS 

protein in the style not being reproduced with injection (Wu et al. 1995). Wu et al. (1995) 

reported that N. tabacum styles accumulate TTS with an increasing glycosylation 

gradient from the stigma to the ovary. Pollen tubes were shown to deglycosylate TTS 

protein and did not respond to deglycosylated protein in vitro. They proposed that pollen 

tubes detect the glycosylation gradient in the style and that the gradient is involved in 

supporting pollen tube growth (Wu et al. 1995). When TTE and F3 were injected into the 

TT-ablated style, the in vivo glycosylation gradient of TTS was likely not reproduced, 

and may be the reason that we did not observe promotion of N. tabacum pollen by 
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injections including TTS. Sp41 is a TT-specific, (1,3)-β-glucanase, pathogenesis-related 

protein (Lotan et al. 1989; Ori et al. 1990). Antisense suppression of Sp41 was reported 

as having no impact on N. tabacum pollen tube growth or fertility (Sessa and Fluhr 

1995). The F2-LMW band corresponds with expected size of the Sp41 protein, but it was 

not identified in the sample by tandem mass spec analysis (Table 1). Identification of 

Sp41 in F2-HMW and F3 associated it with II activity. However, a peptide count of 3 in 

both F2 and F3 suggested Sp41 was present in low relative abundance in both fractions. 

We chose to focus on high abundance proteins as II factors based on the high protein 

concentration required for activity in the PTGA, making Sp41 a lower priority candidate 

than PELPIII. The identified cellulase was isolated from mature style tissue of N. alata 

but its specific function in pollen tube growth is unknown (McClure and Mou 1999). 

Cellulases have activity in hydrolysis of cellulose and have been shown to promote 

pollen tube elongation in vitro (Roggen and Stanley 1969; Shoseyov and Dekel-

Reichenback 1993).  The low peptide number and previous reports of pollen tube growth 

promotion make the cellulase a low priority protein for inhibition of pollen tube growth 

in II. The high confidence identification of PELPIII by tandem mass spectrometry and 

strong detection by protein gel blot analysis in both fractions with II activity made it our 

top candidate for an II protein.  

Antisense suppression of PELPIII results in a loss of II 

The function of PELPIII in II was confirmed when both N. obtusifolia and N. 

repanda pollen tubes were significantly longer in C64 antisense styles, which do not 

accumulate detectable PELPIII, than Wt styles (Fig. 6). The pollen tube length of N. 
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obtusifolia in C81 styles was significantly longer relative to Wt but not F81 styles at α = 

0.05 but not at α = 0.07. It is possible that there was PELPIII accumulation in the C81 

style that was not detected via western blot but caused a slight decrease in pollen tube 

length. The identification of TTS in F2 by tandem mass spectrometry and no detection by 

protein-gel blot supports that low levels of protein may be present and not detected with 

antibody (Fig. 5C and Table 1). Additionally the F81 style may have a reduction in 

PELPIII relative to Wt that could account for the slight increase in N. obtusifolia pollen 

tube length relative to the Wt style. Pollen tube length of N. repanda in C81 was also 

intermediate; it was shorter than in C64 and longer than in F81 and Wt (Fig. 6). If there 

were variable levels of PELPIII in the different styles it would appear that N. repanda 

may be more sensitive to low levels of PEPLIII in vivo as there was no difference 

between length in WT and F81 styles. A higher sensitivity of N. repanda pollen to 

PELPIII in vivo was a contrast to what was observed in the PTGA, where N. repanda 

pollen had decreased inhibition by the TTE relative to normal styles. The response of N. 

repanda in vivo and in the PTGA may be variable as a result of the two environments 

being biologically different. These data also indicate the II interaction of N. repanda was 

different than the interaction of N. obtusifolia though both were dependant on the 

presence of PELPIII in the style. The complete inhibition of N. repanda may require 

secondary factors or physical environmental conditions that are not required for 

inhibition of N. obtusifolia pollen tubes, and were not reproduced by the TTE in the 

PTGA.  

In the antisense styles there was no clear correlation between the length of N. 

tabacum pollen tubes and the accumulation of PELPIII in the style. The reduced 
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accumulation of PELPIII was not correlated with increased N. tabacum pollen tube 

growth (Fig. 6B). The cause of the increased length of N. tabacum pollen tubes in the F81 

style was not clear; there may be other unknown growth promoting factors present in the 

F81 style. These data demonstrated that PELPIII functions as an II protein with specific 

inhibitory activity toward both N. obtusifolia and N. repanda. Both species grew as long 

in the C64 styles as they did in the TT-ablated styles at 40 h post-pollination (compare 

Figs 4 and 6A). The reduced PELPIII accumulation in the C64 style results in reduction 

of II to the same degree as TT-ablation, demonstrating that PELPIII was required for the 

inhibition of N. obtusifolia and N. repanda pollen tube growth.    

The PELPIII protein was identified in N. tabacum and shown to be soluble and 

localized specifically to the TT (Goldman et al. 1992; Bosch et al. 2001; de Graaf et al. 

2003). During pollination, PELPIII was shown to be translocated from the TT extra-

cellular matrix to the pollen tube wall and callous plugs of both N. tabacum and N. 

obtusifolia (de Graaf et al. 2003, 2004). When pollen tubes were cultured in vitro in the 

presence of purified PELPIII, it was still translocated into the pollen tube wall and 

maintained the same localization pattern, indicating that the TT was not required for this 

movement (Bosch et al. 2003). The uptake of PELPIII by N. obtusifolia pollen, which 

does not accumulate PELPIII mRNA or protein in its own style (Bosch et al. 2001), 

further implicates PELPIII in II. The protein has both extension-like and arabinogalactan 

protein-like properties.  Extensins function in cross linking and strengthening cell walls 

with potential function in growth and defense (Wilson and Fry 1986; Buchanan et al. 

2000). Arabinogalactan proteins have function in numerous biological processes (Seifert 

and Roberts 2007) and have reported function in pollen tube growth (TTS; Wu et al. 
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1995). The function of PELPIII in slowing and arresting the pollen tube growth of N. 

obtusifolia and N. repanda may possibly be caused by an incompatible interaction with 

the pollen tube wall. The lack of S-RNase in the SC N. tabacum style means the 

mechanism is independent of S-RNase activity but may have commonalities to the S-

RNase independent II of N. tabacum and N. glutinosa pollen with SC N. alata (Murfett et 

al. 1996). de Graaf et al. (2004) tested the presence of PELPIII in twelve diverse 

Nicotiana spp. and detected presence in species across four subgenera. The protein was 

not detected in four of the species tested: N. paniculata, N. rustica, N. undulata, and N. 

obtusifolia, which are in two subgenera (de Graaf et al. 2004). The phylogenic 

relationship of PELPIII proteins may provide insight into its role in speciation. 

Ablation of the N. tabacum TT was utilized to elucidated mechanisms involved in 

II.  Specifically, the TT-specific N. tabacum PELPIII protein was shown to be required 

for inhibition of interspecific pollen tube growth. This is the first reported function for 

PELPIII protein in pollen tube growth and identification of novel prezygotic II protein 

(Bosch et al. 2003; Rieseberg and Blackman 2010). PELPIII had conserved function as 

an II protein for both N. obtusifolia and N. repanda.  Future studies should focus on 

elucidating the mechanisms by which PELPIII protein inhibits interspecific pollen tube 

growth by identifying protein domains required for function and interacting proteins that 

may also be involved in II. The function of the other proteins identified in F2 and F3 in 

interspecific incompatible pollen tube growth are unknown and need to be analyzed. 

Additionally, the role of PELPIII in speciation of Nicotiana is not clear. The presence of 

PELPIII within the genus Nicotiana and its correlation with II should be determined. By 

analyzing the phylogeny of the PELPIII throughout the genus the role of PELPIII in 
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speciation events can be determined relative to it being evolved as a reproductive barrier 

after species divergence.  
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Figure 1 

 

 

 

Figure 1. Pollen tube length of N. obtusifolia in normal and TT-ablated N. tabacum styles at eight 
post-pollination times from 4-88 h. Mean ± S.E. pollen tube length (5 pollinated styles replicated 2x in 
time) in normal and TT-ablated N. tabacum ‘Samsun’ styles pollinated with N. obtusifolia pollen at 
20,000 pollen grains/μl trilinoein, after stigma removal at 23°C. Significant differences in mean pollen 
tube length between normal and TT-ablated styles at each pollination time are indicated by asterisks * p < 
0.05, ** p < 0.01. 
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Figure 2 

 

 

  

Figure 2. Pollen tube length of N. obtusifolia at temperature incubations from 5-45°C.  Nicotiana obtusifolia mean pollen tube length ± S.E. 
(5 styles replicated 2x in time) in normal (black bars) and TT-ablated (grey bars) N. tabacum ‘Samsun’ styles. a. Pollinated styles incubated at 5, 
15, 25, 30, 35, 40, and 45°C for 40 h. b. Pollinated styles incubated at 35°C for 16 h and 27 h. All pollinations were done after stigma removal. 
Significant differences in mean pollen tube length between normal and TT-ablated styles at each temperature are indicated by asterisks * p < 0.05, 
** p < 0.01. 

b a 
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Figure 3 

 

 

 

Figure 3. Pollen tube growth in developmentally staged normal and TT-ablated N. tabacum  styles. Developmentally staged normal (N) and 
TT-ablated (Ab) N. tabacum ‘Samsun’ styles, pollinated with (a) N. tabacum and (b) N. obtusifolia pollen after stigma removal. Styles were 
pollinated at 5 developmental stages (15 mm, 25 mm, 35 mm, Pre-Anthesis, and Post-Anthesis; see methods). Style length ± S.E. at each 
developmental stage is indicated by light grey bars and is the length of the style, which was measured with pollen tube lengths. Pollen tube length 
± S.E. 40 h post-pollination is indicated by dark grey bars. Style and pollen tube lengths are an average of 5 styles replicated 2x in time. 
Significant differences in mean pollen tube length between normal and TT-ablated styles at each developmental stage are indicated by asterisk * p 
< 0.05, ** p < 0.01. 

a. Nicotiana tabacum pollen         b. Nicotiana obtusifolia pollen 
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Figure 4 

 

 

 

 

Figure 4. Assay of transmitting tract eluate (TTE) inhibitory activity on pollen tube growth. 
Nicotiana tabacum ‘Samsun’ styles pollinated with N. tabacum, N. sylvestris, N. repanda, and N. 
obtusifolia after stigma removal. Style treatments were normal, TT-ablated, TT-ablated injected with 
control MCM buffer (MCM), and TT-ablated injected with 3 kDa TTE at 28 μg/μl (TTE).  Pollen tube 
length ± S.E. was measured 40 h post-pollination.  Pollen tube length is an average of 5 styles replicated 
2x in time. Letters above columns indicate mean separations based on Tukey’s HSD at α=0.05 within 
each pollen source. 
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Figure 5 
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c 



77 

Figure 5. Separation of TTE proteins and pollen tube growth inhibition assay. a. Nicotiana tabacum ‘Samsun’ and N. obtusifolia pollen tube 
length in normal, 15 mM MES (control buffer), transmitting tract elution (TTE 30 μg/μl), and frationated TTE (fraction 1 [F1; 13 μg/μl], fraction 2 
[F2; 13 μg/μl], and fraction 3 [F3; 20 μg/μl and 13 μg/μl]) injected TT-ablated N. tabacum ‘Samsun’ styles. Pollinations were done after stigma 
removal and injection. Pollinations were performed using pollen at 20,000 pollen grains/μl trilinolein to the cut style. Pollen tube length ± S.E. was 
measured 40 h post-pollination. Pollen tube lengths are an average of 5 styles replicated 2x in time and mean separations are based on Tukey’s 
HSD at α=0.05 within each pollen source. b. Separation of proteins with SDS-PAGE, TTE (27 μg), F1 (16 μg), F2 (23 μg), and F3 (40 μg) stained 
with Pierce Imperial Protein Stain. Molecular weight markers are indicated on the left side of the gel. Protein loads were based on relative protein 
concentration of each fraction. c. Protein-gel blot of TTE, F1, F2, and F3 at 10 μg protein/lane, incubated with antibodies against 120kDa, TTS, 
and PELPIII; detected with Immunostar chemiluminescent substrate by exposure to x-ray film.   
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Figure 6 

 

 

Figure 6. Evaluation of PELPIII antisense N. tabacum ‘Petit Havana’ SR1.  Pollen tube length of 
Nicotiana tabacum ‘Petit Havana’ SR1, N. obtusifolia and N. repanda pollen tubes in a. N. tabacum 
‘SR1’ wild-type (Wt; non-transgenic) and three antisense PELPIII transgenic lines (F81, C81, C64) and 
b. corresponding protein blots showing levels of 120 kDa, TTS and PELPIII in mature style extracts from 
each genotype. a. Pollinations were done by adding pollen at 20,000 pollen grains/μl trilinolein to the 
stigma. Pollen tube length ± S.E. is measured from the stigma to the end of the pollen tube growth front 
40 h post-pollination and is averaged for 5 styles replicated 2x in time. Average style length with stigma 
was 29.1±0.1 mm. Mean separations are based on Tukey’s HSD at α=0.05 within each pollen source. b. 
Protein gel blot of Wt, C64, C81, and F81 style extracts at 40 μg incubated with antibodies against 
120kDa, TTS, and PELPIII; detected with Immunostar chemiluminescent substrate by exposure to x-ray 
film.  

 

a 

b 
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Table 1. Proteins identified from tandem mass spectrometry analysis of in-gel trypsin digested samples F2 (HMW & LMW) and F3 
(HMS) (cf Fig 5). Proteins identified in both F2 and F3 are shaded in grey for each sample. For F2 proteins, HMW  indicates protein was identified 
in F2-HMW and  LMW  indicates protein was identifed in F2-LMW. When a protien was found in both theF2-HMW and F2-LMW the identification 
with the higher score is listed first. Score is a Protein Pilot algorithm score (unused score) for protein identification confidence. A high unused 
score corresponds to high protein identification confidence. Peptide # is the number of peptides identified (including duplicates) with 95% 
confidence that map to the identified protein sequence and can be used as a rough approximation of ubundance of a given protein. %Cov is the 
percent of the identified protein sequence covered by peptide spectral data. %Cov(95) is the %Cov for peptide spectral data with ≥95% 
identification score. Accession corresponds to NCBI protein accession identification. 



80 

 
Sample Protein Identification Score Peptide # %Cov(95) %Cov Accession 
F2 PELPIII [N. tabacum]HMW 135.1 182 42.3 47.7 gi|19929 
 PELPIII [N. tabacum]LMW 8.2 5 16.0 18.5 gi|19929 
  PELPIII [N. tabacum]HMW 93.5 188 46.8 53.4 gi|19927 
  PS60 [N. tabacum]HMW 12.7 8 17.8 29.4 gi|1255951 
 PS60 [N. tabacum]LMW 8.5 5 11.7 12.8 gi|1255951 
  TTS [N. alata]HMW 6.7 4 13.7 33.7 gi|312836 
  Sp41 [N. tabacum]HMW 6.3 3 15.4 31.0 gi|20026 
  cellulase [N. alata]LMW 6.3 3 8.7 22.7 gi|4704762 
  predicted protein [P. trichocarpa]LMW 6.1 4 6.8 10.1 gi|224055303 
  PELP [N. alata]HMW 4.0 110 31.4 40.2 gi|1184100 
  hypothetical protein [A. lyrata subsp. lyrata]LMW 4.0 2 5.8 5.8 gi|297816956 
F3 PELPIII [N. tabacum] 110.3 181 51.2 51.2 gi|19927 
  PELPIII [N. tabacum] 66.8 197 46.2 46.2 gi|19929 
  120 kDa [N. tabacum] 25.7 46 37.6 48.4 gi|62421765 
  TTS [N. alata] 24.3 35 47.5 54.5 gi|312836 
  cellulase [N. alata] 15.1 7 20.2 39.5 gi|4704762 
  cell wall invertase INV5 [N. tabacum] 6.5 4 15.5 47.0 gi|298239758 
  rubber elongation factor [H. brasiliensis] 6.3 4 32.6 39.9 gi|31747338 
  Sp41 [N. tabacum] 4.8 3 6.0 31.0 gi|20026 
  TPIP1 triosephosphate isomerase [Petunia x hybrida] 4.5 3 15.7 19.3 gi|602590 
  predicted protein [H. vulgare subsp. vulgare] 4.1 2 9.9 14.2 gi|326527467 
  viral envelope protein [N. tabacum] 4.0 2 34.9 34.9 gi|1644306 
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Figure S1 

 
 

Figure A-1. TTE activity and dilution. Mean±S.E. pollen tube length of N. obtusifolia in normal, TT-ablated, and TT-ablated injected styles 40 h 
post-pollination. Injections were MCM (control) and 50 kDa TTE. Trials 1 (a) and 2 (b) represent two different TTEs, and pollinations were 
separated in time. Undiluted protein concentration of the TTE was 41 μg/μl for Trial 1 (a) and 37 μg/μl for Trial 2 (b). TTE from each trial was 
diluted 1:1 and 1:2 with MCM followed by injection. Mean pollen tube length represents the average of five pollinated styles for each treatment, 
replicated 1x. Trials were significantly different and could not be pooled. Mean separations are based on Tukey’s HSD at α=0.05 within each trial. 
Both trial 1 and 2 undiluted TTE had pollen tube length that was not significantly different from the normal style but was significantly shorter than 
in the TT-ablated and MCM-injected style. At the 1:2 dilution both trial 1-TTE (10 μg/μl) and trial 2-TTE (9.3 μg/μl) lost inhibitory activity 
toward N. obtusifolia pollen tube growth, with pollen tube length significantly longer than in the TTE-injected style but not significantly different 
from the TT-ablated MCM-injected style. 

a b 
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Appendices 
Introduction 

The following appendices are a report of pilot studies that further evaluated the 

properties of Nicotiana pollen tube growth (I) and characterized TTE activity (II). They 

are presented here as experimental summaries to report the findings so that they may be 

used as the basis of future research. 

 

 Properties of Nicotiana pollen tube growth 

A. Interspecific pollen tube growth in N. sylvestris styles and self pollen tube growth of 

N. sylvestris in TT-ablated N. sylvestris styles 

B. Cultivar impact on N. tabacum pollen tube growth 

C. Nicotiana x hybrida (N. tabacum x N. obtusifolia) 

D. Developmental regulation of Nicotiana repanda II in the N. tabacum style 

Characterization of TTE activity 

E. Inhibitory activity of eluates from N. tabacum normal and TT-ablated styles toward N. 

obtusifolia pollen tube growth  

F. Serial filtration of TTE through molecular filters and II activity 

G. FPLC separation of the TTE using a modified collection method based on 

chromatographic peak profiles 

H. In-gel trypsin digest of and identification of TTE Fraction 2 and Fraction 3 
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A. Interspecific pollen tube growth in N. sylvestris styles and self pollen tube growth 
of N. sylvestris in TT-ablated N. sylvestris styles 
 

Nicotiana sylvestris is one of the diploid parents of N. tabacum and is self 

compatible (Chase et al. 2003; Kitamura et al. 2005). The N. sylvestris style was shown 

to accumulate PELPIII RNA and protein (de Graaf et al. 2004). Pollen tube growth of 

Nicotian spp in N. sylvestris styles with and without the stigma was evaluated at 30 or 

40h post-pollination (Fig. A-1). At 30 h post-pollination N. sylvestris pollen grew the 

longest with the other species (N. velutina, N. obtusifolia, N. megalosiphon, N. 

suaveolens, N. quadrivalus, N. nucicalus, and N. occidentalis) pollen tube lengths over 10 

mm shorter (Fig. A-1a). Pollen tube length of N. veluntina and N. suaveolens was the 

longest of the interspecific pollen and grew to approximatly 20mm (1/3 the length of the 

style) 30 h post-pollination. At 40 h post-pollination, the pollen tube length of N. 

pauciflora and N. accuminata in stigma pollinated styles was longer than that of N. 

sylvestris pollen tubes. All other species (N. nudicaulis, N. cleavelandii, N. 

megalosiphon, N. repanda, and N. stocktonii) had pollen tube lengths less than 30 mm 

(approximately 1/2 the length of the style.) and over 20 mm less than the growth of N. 

sylvestris pollen tubes. The short growth of N. obtusifolia and N. repanda in the N. 

sylvestris style was similar to the incompatible growth seen in the N. tabacum style. This 

indicates a potential conserved function of PELPIII proteins in both N. tabacum and N. 

sylvestris, two self-compatible species. Nicotiana sylvestis was shown to express a relic 

S-RNase in its style, wich may contribute to the II mechanism with some species, in a 

mechanism similar to unilateral incompatibility (Golz et al. 1998). 
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Nicotiana sylvestris transformation lines 0701-1, 0703-2, 0703-3, and 0703-4 

were transformed with the male sterility construct (Gardner et al. 2009; transgenic line 

0701-1) and male/female sterility construct (Eberle et al. 2012; transgenic lines 0703-2, 

0703-3, and 0703-4). Transformants were grown under greenhouse conditions and 

evaluated for TT-ablation and self pollen tube growth at post-anthesis development stage 

(Fig. A-2 and A-3). Wild-type N. sylvestris pollen was used for all the pollinations. The 

macroscopic phenotype of the TT-ablated styles showed stigma necrosis in post-anthesis 

female sterile flowers, observed as brownish/black stigma coloration (Fig. A-2) and TT-

ablation similar to that described for N. tabacum (Gardner et al. 2009). The stigma 

necrosis in N. sylvestris never displayed the hardened black appearance that was observed 

for N. tabacum the stigmas. Post-anthesis N. sylvestris stigmas still appeared wet and 

plump, despite turning brownish/black while N. tabacum stigmas were dry and shriveled 

post-anthesis (Fig. A-2; Gardner et al. 2009). TT-ablation was determined by lack of 

green color, due to TT-chloroplasts (Jansen et al. 1992), in the center of the style 

compared to wild-type styles (Fig. A-3). Stigma pollinations of lines 0703-2, 0703-3 and 

0703-4 resulted in significantly shorter pollen tube length than in Wt and 0703-1 styles 

(Fig. A-3). This reduction was most likely due to the necrotic stigma that resulted from 

TT-ablation. Surprisingly the N. sylvestris pollen tubes were able to penetrate the necrotic 

stigma and grow to greater than 20 mm in 40 h (Fig. A-3). This was in contrast to no 

pollen tubes being able to grow in TT-ablated N. tabacum styles with intact stigmas 

(Gardner et al. 2009), and is likely do the discrepancy in stigma necrosis phenotypes. 

Pollen tube length in trilinolein pollinated styles was not significantly different between 
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any of the style genotypes (Fig. A-3). The TT-ablation of N. sylvestris did not have an 

impact on pollen tube growth of N. sylvestris pollen tubes in trilinolein pollinated styles.  

Future experiments should continue to evaluate the nature of TT-ablation and the 

growth of interspecific pollen in N. sylvestris wild type and TT-ablated styles. Paraffin 

sections of TT-ablated styles should be done to determine if TT-ablated N. sylvestris 

shows the same hollow style phenotype as TT-ablated N. tabacum. Transmitting tract 

ablated N. sylvestris should be tested for alteration in the II interaction, similar to 

pollinations of N. tabacum with and without a TT. This work will help elucidate the role 

of the TT in II across the genus.  
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Figure A-1 

 

 
 

Figure A-1. Interspecific pollen tube growth in stigma (black) and trilinolein (grey) 
pollinated N. sylvestris  styles at a) 30 h or b) 40 h post-pollination. Mean±S.E. pollen tube 
length is the average of five pollinated styles for each treatment, replicated 1x. Pollen tube length 
of N. cleavlandii and N. pauciflora is the average of 10 pollinated styles (5 styles, replicated 2x in 
time). Pollination of N. accuminata at 40 h with trilinolein was not tested (b: N/T). The 
mean±S.E. style length of N. sylvestris styles with stigma (dark green) and without a stigma (light 
green) are the average of 10 styles and are shown as bars on the right of the graph. 

a 

b 
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Figure A-2 
 

 
 

  
 

Figure A-2. Nicotiana sylvestris wild-type and TT-ablated pistils. Stigmas of wild-type (a) and TT-ablated (b) pistils. b) necrosis was due to 
TT-ablation. c) Longitudinal cross section of wild-type (left) and TT-ablated (right) pistils showing the stigma and style. Arrows point to the TT. 

a b 

c 
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Figure A-3 
 
 
 
 
 

 
 

Figure A-3. N. sylvestris pollen tube growth in stigma (black) and trilinolein (grey) 
pollinated wild-type (WT) and transgenic N. sylvestris styles. Mean±S.E. pollen tube length on 
WT, male-sterile (0701-1), and TT-ablated (0703-2, 0703-3, 0703-4) N. sylvestris styles was 
measured 40 h post-pollination and is the average of 5 pollinated styles, replicated 1x.. 
Pollinations were done on stigmas or after stigma removal and the addition of trilinolein to the cut 
style surface. Mean separations are based on Tukey’s HSD at α=0.05 and are within stigma and 
trilinolein pollination. Upper case letters apply to mean separation within stigma pollinated styles 
and lower case letters apply to mean separation within trilinolein pollinated styles. 
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B. Cultivar impact on N. tabacum pollen tube growth. 
 

Reciprocal pollinations of N. tabacum ‘Samsun’ and Petit Havana ‘SR1’ were 

done to evaluate the effect of cultivar on intraspecific pollen–pistil interaction. Stigma 

pollinations were done on normal ‘Samsun’, wild-type ‘SR1’, and PELPIII-antisense C64 

‘SR1’ styles (‘Samsun’, ‘SR1’, and C64 respectively) with wild-type ‘Samsun’ and 

‘SR1’ pollen (Fig. B-1; see Chapter 3 methods for full cultivar description). ‘Samsun’ 

and ‘SR1’ pollen grew equally well in ‘Samsun’ styles, reaching 28.6±0.8 and 28.8±0.4 

mm respectively 40 h post-pollination. However, pollen tube lengths of ‘SR1’ and 

‘Samsun’ were shorter in both the ‘SR1’ and C64 styles than length in the ‘Samsun’ 

styles (Fig. B-1). Furthermore, the pollen tube length of ‘Samsun’ was shorter than the 

length of ‘SR1’ in both ‘SR1’ and C64 styles (19.8±1.0 and 21.2±1.8 mm compared to 

26.2±0.9 and 24±1.6 mm, respectively). There may be physical or physiological 

differences between the ‘Samsun’ and ‘SR1’ styles that differentially impacts pollen tube 

growth. The ‘Samsun’ pistils may have growth promoting factors or the ‘SR1’ pistils may 

have growth inhibiting factors that act on N. tabacum pollen tubes. The decrease in 

growth was greater for ‘Samsun’ pollen than ‘SR1’ pollen on ‘SR1’ styles, indicating 

cultivar specific interaction. Suppression of PELPIII in C64 does not appear to impact the 

cultivar effect on pollen tube growth. It is not known whether intraspecific inhibitory 

activity of the ‘SR1’ pistil toward ‘Samsun’ pollen results is reduced or lack of seed set. 

Since TTS has previously been shown to promote N. tabacum pollen tube growth 

(Cheung et al. 1995) an analysis of accumulation and variation of TTS in ‘Samsun’ and 

‘SR1’ styles should be done. The PTGA using the TT-ablated style may also be used to 

        TTE       A1      A2       A3        
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test the effect of TTE from each cultivar on N. tabacum pollen tube growth and identify 

either intraspecific growth promoting or inhibiting factors. 
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Figure B-1 
 
 

 
 

Figure B-1. Cultivar effect on N. tabacum pollen tube growth. Pollen tube growth of N. 
tabacum ‘Samsun’ and ‘SR1’ pollen in N. tabacum ‘Samsun’ (black bars), ‘SR1’ (grey bars), and 
C64 (white bars) styles with intact stigma. Mean±S.E. pollen tube length was measured 40 h post-
pollination. Pollen tube length is an average of 5 pollinated styles for each treatment, replicated 
1x in time. All pollinations were done by adding pollen suspended in trilinolein at 20,000 pollen 
grains/μl trilinolein to the stigma. 
 
 



99 

C. Nicotiana x hybrida (N. tabacum x N. obtusifolia) 
 

Three Nicotiana x hybrida (TT-ablated N. tabacum x N. obtusifolia) plants (X1, 

X2, and X3) were observed for morphological characteristics (Fig. C-1). The three plants 

were used because they were the only seeds that germinated and grew from initial 

crosses. The three hybrid plants were nearly identical and had floral structures and plant 

form intermediate between N. tabacum and N. obtusifolia (Fig. C-1) and did not produce 

viable pollen (data not shown). Nicotiana x hybrid flowers looked similar to N. tabacum 

with reflexed, pink corollas, but the corolla tubes were noticeably shorter than the N. 

tabacum tubes (Fig. C-1). The Nicotiana x hybrid plants had reduced apical dominance 

and smaller leaves than N. tabacum (Fig. C-1c).  Inter simple sequence repeat (ISSR) 

analysis with primer UBC818 was performed on DNA extracted from 2 N. tabacum 

individuals, 2 N. obtusifolia individuals, and Nicotiana x hybrida X1, X2, and X3 (Fig. 

C-2) using methods described by Clasen et al. (2011). ISSR analysis revealed the hybrid 

plants shared alleles with both N. tabacum and N. obtusifolia and confirmed that the 

plants were hybrids. Greenhouse pollinations of X1, X2, and X3 plants with N. tabacum 

and N. obtusifolia pollen had no seed set in 10 pollinations, but both species had pollen 

tube growth that reached the ovules after 2 days (data not shown). This shows that both 

N. tabacum and N. obtusifolia were compatible with the hybrid style as pollen tube 

growth was not arrested before reaching the end of the style. Further analysis of the 

proteins expressed in the hybrid style could be done to evaluate if PELPIII is present. If it 

is present, but does not inhibit N. obtusifolia pollen tube growth it may be inactive as a 

result of missing secondary factors required for II or PELPIII may undergo altered post-
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translational modifications that are necessary for its inhibitory activity towards N. 

obtusifolia pollen tube growth.  



101 

Figure C-1 

 

  

 
Figure C-1. Floral and plant morphology of N. obtusifolia, N. tabacum, and Nicotiana x hybrid (hybrid). Photographs of a) whole flowers 
showing morphology of three representative flowers of N. obtusifolia (left), N. tabacum (center), and hybrid (right). The hybrid flowers and plant 
were representative of all 3 hybrids. b) N. obtusifolia (left), N. tabacum (center), and hybrid (right) flowers with partially exposed carpals and 
stamens. c) N. obtusifolia (left), N. tabacum (center), and hybrid (right) shown at the same magnification. All N. tabacum plants are TT-ablated. 

c 

b a 
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Figure C-2 
 
 
 
 
 
 

             
 

Figure C-2. Inter Simple Sequence Repeat (ISSR)-PCR analysis of N. obtusifolia, N. 
tabacum, and Nicotiana x hybrida. ISSR primers UBC818 was used to PCR amplify DNA from 
two N. obtusifolia individuals (O1 and O2), two N. tabacum individuals (T1 and T2), and three 
Nicotiana x hybrida individuals (X1, X2, and X3; Clasen et al 2011). Arrows between lanes O2 
and X1 point to bands in X1, X2, and X3 identical to those from N. obtusifolia. Arrows between 
lanes X3 and T1 point to bands in X1, X2, and X3 identical to those from N. tabacum.

O1   O2  X1   X2   X3  T1   T2 
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D. Developmental regulation of Nicotiana repanda Interspecific Incompatibility in 
the N. tabacum style.  
 

Pollen tube length of N. repanda in developmentally staged N. tabacum normal 

and TT-ablated styles decreased as the normal style matured and increased as the TT-

ablated style matured (see Chapter 3 for developmental stages). Nicotiana repanda grew 

to 4.4±0.2 and 9.8±2.3 mm in the 15 and 25 mm normal styles (Fig. D-1). Both lengths 

were greater than the length in the TT-ablated style at the same developmental stage. 

After flowers reached the 35 mm bud stage, pollen tube growth of N. repanda was 

shorter in the normal style than in the TT-ablated style. Pollen tubes did not germinate or 

grow in the 35 mm or pre-anthesis normal styles but grew to 9.8±3.9 and 14.2±5.8 mm in 

the TT-ablated style at the same stage. Pollen tubes grew to only 5.4±5.4 mm in the post-

anthesis normal style but grew to 22.2±1.4 mm in the post-anthesis TT-ablated style (Fig. 

D-1). These data correlate strongly with the developmental timing of inhibition activity 

of N. obtusifolia pollen tube growth in the N. tabacum style (Chapter 3). Pollen tube 

length of N. obtusifolia was significantly shorter in normal styles than TT-ablated styles 

beginning at the 35 mm developmental stage. These data further support the finding that 

II toward N. obtusifolia and N. repanda pollen tubes in the N. tabacum pistil is regulated 

by the same mechanism. 
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Figure D-1 
 
 
 
 
 
 

 
 

Figure D-1. Pollen tube growth of N. repanda in developmentally staged normal and TT-
ablated N. tabacum styles. Developmentally staged normal (N) and TT-ablated (Ab) N. tabacum 
‘Samsun’ styles pollinated with N. repanda pollen after stigma removal and addition of 
trilinolein. Styles were pollinated at 5 developmental stages (15 mm, 25 mm, 35 mm, Pre-
Anthesis, and Post-Anthesis). Mean±S.E. style length at each developmental stage is indicated by 
light grey bars. Mean±S.E. pollen tube length was measured 40 h post-pollination and is indicated 
by dark grey bars. Style and pollen tube lengths are an average of 5 styles, replicated 1x. 
Significant differences in mean pollen tube length between N and Ab styles at each 
developmental stage are indicated by asterisk * p < 0.05, **p < 0.01. 
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E. Inhibitory activity of eluates from N. tabacum normal and TT-ablated styles 
toward N. obtusifolia pollen tube growth.  

Nicotiana obtusifolia pollen tube growth is incompatible with normal N. tabacum 

styles and TTE and compatible with TT-ablated N. tabacum styles (Chapter 3). Eluates 

from TT-ablated styles were tested for inhibitory activity in the PTGA toward N. 

obtusifolia. Eluates were made from 100 normal (TTE) and 100 TT-ablated (TTE-Ab) N. 

tabacum styles, following the same method described for the TTE (see Chapter 3). The 

samples were concentrated and buffer exchanged into MCM using a 50 kDa Centricon 

Concentrator (Millipore-Amicon, Bedford) and brought to a final volume of 110 μl. By 

keeping the final volume equal for both the TTE and TTE-Ab samples equal, the same 

amount of eluted material per style was tested for each sample. The TTE had a final 

protein concentration of 21 μg/μl (210 ng/style) and the TTE-Ab had a final protein 

concentration of 5 μg/μl (50 ng/style). There was 4.2x more protein eluted from normal 

styles than the TT-ablated styles. The samples were injected into the TT-ablated style 

followed by pollination with N. obtusifolia (Fig. E-1). After 40 h pollination time pollen 

tube growth in the normal style was significantly shorter than the MCM-injected style (p 

= 0.03). The pollen tube length in the TTE-injected style was not significantly different 

from the pollen tube length in the normal style (p = 0.43) but was significantly shorter 

than in the MCM-injected style (p = 0.01). Pollen tube length in the TTE-Ab-injected 

style was significantly longer than in the normal and TTE-injected style (p =0.03 and 

0.01, respectively) but not the MCM-injected style (p = 0.80). These data show the TTE-

Ab sample did not contain extractable inhibitory activity toward N. obtusifolia pollen 

tube growth, indicating that that the proteins of the TT-ablated style did not have II 

activity when injected at the same per style protein concentration as the TTE. We do not 



106 

know whether the TTE-Ab sample would have inhibitory activity at an increased protein 

concentration, equal to that of the TTE.  
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Figure E-1 
 
 
 
 
 

 
Figure E-1. Pollen tube length of N. obtusifolia in normal and injected-TT-ablated N. 
tabacum styles. Normal (non-injected), MCM (control injection), TTE, and TTE-Ab, were tested 
for II activity in the PTGA. Mean±S.E. pollen tube length was measured 40 h post-pollination 
and is the average of 5 pollinated styles, replicated 1x. Protein concentration of the TTE was 21 
μg/μl and the TT-Ab was 5 μg/μl.



108 

F. Serial filtration of TTE through molecular filters and II activity.  

To determine at what molecular size cut-off the II activity was retained, the TTE 

was filtered step-wise through a series of Centricon Concentrators (Millipore-Amicon, 

Bedford). The TTE was first filtered using a 50 kDa filter. The retained sample, 50 kDa+, 

was used for injection in the PTGA, and the flow through sample was filtered with a 30 

kDa filter. The sample retained in the 30 kDa filter, 30-50 kDa, was used for injection, 

and the flow through sample was filtered through a 10 kDa filter. The process was 

repeated for the 10 and 3 kDa filters with resulting samples 10-30 kDa and 3-10 kDa. 

The protein concentration of the samples was determined using the BCA Protein 

Assay Kit (Thermo Scientific, USA). The 50 kDa+ sample retained the majority of the 

protein with a final concentration of 19.6 μg/μl. The protein concentrations of the other 

three samples were 30-50 kDa: 0.6 μg/μl; 10-30 kDa: 1.3 μg/μl; and 3-10 kDa: 0.2 μg/μl. 

All samples had a final volume of approximately 200 μl. The filtered samples were tested 

for II activity toward N. obtusifolia using the PTGA (Fig. F-1). The 50 kDa+ sample 

maintained the II activity reducing N. obtusifolia pollen tube length to 12.8±0.5 mm 

compared to a length in the MCM-injected style of 17.1±1.7 mm (Fig. F-1). The pollen 

tube length in the 50 kDa+ injected style was approximately equal to that of the normal 

style (10.8±0.8 mm). Pollen tube length of N. obtusifolia in the other injection treatments 

ranged from 15.5-17.3 mm. These data show that not only was the majority of the TTE 

protein retained in a 50 kDa filter but II activity of TTE was also retained. This suggests 

that the II molecule was either greater than 50 kDa or interacts with other molecules to 

form aggregates greater than 50 kDa. Following this experiment the 50 kDa filter was 

used for all TTE purification.  
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Figure F-1 
 
 
 
 
 
 
 

 
 
Figure F-1. Serially filtered TTE activity on N. obtusifolia pollen tube growth. Mean±S.E. 
pollen tube length of N. obtusifolia in normal, TT-ablated, and TT-ablated injected styles 40 h 
post-pollination. Injections were MCM (control injection), 50kDa+ (19.6 μg/μl), 30-50 kDa (0.6 
μg/μl), 10-30 kDa (1.3 μg/μl), and 3-10 kDa (0.2 μg/μl). The TTE was sequentially filtered 
through 50, 30, 10, and 3 kDa Centricon Concentrator (Millipore-Amicon, Bedford) and the 
retained sample was tested for II activity in the PTGA. The 50 kDa+ TTE retained the inhibitory 
activity and the majority of the protein. Pollen tube length is the average of 5 pollinated styles, 
replicated 2x in time. Protein concentration was measured for first replicate.  
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G. FPLC separation of the TTE using a modified collection method based on 
chromatographic peak profiles. 

The FPLC method reported in Chapter 3 employed collection of fractions based 

on volume of the elution. An alternative fraction collection method using the elution 

chromatogram (Fig. G-1) was tested using the same FPLC parameters and gradient 

described in Chapter 3. The chromatogram measures the OD280 as the sample elutes off 

the column. The OD280of the eluate is correlated to the protein concentration of the 

sample. Six fractions (A1-6) were collected based on peaks (high OD280) and valleys 

(low OD280) of the chromatogram (Fig. G-1). Protein profiles of each fraction were 

visualized using SDS-PAGE and tested for II activity using the PTGA (Fig. G-2).  

Fraction A1 contained major peaks from 0.9-2.3 min (Fig. G-1), which were 

proteins that did not bind to the column. Fraction A2, A3, and A5 contained a single 

major peak at 9.2, 15.2, and 37.3 min, respectively. Fraction A4 had a large undefined 

peak from 20-30 min. Fraction A6 contained no protein, therefore, A6 was not tested in 

the PTGA or SDS-PAGE. Pollen tube growth of N. tabacum was not significantly 

different in any of the injected treatments compared to growth in the TT-ablated and 

MES-injected style (Fig. G-2a). There may be a N. tabacum pollen tube growth 

promoting effect from fraction A2 as pollen tube growth in the A2 injected style was not 

significantly different from pollen tube growth in the normal style (Fig. G-2a).  

Pollen tube growth of N. obtusifolia was 11.8±0.4 mm in the normal style and 

20.8±0.8 mm in the MES-injected style (Fig. G-2a). In the TTE and A3 injected styles, N. 

obtusifolia pollen tube length was significantly shorter than in the MES-injected styles 

and significantly longer than in the normal style. Pollen tubes grew to 15.7±0.7 mm in the 

TTE-injected style and 16.5±1.3 and 18.3±1.2 mm in the A3-injected style at 22 and 7.6 
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μg/μl, respectively (Fig. G-2A). The N. obtusifolia pollen tube length in injection 

treatments A1, A2, A4, and A5 was significantly longer than in the normal style but not 

significantly different than in the TT-ablated or MES-injected styles. Fraction A3 had 

inhibitory activity at 22 μg/μl and 7.6 μg/μl.  

The SDS-PAGE protein profile of the A3 shows a high molecular weight band 

from 115-200 kDa with a continuous weak smear from 60-250 kDa (Fig. G-2b). The 

strong band from 115-200 kDa correlates with the HMW band found in F2, associated 

with II activity, which was identified as PELPIII (Chapter 3). There was weak overlap of 

this defined 115-200 kDa band in A3 with the fractions A2, A4, and A5, and it was 

apparent in the TTE (Fig. G-2b). Furthermore, the 50 kDa band identified in F2 (Chapter 

3, F2-LMW) was weakly detected in A3, but was intensely stained in A2 (Fig. G-2b). 

These data indicates that 50 kDa band does not co-purify with 115-200 kDa band, but 

only elutes off the cation column at similar times. If they co-purified as a result of an 

interactions between the proteins in the two bands, the two bands would be expected to 

again be found in the same fraction. The II activity of A3 in the PTGA (Fig. G-2a) 

indicates that the 50 kDa band is not required for inhibitory activity. Additionally, the 

SDS-PAGE profile of A4 and A5 proteins correspond with the molecular weights of TTS 

and 120 kDa proteins (compare Fig. G-2b and Fig. 5). The lack of activity of A4 and A5 

indicates that TTS and 120 kDa proteins are likely not required for II.   

These data present an improved method for FPLC separation of TTE proteins that 

decreased the protein complexity of the fraction with the greatest activity and may be 

used in purification of PELPIII. Protein gel blots should be done to confirm the presence 

of PELPIII in A3. Fraction A2 and A5 were only tested at low protein concentrations and 
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may have activity if they were injected at concentrations at or above 12.6 μg/μl like the 

other fractions. Fraction A2 contains proteins that were partially collected in the volume-

collected F2 (Fig. G-1; Chapter 3). A4 was tested at concentrations above 20 μg/μl and 

was found to have no activity, therefore it was assumed the II protein was not present in 

this fraction. Fraction A4 contains proteins that were partially collected in the volume –

collected F3 (Fig, E-1; Chapter 3). While F3 did have II activity A4 did not. Identifying 

proteins shared between F3 and A4 would allow the removal of the shared proteins as 

candidate II proteins. 
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Figure G-1 

 
 

Figure G-1. Chromatogram of TTE elution from a Mono S™ 5/50 GL cation 
exchange column. Blue line shows UV absorbance at OD 280 (mAU), green line shows 
NaCl concentration from 0.0-1.0 M, brown line shows conductance (mS/cm). Red lines 
on the bottom of the graph show the beginning and end points of the collection for each 
fraction (A1-A6). The x-axis is minutes, which is equal to ml (flow rate = 1ml/min). The 
left y-axis is UV absorbance (mAU) and the right y-axis is conductance (mS/cm). 
Corresponding fractions F1-F3 (Chapter 3) were collected at 1-10 min (F1), 10-20 min 
(F2), and 20-30 min (F3).
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Figure G-2 

  
 

Figure G-2. Separation of fractions A1-A5 and pollen tube growth inhibition assay. a) Mean±S.E. pollen tube length of N. tabacum and N. 
obtusifolia in normal, TT-ablated, and injected N. tabacum styles. Injections were 15 mM MES buffer (MES), TTE at 30 μg/μl, A1 at 12.6 and 7.6 
μg/μl, A2 at 7.2 μg/μl, A3 at 22 and 7.6 μg/μl, A4 at 22 and 12.6 μg/μl, and A5 at 5.3 μg/μl. Pollen tube length was measured 40 h post-pollination 
and is the average of 5 styles replicated 2x in time. A1 at 7.6 μg/μl and A4 at 12.6 μg/μl were not tested (N/T) with N. tabacum pollen due to 
limited sample. Mean separations are based on Tukey’s HSD at α=0.05 within each pollen source. b) Separation of proteins with SDS-PAGE 
stained with Pierce Imperial Protein Stain (see methods in Chapter 3). All samples were loaded at 22 μg of protein. Molecular weight markers are 
indicated on the left side of the gel.

b  
         TTE      A1     A2      A3      A4      A5 

a 
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H. In-gel trypsin digest of and identification of TTE Fraction 2 and Fraction 3. 
 
 

In Chapter 3 protein identification by tandem mass spectrometry was reported for 

F2-HMW, F2-LMW, and F3-HMS trypsin digested samples with a score >4. Here the 

tandem mass spectrometry identified proteins that had a score > 2 are reported (Table H-

1). Additional gel bands containing low abundance proteins from F2 and F3 were also 

excised and analyzed. All bands were digested with trypsin and sequenced using tandem 

LC MS/MS using the same methods described in Chapter 3. Fraction 2 (gel bands 28-33) 

and F3 (gel bands 34-39) at an increased protein load of 30 μg had additional low 

abundance bands that were visible when detected by Peirce Imperial Protein stained SDS-

PAGE (Fig. H-1). Sample 28 corresponds to F2-HMW, 30 corresponds to F2-LMW, and 

34-36 correspond to F3-HMS (Chapter 3, Fig. 5B compared to Fig. H-1). Tandem mass 

spectrometry protein identification with a score >2 (Table H-1) are reported for the low 

abundance bands not detected in Chapter 3 SDS-PAGE analysis (Fig. 5B). By including 

proteins identified with a score of 2-4 we may identify other potential II candidates of 

interest. There were 700 proteins identified with a score >2 between the 11 samples, 

though were redundant identifications among samples (Table H-1). Samples 28, 30, 34, 

35, and 36 were analyzed sequentially on the Orbitrap Velos (See Chapter 3 for Tandem 

mass spectrometry methods) and checked for carryover by analyzing blank samples 

between each sample. They were found to have no carryover. Samples 29, 31-33, and 37-

39 were analyzed sequentially but blanks were not run between these samples and 

carryover between samples can not be excluded. The proteins PELPIII (gi|19929) and 

cellulose (gi|4704762) were surprisingly found in all 12 samples from F2 and F3 (grey 
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shading; Table H-1). This may be due to these two proteins being highly abundant in both 

samples or they may not separate well and adhere to the other protein species (even under 

SDS denaturing conditions). This is a comprehensive list of protein identifications, 

intended to be used for further elucidation of potential II or pollen tube growth regulating 

proteins.  
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Figure H-1 
 
 
 
 
 

 
 

Figure H-1. Separation of Fraction 2 and Fraction 3 proteins with SDS-PAGE stained with 
Pierce Imperial Protein Stain. All samples were loaded at 30 μg of protein and run on PAGEr™ 
Gold 4-20% Tris-glycine gels. Boxes and corresponding sample numbers (28-39) designate gel 
bands that were excised and digested with trypsin. All methods were the same as those used in 
chapter 3.

Fraction 2                  Fraction 3 

200 kDa 
 

97 kDa 
 

55 kDa 

 
 

21kDa 
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Table  H-1. Proteins identified from tandem mass spectrometry analysis of in-gel trypsin digested samples F2 and F3. Proteins were 
identifed from in-gel trypsin digested samples 28-33 (F2) and 34-39 (F3; cf Fig. I-1). Identified proteins were reported with a minimum cut-off 
score of 2 (AbSciex, Framingham, MA). Score is a Protein Pilot algorithm score (unused score) for protein identification confidence. The higher 
the unused score the higher the confidence in the protein identification. Peptide # is the number of peptides identified (including duplicates) with 
95% confidence that map to the identified protein sequence and can be used as a rough approximation of ubundance of a given protein. %Cov is 
the percent of the identified protein sequence covered by peptide spectral data. %Cov(95) is the %Cov for peptiede spectral data with ≥95% 
identification score. Accession corresponds to NCBI protein accession identification. 

 
Sample Protein Identification Score Peptide # %Cov(95) %Cov Accession 

28 pistil extensin like protein [Nicotiana tabacum] 135.1 182.0 42.3 47.7 gi|19929 

28 pistil extensin like protein [Nicotiana tabacum] 93.5 188.0 46.8 53.4 gi|19927 
28 PS60 [Nicotiana tabacum] 12.7 8.0 17.8 29.4 gi|1255951 
28 NaPRP4 proline-rich protein [Nicotiana alata] 6.7 4.0 13.7 33.7 gi|312836 
28 sp41a endo-1,3-beta-glucosidase [Nicotiana tabacum] 6.3 3.0 15.4 31.0 gi|20026 
28 pistil extensin-like protein [Nicotiana alata] 4.0 110.0 31.4 40.2 gi|1184100 
28 cellulase homolog [Nicotiana alata] 2.9 1.0 3.7 8.9 gi|4704762 
28 PREDICTED: hypothetical protein [Vitis vinifera] 2.5 2.0 3.7 14.2 gi|225447041 
28 PME2 pectin methylesterase isoform alpha [Vigna radiata] 2.2 1.0 5.1 10.8 gi|7025485 
28 polygalacturonase/pectinase family protein [Capsella rubella] 2.0 1.0 2.8 10.3 gi|186701252 
28 hypothetical protein SELMODRAFT_187173 [Selaginella 

moellendorffii] 
2.0 1.0 3.0 4.6 gi|302822812 

28 PREDICTED: hypothetical protein [Vitis vinifera] 2.0 1.0 2.1 4.8 gi|225436646 
28 REVERSED cytochrome P450 monooxygenase 83B1 [Brassica rapa 

subsp. chinensis] 
2.0 1.0 1.4 4.2 RRRRRgi|300693004 

28 lin 5 beta fructosidase [Solanum pennellii] 2.0 1.0 1.7 1.7 gi|7414368 
28 PX domain-containing protein YPT35 [Komagataella pastoris CBS 

7435] 
2.0 1.0 5.2 5.2 gi|328351555 

29 pistil extensin like protein [Nicotiana tabacum] 39.7 86.0 38.2 54.4 gi|19927 
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29 cellulase homolog [Nicotiana alata] 32.2 34.0 38.0 54.3 gi|4704762 
29 PS60 [Nicotiana tabacum] 21.8 15.0 28.2 46.1 gi|1255951 
29 pistil extensin like protein [Nicotiana tabacum] 20.3 86.0 40.8 45.8 gi|19929 
29 NtcwINV5 cell wall invertase INV5 [Nicotiana tabacum] 18.8 16.0 59.0 71.5 gi|298239758 
29 alpha-mannosidase [Solanum lycopersicum] 18.2 9.0 10.0 29.9 gi|350538359 
29 xyloglucan-specific fungal endoglucanase-inhibitor [Nicotiana 

langsdorffii x Nicotiana sanderae] 
15.1 12.0 25.4 31.6 gi|62362434 

29 sp41a endo-1,3-beta-glucosidase [Nicotiana tabacum] 13.1 13.0 35.6 48.7 gi|20026 
29 putative mitochondrial malate dehydrogenase [Nicotiana tabacum] 7.6 5.0 36.3 49.5 gi|48375044 
29 PAP 22 a nucleotides purple acid phosphatase [Nicotiana tabacum] 7.5 5.0 15.8 32.5 gi|27597231 
29 polyphenol oxidase [Nicotiana tabacum] 6.5 4.0 10.8 34.3 gi|2916727 
29 NaPRP4 proline-rich protein [Nicotiana alata] 6.1 4.0 21.6 46.3 gi|312836 
29 rubber elongation factor [Hevea brasiliensis] 4.5 5.0 41.3 61.6 gi|31747338 
29 PREDICTED: hypothetical protein [Vitis vinifera] 4.2 4.0 6.7 20.1 gi|225447041 
29 At2g47010/F14M4.16 [Arabidopsis lyrata subsp. lyrata] 4.0 2.0 5.1 17.4 gi|297824789 
29 predicted protein [Populus trichocarpa] 4.0 2.0 2.4 15.7 gi|224104335 
29 purple acid phosphatases [Glycine max] 3.9 3.0 5.9 16.1 gi|304421408 
29 predicted protein [Populus trichocarpa] 3.8 4.0 6.0 32.0 gi|224064458 
29 PREDICTED: hypothetical protein [Vitis vinifera] 3.7 2.0 4.7 17.4 gi|225436646 
29 LEXYL2 similar to Japanese pear JPRXYL gene [Solanum 

lycopersicum] 
3.5 2.0 4.1 7.3 gi|37359708 

29 putative pectinesterase emb [Arabidopsis thaliana] 3.5 2.0 4.4 9.8 gi|6573725 
29 NEC1 germin-like protein nectarin I [Nicotiana plumbaginifolia] 2.9 2.0 12.7 19.2 gi|6090829 
29 PRP5 similar to tobacco 120 kDa pistil extensin-like protein [Nicotiana 

tabacum] 
2.9 4.0 10.8 31.2 gi|62421765 

29 Glucan endo-1,3-beta-glucosidase precursor, putative [Ricinus 
communis] 

2.5 1.0 3.5 13.9 gi|255546283 

29 TBG5 putative exo-galactanase; secreted protein putative beta-
galactosidase [Solanum lycopersicum] 

2.3 3.0 4.7 13.9 gi|7939623 

29 predicted protein [Populus trichocarpa] 2.3 4.0 3.9 16.7 gi|224122176 
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29 PAP contains phytase activity; secreted from root purple acid 
phosphatase [Nicotiana tabacum] 

2.3 1.0 2.2 14.0 gi|145839433 

29 polygalacturonase, putative [Ricinus communis] 2.2 3.0 8.9 16.7 gi|255545184 
29 SBT1.2A NtSBT1.2A subtilase [Nicotiana tabacum] 2.1 1.0 1.7 11.5 gi|169674674 
29 hypothetical protein SORBIDRAFT_03g006130 [Sorghum bicolor] 2.1 1.0 4.7 14.2 gi|242052109 
29 PREDICTED: hypothetical protein [Vitis vinifera] 2.1 6.0 10.9 19.4 gi|225428247 
29 F2A19.90 similarity to polygalacturonase [Arabidopsis thaliana] 2.0 1.0 3.4 12.0 gi|6850840 
29 PREDICTED: hypothetical protein [Vitis vinifera] 2.0 1.0 8.4 8.4 gi|225432610 

30 PS60 [Nicotiana tabacum] 8.6 5.0 10.0 12.8 gi|1255951 
30 pistil extensin like protein [Nicotiana tabacum] 8.2 5.0 16.0 18.5 gi|19929 
30 cellulase homolog [Nicotiana alata] 6.3 3.0 8.7 22.7 gi|4704762 
30 predicted protein [Populus trichocarpa] 6.1 4.0 6.8 10.1 gi|224055303 
30 hypothetical protein ARALYDRAFT_486071 [Arabidopsis lyrata 

subsp. lyrata] 
4.0 2.0 5.8 5.8 gi|297816956 

30 xyloglucan-specific fungal endoglucanase-inhibitor [Nicotiana 
langsdorffii x Nicotiana sanderae] 

2.3 1.0 3.2 6.4 gi|62362434 

30 predicted protein [Populus trichocarpa] 2.2 1.0 3.1 6.7 gi|224064458 
30 REF HbREF rubber elongation factor [Hevea brasiliensis] 2.0 1.0 11.6 11.6 gi|334854628 

31 sp41a endo-1,3-beta-glucosidase [Nicotiana tabacum] 54.9 62.0 56.7 77.8 gi|20026 
31 putative mitochondrial malate dehydrogenase [Nicotiana tabacum] 30.4 22.0 75.5 93.9 gi|48375044 
31 cellulase homolog [Nicotiana alata] 28.9 24.0 35.1 59.0 gi|4704762 
31 pistil extensin like protein [Nicotiana tabacum] 23.5 22.0 34.3 42.7 gi|19929 
31 PS60 [Nicotiana tabacum] 21.9 15.0 30.6 52.4 gi|1255951 
31 NtcwINV5 cell wall invertase INV5 [Nicotiana tabacum] 20.5 12.0 51.3 71.5 gi|298239758 
31 pistil extensin like protein [Nicotiana tabacum] 18.4 21.0 36.9 45.8 gi|19927 
31 basic chitinase basic chitinase [Nicotiana tabacum] 10.0 5.0 25.6 30.2 gi|256133 
31 basic chitinase III [Nicotiana tabacum] 8.5 4.0 25.5 50.0 gi|19803 
31 NbEDGP extracellular dermal glycoprotein [Nicotiana benthamiana] 8.0 4.0 15.4 36.1 gi|343161843 
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31 predicted protein [Populus trichocarpa] 7.4 4.0 16.1 27.8 gi|224121874 
31 polygalacturonase inhibiting protein [Solanum torvum] 7.3 3.0 11.2 37.7 gi|237770129 
31 PREDICTED: hypothetical protein [Vitis vinifera] 6.9 6.0 9.9 25.2 gi|225436646 
31 superoxide dismutase nectarin I [Nicotiana langsdorffii x Nicotiana 

sanderae] 
6.6 6.0 17.9 32.3 gi|15341550 

31 vi vacuolar invertase [Nicotiana tabacum] 6.5 3.0 9.6 25.0 gi|29893064 
31 rubber elongation factor [Hevea brasiliensis] 6.4 4.0 47.8 64.5 gi|31747338 
31 predicted protein [Hordeum vulgare subsp. vulgare] 5.7 3.0 14.9 36.4 gi|326527467 
31 PPAL pollen allergen-like protein beta-expansin-like protein 

[Nicotiana tabacum] 
4.9 2.0 10.6 27.1 gi|12330698 

31 PREDICTED: hypothetical protein [Vitis vinifera] 4.4 6.0 12.9 31.9 gi|225428247 
31 triosephosphate isomerase, putative [Ricinus communis] 4.3 2.0 4.2 27.2 gi|255576721 
31 NtPOX1 peroxidase [Nicotiana tabacum] 4.3 3.0 14.2 28.1 gi|64976605 
31 polyphenol oxidase [Nicotiana tabacum] 4.3 2.0 6.3 23.5 gi|2916727 
31 PREDICTED: hypothetical protein [Vitis vinifera] 4.0 5.0 10.1 35.6 gi|225439623 
31 mMDH putative mitochondrial NAD-dependent malate [Solanum 

tuberosum] 
4.0 10.0 20.6 53.2 gi|21388550 

31 unnamed [Nicotiana tabacum] 4.0 2.0 9.3 20.8 gi|732893 
31 xyloglucan-specific fungal endoglucanase-inhibitor [Nicotiana 

langsdorffii x Nicotiana sanderae] 
4.0 4.0 13.3 21.7 gi|62362434 

31 hypothetical protein ARALYDRAFT_895494 [Arabidopsis lyrata 
subsp. lyrata] 

4.0 3.0 6.5 15.9 gi|297842363 

31 CDM1 biotic cell death-associated protein [Nicotiana glutinosa] 4.0 2.0 10.5 28.8 gi|6538778 
31 P0017B12.5 contains EST(s): acid phosphatase [Oryza sativa Japonica 

Group] 
4.0 2.0 7.1 16.0 gi|51535510 

31 GLA alpha-galactosidase [Helianthus annuus] 4.0 5.0 6.8 16.8 gi|29335747 
31 predicted protein [Populus trichocarpa] 4.0 2.0 2.4 8.4 gi|224104335 
31 mMDH mitochondrial malate dehydrogenase [Solanum lycopersicum] 3.7 10.0 30.6 54.6 gi|52139816 
31 PME2 pectin methylesterase isoform alpha [Vigna radiata] 3.6 3.0 9.7 20.2 gi|7025485 
31 zinc finger protein, putative [Ricinus communis] 3.1 1.0 4.5 24.7 gi|255549762 
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31 thaumatin-like protein SE39b [Nicotiana tabacum] 3.1 3.0 19.8 37.0 gi|4586372 
31 SBT1.2A NtSBT1.2A subtilase [Nicotiana tabacum] 3.1 1.0 1.7 21.8 gi|169674674 
31 glycolytic enzyme; cTPI triose phosphate isomerase cytosolic isoform 

[Solanum chacoense] 
2.6 2.0 9.8 26.8 gi|38112662 

31 hypothetical protein ARALYDRAFT_486071 [Arabidopsis lyrata 
subsp. lyrata] 

2.6 1.0 3.5 12.3 gi|297816956 

31 unknown [Medicago truncatula] 2.4 3.0 15.6 22.9 gi|217073832 
31 predicted protein [Hordeum vulgare subsp. vulgare] 2.2 2.0 7.1 9.8 gi|326501406 
31 chloroplast HSP70 [Cucumis sativus] 2.2 1.0 1.7 11.5 gi|124245039 
31 NtGPDL putative glycerophosphoryl diester [Nicotiana tabacum] 2.2 1.0 2.0 11.3 gi|83281191 
31 predicted protein [Populus trichocarpa] 2.1 3.0 8.9 12.7 gi|224119988 
31 similarity to other cysteine proteinases tobacco cysteine proteinase 

[Nicotiana tabacum] 
2.1 1.0 4.4 21.1 gi|19851 

31 predicted protein [Populus trichocarpa] 2.1 1.0 8.6 37.9 gi|224080580 
31 glycosyl hydrolases beta-1,3-glucanase [Medicago sativa] 2.1 1.0 3.6 11.8 gi|90186653 
31 GGL4 beta-1,3-glucanase [Nicotiana tabacum] 2.0 22.0 20.5 36.5 gi|4929155 
31 predicted protein [Populus trichocarpa] 2.0 12.0 29.1 51.5 gi|224061310 
31 aspartic protease [Nicotiana tabacum] 2.0 1.0 3.2 6.7 gi|109675118 
31 similar to Arabisopsis thaliana At5g05340 unknown [Picea sitchensis] 2.0 2.0 6.7 25.7 gi|148910114 
31 multicopper oxidase, putative [Ricinus communis] 2.0 4.0 8.5 26.5 gi|255575031 
31 pectase lyase [Prunus persica] 2.0 2.0 11.4 25.9 gi|157313312 
31 PREDICTED: hypothetical protein [Vitis vinifera] 2.0 3.0 6.7 22.6 gi|225447041 
31 P0624H09.19; AK060686 putative endo-1,4-beta-glucanase precursor 

[Oryza sativa Japonica Group] 
2.0 1.0 5.4 7.8 gi|52077266 

31 px18 peroxidase [Picea abies] 2.0 2.0 4.8 13.2 gi|113531030 
31 NaPRP4 proline-rich protein [Nicotiana alata] 2.0 1.0 7.1 23.1 gi|312836 
31 similar to Arabisopsis thaliana gi|19699069|gb|AAL90902 unknown 

[Picea sitchensis] 
2.0 1.0 3.5 16.7 gi|294464392 

31 fructose-bisphosphate aldolase, class I [Arabidopsis thaliana] 2.0 1.0 3.3 23.4 gi|79322651 
31 putative proline-rich protein [Nicotiana tabacum] 2.0 2.0 7.7 26.7 gi|48375046 
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31 LEXYL2 similar to Japanese pear JPRXYL gene [Solanum 
lycopersicum] 

2.0 1.0 1.7 6.0 gi|37359708 

31 hypothetical protein [Citrus x paradisi] 2.0 1.0 4.1 20.3 gi|2213425 
31 pod1 gaiacol peroxidase [Gossypium hirsutum] 2.0 1.0 4.0 25.2 gi|19698448 
31 XET xyloglucan endotransglucosylase [Gerbera hybrid cultivar] 2.0 1.0 5.7 15.8 gi|82394883 
31 beta-galactosidase [Asparagus officinalis] 2.0 1.0 2.9 7.1 gi|452712 
31 Pectinacetylesterase family protein [Arabidopsis thaliana] 2.0 1.0 6.0 11.5 gi|42566134 
31 HrBP1 Cp-HrBP1; similar to At-HrBP1 harpin binding protein 1 

[Citrus x paradisi] 
2.0 1.0 4.2 22.5 gi|38679311 

31 Granulin repeat cysteine protease family protein; [Arabidopsis 
thaliana] 

2.0 1.0 3.5 9.3 gi|332642713 

31 predicted protein [Populus trichocarpa] 2.0 1.0 4.1 11.7 gi|224068703 
31 predicted protein [Populus trichocarpa] 2.0 4.0 3.8 12.2 gi|224057499 
31 PREDICTED: hypothetical protein [Vitis vinifera] 2.0 1.0 3.3 13.0 gi|225460231 
31 altern. polyA site [Petunia x hybrida] 2.0 1.0 5.4 13.7 gi|20518 
31 FLA10 FLA10 protein fasciclin-like arabinogalactan protein 10 

[Gossypium hirsutum] 
2.0 1.0 3.6 8.9 gi|157273654 

31 similar to alpha-galactosidase precursor [Leptosphaeria maculans JN3] 2.0 1.0 3.0 3.0 gi|312218535 
31 LsCP1 cysteine protease [Lactuca sativa] 2.0 1.0 10.2 15.6 gi|239937266 
31 F2A19.90 similarity to polygalacturonase [Arabidopsis thaliana] 2.0 1.0 3.4 3.4 gi|6850840 
31 PREDICTED: hypothetical protein [Vitis vinifera] 2.0 1.0 8.4 8.4 gi|225432610 

32 sp41a endo-1,3-beta-glucosidase [Nicotiana tabacum] 41.9 47.0 55.0 75.2 gi|20026 
32 pistil extensin like protein [Nicotiana tabacum] 37.9 48.0 30.0 42.8 gi|19927 
32 cellulase homolog [Nicotiana alata] 23.1 20.0 32.6 50.5 gi|4704762 
32 putative mitochondrial malate dehydrogenase [Nicotiana tabacum] 19.2 10.0 70.3 85.4 gi|48375044 
32 NtcwINV5 cell wall invertase INV5 [Nicotiana tabacum] 18.7 10.0 51.3 68.5 gi|298239758 
32 PS60 [Nicotiana tabacum] 17.0 8.0 22.6 45.6 gi|1255951 
32 GR quinone reductase [Nicotiana benthamiana] 13.0 7.0 46.2 52.8 gi|341865452 
32 pistil extensin like protein [Nicotiana tabacum] 10.8 20.0 26.8 41.5 gi|19929 
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32 vi vacuolar invertase [Nicotiana tabacum] 10.3 6.0 15.2 29.4 gi|29893064 
32 predicted protein [Hordeum vulgare subsp. vulgare] 8.6 6.0 28.8 37.7 gi|326527467 
32 cnd41 hydrophobic CND41, chloroplast nucleoid DNA binding protein 

[Nicotiana tabacum] 
8.3 4.0 15.5 23.3 gi|2541876 

32 invertase inhibitor [Nicotiana langsdorffii x Nicotiana sanderae] 8.0 4.0 40.6 59.4 gi|77999792 
32 23-kDa ploypeptide of photosystem II [Nicotiana tabacum] 8.0 5.0 25.9 38.0 gi|1345550 
32 quinone reductase family protein [Arabidopsis lyrata subsp. lyrata] 6.8 4.0 31.7 44.9 gi|297799264 
32 polygalacturonase inhibiting protein [Solanum torvum] 6.4 3.0 11.2 22.5 gi|237770129 
32 superoxide dismutase nectarin I [Nicotiana langsdorffii x Nicotiana 

sanderae] 
6.4 6.0 17.9 47.6 gi|15341550 

32 TPIP1 triosephosphate isomerase [Petunia x hybrida] 6.3 5.0 20.5 47.2 gi|602590 
32 oee2-2AF 23-kDa polypeptide of photosystem II [Nicotiana tabacum] 6.1 4.0 27.8 51.1 gi|20030 
32 PREDICTED: hypothetical protein [Vitis vinifera] 5.8 5.0 9.9 20.5 gi|225436646 
32 glutathione peroxidase [Gossypium hirsutum] 5.8 3.0 24.1 49.4 gi|2746232 
32 unknown [Glycine max] 5.7 4.0 9.2 27.6 gi|255645557 
32 xyloglucan-specific fungal endoglucanase-inhibitor [Nicotiana 

langsdorffii x Nicotiana sanderae] 
5.5 3.0 10.1 16.7 gi|62362434 

32 serine carboxypeptidase, putative [Ricinus communis] 5.5 3.0 10.8 12.3 gi|255574994 
32 photosystem II protein 33 kDa manganese stabilizing chloroplast 

[Allium cepa] 
5.2 4.0 28.2 43.7 gi|336041494 

32 PREDICTED: hypothetical protein [Vitis vinifera] 4.7 3.0 6.7 21.1 gi|225447041 
32 polyphenol oxidase [Nicotiana tabacum] 4.2 2.0 6.3 19.8 gi|2916727 
32 predicted protein [Populus trichocarpa] 4.2 4.0 8.4 24.4 gi|224064458 
32 atpB ATP synthase CF1 beta subunit [Sesamum indicum] 4.2 3.0 5.0 58.8 gi|347448302 
32 PREDICTED: hypothetical protein [Vitis vinifera] 4.1 4.0 10.1 16.8 gi|225439623 
32 cytosolic isoenzyme phosphoglycerate kinase (PGK) [Nicotiana 

tabacum] 
4.1 2.0 7.5 16.2 gi|1161602 

32 secretory pathway transit peptide; golgi or ER wound/stress protein 
[Solanum lycopersicum] 

4.0 4.0 20.6 31.0 gi|51457948 

32 NADH:2-hydroxy-1,4-benzoquinone oxidoreductase benzoquinone 
reductase [Gossypium hirsutum] 

4.0 6.0 37.9 46.3 gi|124488474 
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32 unnamed [Nicotiana tabacum] 4.0 2.0 9.3 16.4 gi|732893 
32 chloroplast sedoheptulose-1,7-bisphosphatase [Morus alba var. 

multicaulis] 
3.5 2.0 6.9 31.4 gi|118175929 

32 rubber elongation factor [Hevea brasiliensis] 2.5 1.0 11.6 38.4 gi|31747338 
32 SOEP NaSOEP sexual organ expressed protein [Nicotiana alata] 2.5 1.0 5.4 9.1 gi|161702915 
32 basic chitinase III [Nicotiana tabacum] 2.4 1.0 7.1 28.2 gi|19803 
32 thaumatin-like protein SE39b [Nicotiana tabacum] 2.4 2.0 8.4 21.4 gi|4586372 
32 superoxide dismutase [Nicotiana plumbaginifolia] 2.3 2.0 17.1 35.5 gi|19713 
32 predicted protein [Populus trichocarpa] 2.2 4.0 26.2 46.1 gi|224080580 
32 putative carbohydrate esterase family 13 pectin acetylesterase 

[Eucalyptus globulus subsp. globulus] 
2.2 2.0 7.4 14.9 gi|109509142 

32 JHL07K02.7 [Jatropha curcas] 2.2 1.0 6.0 11.0 gi|317106610 
32 predicted protein [Populus trichocarpa] 2.2 1.0 4.9 16.9 gi|224054416 
32 uncharacterized protein LOC100273428 [Zea mays] 2.1 7.0 21.2 39.4 gi|226498728 
32 NtGPDL putative glycerophosphoryl diester [Nicotiana tabacum] 2.1 1.0 2.0 6.5 gi|83281191 
32 PREDICTED: hypothetical protein [Vitis vinifera] 2.0 3.0 8.5 25.3 gi|225428247 
32 predicted protein [Populus trichocarpa] 2.0 7.0 27.3 49.7 gi|224061310 
32 mMDH mitochondrial malate dehydrogenase [Solanum lycopersicum] 2.0 5.0 20.8 46.0 gi|52139816 
32 P0710B08.42 contains full-length cDNA(s): AK071465 putative PS60 

[Oryza sativa Japonica Group] 
2.0 3.0 9.2 15.5 gi|52076641 

32 photosystem II 23kDa polypeptide [Nicotiana tabacum] 2.0 3.0 17.4 37.7 gi|19911 
32 px18 peroxidase [Picea abies] 2.0 2.0 4.8 13.2 gi|113531030 
32 NaPRP4 proline-rich protein [Nicotiana alata] 2.0 1.0 7.1 22.0 gi|312836 
32 glucan endo-1,3-beta-glucosidase 6 [Zea mays] 2.0 1.0 2.4 11.8 gi|226505616 
32 putative aminopropyl transferase [Oryza sativa Japonica Group] 2.0 1.0 3.3 14.6 gi|50252211 
32 predicted protein [Hordeum vulgare subsp. vulgare] 2.0 1.0 4.2 14.6 gi|326501406 
32 predicted protein [Populus trichocarpa] 2.0 3.0 3.8 9.5 gi|224057499 
32 CDM1 biotic cell death-associated protein [Nicotiana glutinosa] 2.0 1.0 5.2 17.5 gi|6538778 
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32 beta-galactosidase [Asparagus officinalis] 2.0 1.0 2.9 4.7 gi|452712 
32 putative alpha-N-acetylglucosaminidase [Nicotiana tabacum] 2.0 1.0 1.7 3.8 gi|4160292 
32 putative proline-rich protein [Nicotiana tabacum] 2.0 1.0 7.7 11.3 gi|48375046 
32 FLA10 FLA10 protein fasciclin-like arabinogalactan protein 10 

[Gossypium hirsutum] 
2.0 1.0 3.6 4.8 gi|157273654 

32 PREDICTED: hypothetical protein [Vitis vinifera] 2.0 1.0 8.4 8.4 gi|225432610 

33 pistil extensin like protein [Nicotiana tabacum] 61.2 126.0 35.1 45.6 gi|19927 
33 pistil extensin like protein [Nicotiana tabacum] 28.4 128.0 34.7 44.8 gi|19929 
33 sp41a endo-1,3-beta-glucosidase [Nicotiana tabacum] 26.7 33.0 45.9 67.2 gi|20026 
33 cellulase homolog [Nicotiana alata] 18.7 20.0 37.2 57.4 gi|4704762 
33 putative mitochondrial malate dehydrogenase [Nicotiana tabacum] 17.6 12.0 61.8 85.4 gi|48375044 
33 NtcwINV5 cell wall invertase INV5 [Nicotiana tabacum] 15.8 12.0 54.3 72.8 gi|298239758 
33 23-kDa ploypeptide of photosystem II [Nicotiana tabacum] 13.6 7.0 44.4 67.3 gi|1345550 
33 vi vacuolar invertase [Nicotiana tabacum] 11.9 7.0 16.6 38.7 gi|29893064 
33 PS60 [Nicotiana tabacum] 11.5 10.0 16.9 37.0 gi|1255951 
33 GR quinone reductase [Nicotiana benthamiana] 8.7 7.0 38.7 53.8 gi|341865452 
33 atpB ATP synthase beta subunit [Micranthes integrifolia] 8.5 7.0 20.0 64.7 gi|15375070 
33 basic chitinase III [Nicotiana tabacum] 6.2 6.0 26.5 46.6 gi|19803 
33 quinone reductase family protein [Arabidopsis lyrata subsp. lyrata] 6.0 4.0 25.9 40.0 gi|297799264 
33 cytosolic isoenzyme phosphoglycerate kinase (PGK) [Nicotiana 

tabacum] 
5.9 3.0 14.7 33.9 gi|1161602 

33 ml putative ML domain protein [Nicotiana glauca] 5.9 5.0 43.0 48.4 gi|55294668 
33 invertase inhibitor [Nicotiana langsdorffii x Nicotiana sanderae] 5.5 4.0 27.9 43.6 gi|77999792 
33 light-inducible protein atls1, putative [Ricinus communis] 5.2 4.0 23.5 40.0 gi|255571475 
33 putative 33kDa protein of oxygen-evolving complex [Solanum 

lycopersicum] 
5.0 3.0 16.4 43.8 gi|19157 

33 rbcS2c ribulose bisphosphate carboxylase [Solanum tuberosum] 4.9 3.0 20.0 70.0 gi|21569 
33 oee2-2AF 23-kDa polypeptide of photosystem II [Nicotiana tabacum] 4.7 4.0 17.3 35.7 gi|20030 
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33 STC [Solanum lycopersicum] 4.6 3.0 48.9 68.1 gi|6671194 
33 CAM53 calmodulin-related protein [Petunia x hybrida] 4.5 3.0 23.4 58.7 gi|169205 
33 unknown [Glycine max] 4.4 2.0 8.9 21.7 gi|255645557 
33 glutathione peroxidase [Gossypium hirsutum] 4.4 3.0 17.1 44.1 gi|2746232 
33 NaPRP4 proline-rich protein [Nicotiana alata] 4.0 4.0 21.6 37.7 gi|312836 
33 superoxide dismutase [Nicotiana plumbaginifolia] 4.0 3.0 17.1 34.9 gi|19713 
33 RALF rapid alkalinization factor preproprotein [Nicotiana attenuata] 3.8 3.0 16.5 31.3 gi|42374767 
33 predicted protein [Hordeum vulgare subsp. vulgare] 3.8 2.0 9.9 27.8 gi|326527467 
33 serine carboxypeptidase, putative [Ricinus communis] 3.7 2.0 6.0 16.7 gi|255574994 
33 predicted protein [Populus trichocarpa] 3.7 2.0 6.0 20.0 gi|224064458 
33 LEXYL2 similar to Japanese pear JPRXYL gene [Solanum 

lycopersicum] 
3.7 2.0 4.1 12.2 gi|37359708 

33 PAP 22 a nucleotides purple acid phosphatase [Nicotiana tabacum] 3.7 2.0 6.2 8.5 gi|27597231 
33 protein kinase nucleoside diphosphate kinase [Nicotiana tabacum] 3.7 2.0 19.6 36.5 gi|62114996 
33 PREDICTED: hypothetical protein [Vitis vinifera] 3.5 5.0 9.9 14.5 gi|225436646 
33 PREDICTED: hypothetical protein [Vitis vinifera] 3.3 2.0 6.7 18.7 gi|225447041 
33  xyloglucan-specific fungal endoglucanase-inhibitor [Nicotiana 

langsdorffii x Nicotiana sanderae] 
3.2 3.0 10.3 17.4 gi|62362434 

33 rubber elongation factor [Hevea brasiliensis] 2.8 2.0 19.6 44.2 gi|31747338 
33 NADH:2-hydroxy-1,4-benzoquinone oxidoreductase benzoquinone 

reductase [Gossypium hirsutum] 
2.8 4.0 30.5 39.4 gi|124488474 

33 polygalacturonase inhibiting protein [Solanum torvum] 2.7 1.0 4.0 21.6 gi|237770129 
33 chloroplast sedoheptulose-1,7-bisphosphatase [Solanum lycopersicum] 2.7 2.0 7.4 16.8 gi|350538149 
33 NtLTP1 lipid transfer protein [Nicotiana tabacum] 2.6 2.0 20.2 41.2 gi|328925266 
33 mMDH putative mitochondrial NAD-dependent malate [Solanum 

tuberosum] 
2.3 6.0 16.0 33.7 gi|21388550 

33 secretory pathway transit peptide; golgi or ER wound/stress protein 
[Solanum lycopersicum] 

2.1 5.0 21.7 35.3 gi|51457948 

33 similar to Arabisopsis thaliana At4g24280 unknown [Picea sitchensis] 2.0 1.0 2.3 15.4 gi|148907083 
33 polygalacturonase, putative [Ricinus communis] 2.0 2.0 5.7 21.3 gi|255545184 
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33 predicted protein [Populus trichocarpa] 2.0 7.0 22.1 31.5 gi|224061310 
33 hypothetical protein SELMODRAFT_128463 [Selaginella 

moellendorffii] 
2.0 1.0 8.0 14.5 gi|302814175 

33 unknown [Glycine max] 2.0 1.0 7.1 9.5 gi|255637428 
33 unknown [Glycine max] 2.0 1.0 16.9 24.7 gi|255631924 
33 FLA10 FLA10 protein fasciclin-like arabinogalactan protein 10 

[Gossypium hirsutum] 
2.0 1.0 3.6 4.8 gi|157273654 

33 putative proline-rich protein [Nicotiana tabacum] 2.0 1.0 7.7 7.7 gi|48375046 
33 PREDICTED: hypothetical protein [Vitis vinifera] 2.0 1.0 8.4 8.4 gi|225432610 

34 pistil extensin like protein [Nicotiana tabacum] 77.3 116.0 40.1 45.5 gi|19929 
34 pistil extensin like protein [Nicotiana tabacum] 46.6 100.0 42.8 50.4 gi|19927 
34 NaPRP4 proline-rich protein [Nicotiana alata] 19.0 17.0 40.4 57.6 gi|312836 
34 PRP5 similar to tobacco 120 kDa pistil extensin-like protein [Nicotiana 

tabacum] 
10.4 12.0 19.5 36.7 gi|62421765 

34 cellulase homolog [Nicotiana alata] 8.5 4.0 8.9 16.6 gi|4704762 
34 rubber elongation factor [Hevea brasiliensis] 6.3 4.0 32.6 39.9 gi|31747338 
34 sp41a endo-1,3-beta-glucosidase [Nicotiana tabacum] 4.4 2.0 6.0 21.6 gi|20026 
34 predicted protein [Hordeum vulgare subsp. vulgare] 4.1 2.0 9.9 14.2 gi|326527467 
34 viral envelope protein [Nicotiana tabacum] 4.0 2.0 34.9 34.9 gi|1644306 
34 PREDICTED: hypothetical protein [Vitis vinifera] 3.7 2.0 7.4 8.7 gi|225436646 
34 glycolytic enzyme; cTPI triose phosphate isomerase cytosolic isoform 

[Solanum chacoense] 
2.6 2.0 10.2 15.4 gi|38112662 

34 NtcwINV5 cell wall invertase INV5 [Nicotiana tabacum] 2.2 1.0 6.0 28.0 gi|298239758 
34 PREDICTED: hypothetical protein [Vitis vinifera] 2.0 1.0 2.9 6.3 gi|225426168 
34 lin 5 beta fructosidase [Solanum pennellii] 2.0 1.0 1.7 1.7 gi|7414368 
34 AT4g23500 similarity to picA protein [Arabidopsis thaliana] 2.0 1.0 2.8 6.1 gi|7269198 
34 predicted protein [Physcomitrella patens subsp. patens] 2.0 1.0 0.9 0.9 gi|168014164 
34 REVERSED unnamed protein product [Aspergillus niger] 2.0 1.0 0.9 0.9 RRRRRgi|134077055 

35 pistil extensin like protein [Nicotiana tabacum] 110.3 181.0 51.2 51.2 gi|19927 
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35 pistil extensin like protein [Nicotiana tabacum] 66.8 197.0 46.2 46.2 gi|19929 
35 PRP5 similar to tobacco 120 kDa pistil extensin-like protein [Nicotiana 

tabacum] 
25.7 46.0 37.6 48.4 gi|62421765 

35 NaPRP4 proline-rich protein [Nicotiana alata] 24.3 35.0 47.5 54.5 gi|312836 
35 cellulase homolog [Nicotiana alata] 7.2 3.0 6.4 22.0 gi|4704762 
35 NtcwINV5 cell wall invertase INV5 [Nicotiana tabacum] 5.3 3.0 21.5 36.2 gi|298239758 
35 sp41a endo-1,3-beta-glucosidase [Nicotiana tabacum] 4.8 3.0 6.0 31.0 gi|20026 
35 TPIP1 triosephosphate isomerase [Petunia x hybrida] 4.5 3.0 15.7 19.3 gi|602590 
35 triosephosphate isomerase [Secale cereale] 2.8 2.0 10.1 13.1 gi|609262 
35 LOXO lipoxygenase [Vitis vinifera] 2.2 1.0 0.7 5.7 gi|268636249 
35 PREDICTED: hypothetical protein [Vitis vinifera] 2.0 1.0 2.1 3.5 gi|225436646 
35 sequence orphan [Schizosaccharomyces pombe] 2.0 1.0 1.2 3.6 gi|1213261 
35 lin 5 beta fructosidase [Solanum pennellii] 2.0 1.0 1.7 1.7 gi|7414368 
35 viral envelope protein [Nicotiana tabacum] 2.0 1.0 19.1 19.1 gi|1644306 

36 pistil extensin like protein [Nicotiana tabacum] 33.6 38.0 38.2 46.6 gi|19927 
36 NaPRP4 proline-rich protein [Nicotiana alata] 23.4 24.0 46.3 54.5 gi|312836 
36 PRP5 similar to tobacco 120 kDa pistil extensin-like protein [Nicotiana 

tabacum] 
18.9 25.0 40.8 49.8 gi|62421765 

36 pistil extensin like protein [Nicotiana tabacum] 15.6 31.0 39.4 46.2 gi|19929 
36 cellulase homolog [Nicotiana alata] 15.1 7.0 20.2 39.5 gi|4704762 
36 NtcwINV5 cell wall invertase INV5 [Nicotiana tabacum] 6.5 4.0 15.5 47.0 gi|298239758 
36 sp41a endo-1,3-beta-glucosidase [Nicotiana tabacum] 4.4 2.0 6.0 18.2 gi|20026 
36 polyphenol oxidase [Nicotiana tabacum] 2.4 1.0 3.0 10.0 gi|92919068 
36 Rictpi2 triosephosphate isomerase [Oryza sativa Japonica Group] 2.1 1.0 4.7 11.4 gi|553107 
36 triosephosphate isomerase [Secale cereale] 2.0 1.0 5.0 10.1 gi|609262 
36 polygalacturonase/pectinase family protein [Capsella rubella] 2.0 1.0 2.8 6.1 gi|186701252 
36 viral envelope protein [Nicotiana tabacum] 2.0 1.0 19.1 19.1 gi|1644306 

37 cellulase homolog [Nicotiana alata] 52.9 66.0 61.5 78.2 gi|4704762 
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37 sp41a endo-1,3-beta-glucosidase [Nicotiana tabacum] 45.5 82.0 59.5 77.5 gi|20026 
37 pistil extensin like protein [Nicotiana tabacum] 22.1 33.0 31.2 45.3 gi|19929 
37 NtcwINV5 cell wall invertase INV5 [Nicotiana tabacum] 20.8 30.0 71.5 84.9 gi|298239758 
37 PRP5 similar to tobacco 120 kDa pistil extensin-like protein [Nicotiana 

tabacum] 
17.2 24.0 32.1 41.7 gi|62421765 

37 catch B cathepsin B-like cysteine proteinase [Nicotiana rustica] 12.4 14.0 40.7 48.6 gi|609175 
37 pistil extensin like protein [Nicotiana tabacum] 11.7 23.0 36.9 53.4 gi|19927 
37 NaPRP4 proline-rich protein [Nicotiana alata] 10.8 15.0 26.7 50.2 gi|312836 
37 cytosolic isoenzyme phosphoglycerate kinase (PGK) [Nicotiana 

tabacum] 
9.7 5.0 22.4 31.7 gi|1161602 

37 Cel7 endo-beta-1,4-glucanase [Nicotiana tabacum] 9.1 8.0 18.8 24.1 gi|73918031 
37 polyphenol oxidase [Nicotiana tabacum] 8.6 5.0 15.3 34.5 gi|92919068 
37 spermidine synthase [Nicotiana sylvestris] 8.2 4.0 13.1 21.7 gi|2821959 
37 putative mitochondrial malate dehydrogenase [Nicotiana tabacum] 8.1 5.0 38.2 42.0 gi|48375044 
37 putative endo-beta-1,4-D-glucanase [Solanum lycopersicum] 7.9 6.0 10.9 21.3 gi|4165132 
37 atpB ATP synthase beta subunit [Sisyrinchium montanum] 7.1 5.0 11.3 30.5 gi|37721003 
37 sp41b glucan endo-1,3-beta-glucosidase glucan endo-1,3-beta-

glucosidase [Nicotiana tabacum] 
6.9 40.0 56.4 76.6 gi|20028 

37 polygalacturonase inhibiting protein [Solanum torvum] 6.7 3.0 11.2 22.8 gi|237770129 
37 vi vacuolar invertase [Nicotiana tabacum] 6.2 3.0 9.6 18.8 gi|29893064 
37 NtGPDL putative glycerophosphoryl diester [Nicotiana tabacum] 6.0 3.0 7.7 16.2 gi|83281191 
37 nsatp2.2.1 ATPase beta subunit [Nicotiana sylvestris] 5.9 3.0 8.8 17.7 gi|3893822 
37 PREDICTED: hypothetical protein [Vitis vinifera] 5.2 7.0 9.9 20.5 gi|225436646 
37 chloroplast sedoheptulose-1,7-bisphosphatase [Solanum lycopersicum] 5.1 3.0 11.2 34.5 gi|350538149 
37 predicted protein [Populus trichocarpa] 4.8 3.0 15.1 26.1 gi|224121874 
37 rubber elongation factor [Hevea brasiliensis] 4.7 3.0 37.0 49.3 gi|31747338 
37 unnamed [Nicotiana tabacum] 4.0 2.0 9.3 35.0 gi|732893 
37 self-incompatibility locus-linked 3.16 protein putative fructokinase 2 

[Petunia integrifolia subsp. inflata] 
3.9 2.0 8.5 20.4 gi|33329200 
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37 aspartic protease [Nicotiana tabacum] 3.8 2.0 6.7 15.0 gi|109675118 
37 unknown [Medicago truncatula] 3.8 2.0 8.4 8.4 gi|217073868 
37 ANK1 ankyrin domain protein [Nicotiana tabacum] 3.7 2.0 9.1 16.9 gi|24637568 
37 predicted protein [Populus trichocarpa] 3.7 3.0 2.4 5.4 gi|224104335 
37 TNIT4B indole-3-acetonitrile hydlysis, indole-3-aceticacid 

biosynthesis nitrilase [Nicotiana tabacum] 
3.7 2.0 12.9 12.9 gi|1181615 

37 triosephosphate isomerase, putative [Ricinus communis] 3.7 2.0 4.5 16.6 gi|255576721 
37 LEXYL2 similar to Japanese pear JPRXYL gene [Solanum 

lycopersicum] 
3.6 2.0 4.1 13.7 gi|37359708 

37 zinc finger protein, putative [Ricinus communis] 3.6 3.0 7.6 16.4 gi|255549762 
37 md1 malate dehydrogenase [Nicotiana tabacum] 3.5 2.0 7.2 17.5 gi|10798652 
37 AT4g12420 EST GB:Z37701  putative pollen-specific protein 

[Arabidopsis thaliana] 
3.4 2.0 4.9 6.3 gi|7267944 

37 plastid transketolase [Nicotiana tabacum] 3.3 2.0 3.9 16.1 gi|194396261 
37 predicted protein [Populus trichocarpa] 3.2 3.0 7.4 8.9 gi|224068703 
37 thaumatin-like protein SE39b [Nicotiana tabacum] 3.2 3.0 12.6 37.0 gi|4586372 
37 PELP SnPELP pistil-specific extensin-like protein [Solanum nigrum] 3.1 2.0 17.9 28.6 gi|321150024 
37 beta-D-glucan exohydrolase [Nicotiana tabacum] 3.0 2.0 3.7 7.3 gi|3582436 
37 predicted protein [Hordeum vulgare subsp. vulgare] 2.9 2.0 9.9 27.5 gi|326527467 
37 invertase inhibitor [Nicotiana langsdorffii x Nicotiana sanderae] 2.9 2.0 20.6 20.6 gi|77999792 
37 PREDICTED: hypothetical protein [Vitis vinifera] 2.8 3.0 6.7 6.7 gi|225447041 
37 phosphoglycerate kinase, putative [Ricinus communis] 2.7 5.0 15.2 27.6 gi|255544584 
37 PME2 pectin methylesterase isoform alpha [Vigna radiata] 2.7 2.0 9.7 18.8 gi|7025485 
37 putative 4-methyl-5(b-hydroxyethyl)-thiazol [Capsicum chinense] 2.5 2.0 7.9 7.9 gi|171854671 
37 beta-glucosidase 08 [Solanum lycopersicum] 2.2 3.0 8.9 16.6 gi|350534796 
37 glycolytic enzyme; cTPI triose phosphate isomerase cytosolic isoform 

[Solanum chacoense] 
2.1 2.0 9.8 24.0 gi|38112662 

37 ATP synthase CF1 alpha subunit [Solanum bulbocastanum] 2.1 2.0 4.9 12.6 gi|91208973 
37 alpha-amylase [Gunnera manicata] 2.0 1.0 3.1 8.8 gi|311294327 
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37 LRR1 putative protein kinase leucine-rich repeat protein [Nicotiana 
tabacum] 

2.0 1.0 4.7 22.5 gi|88604736 

37 gapC cytosolic glyceraldehyde-3-phosphate dehydrogenase [Nicotiana 
tabacum] 

2.0 2.0 9.8 35.0 gi|4539543 

37 polygalacturonase/pectinase family protein [Capsella rubella] 2.0 1.0 3.2 6.1 gi|186701252 
37 vi vacuolar invertase [Nicotiana tabacum] 6.2 3.0 9.6 18.8 gi|29893064 

38 sp41a endo-1,3-beta-glucosidase [Nicotiana tabacum] 69.3 75.0 61.3 70.9 gi|20026 
38 cellulase homolog [Nicotiana alata] 66.2 50.0 53.9 73.4 gi|4704762 
38 pistil extensin like protein [Nicotiana tabacum] 32.5 39.0 30.0 43.5 gi|19927 
38 NtcwINV5 cell wall invertase INV5 [Nicotiana tabacum] 25.5 21.0 66.0 75.0 gi|298239758 
38 ATP synthase CF1 beta subunit [Nicotiana tabacum] 24.2 14.0 35.7 58.6 gi|81238327 
38 pistil extensin like protein [Nicotiana tabacum] 19.5 32.0 28.6 41.5 gi|19929 
38 TPIP1 triosephosphate isomerase [Petunia x hybrida] 19.3 15.0 44.1 52.4 gi|602590 
38 NaPRP4 proline-rich protein [Nicotiana alata] 18.2 26.0 29.8 44.7 gi|312836 
38 cytosolic isoenzyme phosphoglycerate kinase (PGK) [Nicotiana 

tabacum] 
16.5 8.0 27.9 47.6 gi|1161602 

38 GR quinone reductase [Nicotiana benthamiana] 16.3 11.0 53.8 57.3 gi|341865452 
38 unknown [Glycine max] 15.2 8.0 21.7 34.2 gi|255645557 
38 vi vacuolar invertase [Nicotiana tabacum] 14.5 8.0 19.0 28.9 gi|29893064 
38 PRP5 similar to tobacco 120 kDa pistil extensin-like protein [Nicotiana 

tabacum] 
13.1 22.0 32.1 39.6 gi|62421765 

38 glutathione peroxidase [Gossypium hirsutum] 12.5 8.0 37.1 48.2 gi|2746232 
38 invertase inhibitor [Nicotiana langsdorffii x Nicotiana sanderae] 12.1 12.0 41.2 78.2 gi|77999792 
38 putative mitochondrial malate dehydrogenase [Nicotiana tabacum] 12.0 6.0 44.3 66.0 gi|48375044 
38 polyphenol oxidase [Nicotiana tabacum] 9.6 5.0 13.8 30.7 gi|92919068 
38 predicted protein [Populus trichocarpa] 9.6 5.0 21.8 26.8 gi|224121874 
38 Nt-EXPA1 predicted signal peptide alpha-expansin [Nicotiana 

tabacum] 
9.2 6.0 27.7 42.6 gi|4027891 

38 putative carbohydrate binding domain endo-beta-1,4-D-glucanase 
[Solanum lycopersicum] 

9.1 7.0 13.4 23.7 gi|4165132 
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38 PREDICTED: hypothetical protein [Vitis vinifera] 8.8 8.0 9.9 20.9 gi|225436646 
38 quinone reductase family protein [Arabidopsis lyrata subsp. lyrata] 8.6 6.0 32.7 45.8 gi|297799264 
38 sp41b glucan endo-1,3-beta-glucosidase glucan endo-1,3-beta-

glucosidase [Nicotiana tabacum] 
8.6 52.0 56.1 70.7 gi|20028 

38 triosephosphate isomerase [Secale cereale] 8.4 7.0 29.2 34.9 gi|609262 
38 polygalacturonase inhibiting protein [Solanum torvum] 8.3 5.0 14.3 22.5 gi|237770129 
38 fructose-bisphosphate aldolase-like protein [Solanum tuberosum] 8.2 4.0 23.5 31.8 gi|83283995 
38 PREDICTED: hypothetical protein [Vitis vinifera] 7.9 5.0 14.5 21.1 gi|225466690 
38 GAPDH glyeraldehyde 3-phosphate dehydrogenase [Rosa multiflora] 7.7 4.0 18.8 35.1 gi|353259703 
38 beta-D-glucan exohydrolase [Nicotiana tabacum] 7.7 4.0 8.4 12.6 gi|3582436 
38 aoc allene oxide cyclase [Nicotiana tabacum] 7.5 4.0 26.5 41.6 gi|40644130 
38 MSP 33kDa protein of PSII chloroplast manganese stabilizing protein 

[Solanum tuberosum] 
7.2 3.0 14.3 32.7 gi|313586398 

38 zinc finger protein, putative [Ricinus communis] 7.0 5.0 12.7 30.0 gi|255549762 
38 NAD-malate dehydrogenase [Nicotiana tabacum] 7.0 4.0 15.0 27.7 gi|5123836 
38 phosphoglycerate kinase, putative [Ricinus communis] 6.9 8.0 19.0 36.1 gi|255544584 
38 PREDICTED: similar to ADP-ribosylation factor [Vitis vinifera] 6.8 3.0 27.3 43.2 gi|225452424 
38 oas7 O-acetylserine (thiol) lyase 7 putative cytosolic cysteine synthase 

7 [Nicotiana tabacum] 
6.3 3.0 15.1 18.8 gi|76556494 

38 NtCysP cysteine protease [Nicotiana tabacum] 6.1 3.0 13.1 19.2 gi|158524604 
38 LEXYL2 similar to Japanese pear JPRXYL gene [Solanum 

lycopersicum] 
6.0 3.0 7.0 13.9 gi|37359708 

38 spermidine synthase [Nicotiana sylvestris] 6.0 3.0 12.7 16.9 gi|2821959 
38 md1 malate dehydrogenase [Nicotiana tabacum] 5.5 3.0 12.0 26.2 gi|10798652 
38 HrBP1  similar to PAP/fibrillin harpin binding protein 1 [Nicotiana 

tabacum] 
5.4 3.0 13.4 21.7 gi|38679323 

38 CsActin actin [Chrysanthemum seticuspe f. boreale] 5.4 3.0 14.8 27.1 gi|356874568 
38 proteasome delta subunit [Nicotiana tabacum] 5.3 3.0 15.8 27.8 gi|1743356 
38 acyl-protein thioesterase 1,2, putative [Ricinus communis] 5.0 3.0 19.2 19.2 gi|255554733 
38 APs2 aspartic proteinase 2 [Castanea mollissima] 4.9 3.0 9.7 9.7 gi|261264943 
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38 rubber elongation factor [Hevea brasiliensis] 4.9 3.0 27.5 50.7 gi|31747338 
38 ATP synthase CF1 alpha subunit [Nicotiana tomentosiformis] 4.8 2.0 4.9 13.2 gi|81301547 
38 psaDa photosystem I subunit D isoprotein, D2 PSI-D2 [Nicotiana 

sylvestris] 
4.8 6.0 28.9 41.2 gi|19748 

38 catch B cathepsin B-like cysteine proteinase [Nicotiana rustica] 4.8 4.0 15.2 25.3 gi|609175 
38 unnamed [Nicotiana tabacum] 4.6 2.0 9.3 19.0 gi|732893 
38 NtKTI1 Kunitz trypsin inhibitor [Nicotiana tabacum] 4.6 6.0 30.1 66.0 gi|218855180 
38 cnd41 hydrophobic CND41, chloroplast nucleoid DNA binding protein 

[Nicotiana tabacum] 
4.5 2.0 7.6 19.5 gi|2541876 

38 predicted protein [Populus trichocarpa] 4.4 3.0 11.0 18.3 gi|224105257 
38 GLX-I involved in vitamin C biosynthesis glyoxalase-I [Solanum 

tuberosum] 
4.2 2.0 14.6 34.0 gi|311497228 

38 NtUGPase UDP-glucose pyrophosphorylase [Nicotiana tabacum] 4.1 2.0 7.4 23.9 gi|17402533 
38 NtCHI1 chalcone isomerase [Nicotiana tabacum] 4.1 2.0 11.5 19.7 gi|80751010 
38 atp1  [Nicotiana tabacum] 4.1 2.0 7.7 23.6 gi|316996023 
38 predicted protein [Populus trichocarpa] 4.1 2.0 5.8 8.1 gi|224070754 
38 beta-1,3-glucosidase [Olea europaea] 4.1 3.0 12.3 15.8 gi|314932541 
38 CHI chalcone isomerase [Petunia x hybrida] 4.0 2.0 14.3 20.5 gi|299889035 
38 predicted protein [Populus trichocarpa] 4.0 2.0 2.4 5.4 gi|224104335 
38 NADH:2-hydroxy-1,4-benzoquinone oxidoreductase benzoquinone 

reductase [Gossypium hirsutum] 
4.0 7.0 37.9 45.3 gi|124488474 

38 Rictpi2 triosephosphate isomerase [Oryza sativa Japonica Group] 4.0 8.0 30.7 38.2 gi|553107 
38 Cel7 endo-beta-1,4-glucanase [Nicotiana tabacum] 4.0 4.0 9.8 13.7 gi|73918031 
38 At2g47010/F14M4.16 [Arabidopsis lyrata subsp. lyrata] 4.0 2.0 5.1 5.1 gi|297824789 
38 PREDICTED: hypothetical protein [Vitis vinifera] 3.9 2.0 10.4 13.2 gi|225432802 
38 predicted protein [Populus trichocarpa] 3.9 3.0 10.4 10.4 gi|224118658 
38 NecI germin-like protein; superoxide dismutase nectarin I [Nicotiana 

langsdorffii x Nicotiana sanderae] 
3.9 3.0 17.9 24.4 gi|15341550 

38 predicted protein [Hordeum vulgare subsp. vulgare] 3.7 2.0 4.0 9.0 gi|326508482 
38 pap Plastid-lipid-Associated Protein [Nicotiana tabacum] 3.7 3.0 10.4 22.2 gi|2632088 
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38 predicted protein [Hordeum vulgare subsp. vulgare] 3.6 2.0 13.1 22.4 gi|326492526 
38 AT4g13710  [Arabidopsis thaliana] 3.6 3.0 6.4 16.8 gi|7268075 
38 plastid transketolase [Nicotiana tabacum] 3.5 2.0 3.8 14.2 gi|194396261 
38 PELP SnPELP pistil-specific extensin-like protein [Solanum nigrum] 3.4 2.0 17.9 44.6 gi|321150024 
38 NpAldP1 plastidic aldolase NPALDP1 [Nicotiana paniculata] 3.4 2.0 7.1 14.7 gi|4827251 
38 conserved hypothetical protein [Ricinus communis] 3.3 2.0 3.3 21.2 gi|255549002 
38 serine carboxypeptidase, putative [Ricinus communis] 3.3 2.0 6.0 6.0 gi|255574994 
38 peptidyl-prolyl cis-trans isomerase, putative [Ricinus communis] 3.0 2.0 12.9 17.2 gi|255547634 
38 OSJNBa0049I01.2 NADH2; putative enoyl-ACP reductase [Oryza 

sativa Japonica Group] 
2.9 2.0 8.3 10.4 gi|38637362 

38 TBG5 putative exo-galactanase [Solanum lycopersicum] 2.8 2.0 3.9 8.6 gi|7939623 
38 NAD(P)H:QR NAD(P)H:quinone oxidoreductase [Solanum 

tuberosum] 
2.8 1.0 8.2 19.6 gi|24745889 

38 self-incompatibility locus-linked  putative fructokinase 2 [Petunia 
integrifolia subsp. inflata] 

2.7 1.0 4.0 14.0 gi|33329200 

38 FeSOD Fe-superoxide dismutase [Nicotiana plumbaginifolia] 2.7 1.0 5.9 30.2 gi|170235 
38 thaumatin-like protein SE39b [Nicotiana tabacum] 2.7 2.0 8.4 25.6 gi|4586372 
38 Nt-EXPA5 predicted signal peptide alpha-expansin [Nicotiana 

tabacum] 
2.7 3.0 13.7 17.3 gi|4027899 

38 putative proteinase inhibitor [Nicotiana glutinosa] 2.6 3.0 14.5 31.1 gi|6538776 
38 cpn21 chloroplast chaperonin 21 [Vitis vinifera] 2.6 1.0 4.8 15.9 gi|50660327 
38 nictaba ortholog; Afr2 lectin [Nicotiana africana] 2.4 1.0 9.7 24.9 gi|89243021 
38 predicted protein [Populus trichocarpa] 2.4 5.0 24.6 47.3 gi|224080580 
38 polygalacturonase, putative [Ricinus communis] 2.4 2.0 5.7 8.5 gi|255545184 
38 chloroplast sedoheptulose-1,7-bisphosphatase [Solanum lycopersicum] 2.3 3.0 11.2 27.4 gi|350538149 
38 NaAP3 aspartic proteinase 3 [Nepenthes alata] 2.3 2.0 6.5 13.8 gi|12231176 
38 PREDICTED: hypothetical protein [Vitis vinifera] 2.2 3.0 4.7 7.2 gi|225460034 
38 predicted protein [Populus trichocarpa] 2.2 2.0 10.3 19.6 gi|224126027 
38 leCpn21 chaperonin 21 precursor [Solanum lycopersicum] 2.1 1.0 4.7 20.2 gi|7331143 
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38 predicted protein [Populus trichocarpa] 2.1 1.0 3.1 9.8 gi|224064458 
38 patatin homolog [Nicotiana tabacum] 2.1 1.0 3.1 5.6 gi|1546817 
38 oas1 O-acetylserine (thiol) lyase 1 putative chloroplast cysteine 

synthase 1 [Nicotiana tabacum] 
2.1 2.0 9.6 18.1 gi|76556492 

38 oee2-B[Nicotiana tabacum] 2.1 1.0 4.5 21.1 gi|1345550 
38 gene_id:MUD21.18 pectinesterase like protein [Arabidopsis thaliana] 2.0 2.0 5.3 5.3 gi|9758142 
38 EGase; endo-1,4-beta-glucanase [Diospyros kaki] 2.0 2.0 5.5 22.6 gi|310974885 
38 ripening regulated protein DDTFR10 [Solanum lycopersicum] 2.0 1.0 6.8 11.2 gi|350534548 
38 ATPase beta subunit [Pseudotsuga menziesii] 2.0 6.0 18.6 39.7 gi|20467391 
38 uncharacterized protein LOC100274264 [Zea mays] 2.0 4.0 15.9 27.1 gi|226502058 
38 PREDICTED: hypothetical protein [Vitis vinifera] 2.0 4.0 14.8 20.2 gi|225461618 
38 predicted protein [Populus trichocarpa] 2.0 5.0 15.3 20.6 gi|224061310 
38 invertase inhibitor [Nicotiana tabacum] 2.0 9.0 50.0 77.7 gi|2765240 
38 NADH [Gossypium hirsutum] 2.0 6.0 20.2 33.0 gi|124488472 
38 glycolytic enzyme; cTPI triose phosphate isomerase cytosolic isoform 

[Solanum chacoense] 
2.0 5.0 21.3 42.1 gi|38112662 

38 mMDH putative mitochondrial NAD-dependent malate [Solanum 
tuberosum] 

2.0 3.0 10.8 18.4 gi|21388548 

38 SA-ACT1 actin [Striga asiatica] 2.0 3.0 14.8 27.1 gi|1531672 
38 proteasome subunit beta type-6 [Arabidopsis thaliana] 2.0 3.0 15.8 19.7 gi|79325892 
38 calretulin calreticulin [Nicotiana tabacum] 2.0 2.0 8.7 17.8 gi|197717740 
38 predicted protein [Populus trichocarpa] 2.0 2.0 10.6 17.1 gi|224079844 
38 PREDICTED: hypothetical protein [Vitis vinifera] 2.0 2.0 7.3 14.9 gi|225438184 
38 FBA1 fructose-bisphosphate aldolase 1 [Linum grandiflorum] 2.0 3.0 9.7 11.7 gi|362799991 
38 atpB ATP synthase CF1 beta subunit [Selaginella moellendorffii] 2.0 2.0 7.0 24.6 gi|296399237 
38 PpGAL6 Glycoside Hydrolase Family 35 beta-D-galactosidase [Pyrus 

pyrifolia] 
2.0 2.0 4.3 6.4 gi|61162203 

38 cyprosin [Cynara cardunculus] 2.0 2.0 6.7 14.0 gi|556819 
38 pectin acetylesterase [Populus trichocarpa] 2.0 1.0 4.8 8.1 gi|313877200 
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38 hypothetical protein [Cicer arietinum] 2.0 2.0 11.1 21.1 gi|3043426 
38 AGAL1 alpha-galactosidase 1 (AGAL1) [Arabidopsis thaliana] 2.0 2.0 3.9 11.2 gi|332003909 
38 Gh14-3-3b 14-3-3b protein [Gossypium hirsutum] 2.0 1.0 4.5 14.6 gi|193290377 
38 similar to Nicotiana tabacum clone PR58 unknown [Solanum 

tuberosum] 
2.0 1.0 5.6 10.7 gi|76573367 

38 unknown [Glycine max] 2.0 1.0 3.5 8.1 gi|255644627 
38 LOC100284338 [Zea mays] 2.0 1.0 3.7 9.4 gi|226494809 
38 putative thioredoxin-dependent peroxidase [Citrus hybrid cultivar] 2.0 1.0 8.6 16.7 gi|119367465 
38 similar to protein kinase  [Arabidopsis thaliana] 2.0 1.0 3.3 4.6 gi|9280642 
38 drepp4 DREPP4 protein [Nicotiana tabacum] 2.0 1.0 8.1 11.2 gi|7801133 
38 T15C9_60 [Arabidopsis thaliana] 2.0 1.0 7.2 10.6 gi|7329634 
38 secretory pathway transit peptide; golgi or ER wound/stress protein 

[Solanum lycopersicum] 
2.0 1.0 9.8 14.7 gi|51457948 

38 ALDH2B4 [Arabidopsis lyrata subsp. lyrata] 2.0 1.0 3.4 6.3 gi|297819414 
38 APS-AA2 [Solanum lycopersicum] 2.0 1.0 14.2 20.0 gi|28375522 
38 PREDICTED: hypothetical protein [Vitis vinifera] 2.0 1.0 3.1 4.5 gi|225428810 
38 unknown [Medicago truncatula] 2.0 1.0 7.6 13.4 gi|217075392 
38 BCAS beta-cyanoalinine synthase [Fagus sylvatica] 2.0 1.0 6.8 6.8 gi|98375996 
38 AT4g30920  leucyl aminopeptidase-like protein [Arabidopsis thaliana] 2.0 1.0 2.7 2.7 gi|7269993 
38 F2A19.90 similarity to polygalacturonase [Arabidopsis thaliana] 2.0 1.0 3.4 3.4 gi|6850840 
38 CDM1 biotic cell death-associated protein [Nicotiana glutinosa] 2.0 1.0 5.2 5.2 gi|6538778 
38 enzyme activator; thiol-disulfide oxidoreductase plastid thioredoxin F 

[Nicotiana tabacum] 
2.0 1.0 6.9 6.9 gi|312231980 

38 similar to Arabisopsis thaliana gi|19699069|gb|AAL90902 unknown 
[Picea sitchensis] 

2.0 1.0 3.5 3.5 gi|294464392 

38 NtVPE-3 vacuolar processing enzyme-3 [Nicotiana tabacum] 2.0 1.0 3.1 3.1 gi|27544012 
38 unknown [Glycine max] 2.0 1.0 7.9 7.9 gi|255639669 
38 unknown [Glycine max] 2.0 1.0 6.4 6.4 gi|255637272 
38 NtAMI1  indole-3-acetamide hydrolase [Nicotiana tabacum] 2.0 1.0 5.6 5.6 gi|215272285 
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39 pistil extensin like protein [Nicotiana tabacum] 86.9 110.0 31.3 39.4 gi|19927 
39 cellulase homolog [Nicotiana alata] 66.2 43.0 47.0 61.3 gi|4704762 
39 pistil extensin like protein [Nicotiana tabacum] 56.8 120.0 32.4 38.0 gi|19929 
39 sp41a endo-1,3-beta-glucosidase [Nicotiana tabacum] 48.8 38.0 53.0 71.8 gi|20026 
39 NaPRP4 proline-rich protein [Nicotiana alata] 32.8 40.0 36.5 51.0 gi|312836 
39 PRP5 similar to tobacco 120 kDa pistil extensin-like protein [Nicotiana 

tabacum] 
30.8 46.0 33.8 50.4 gi|62421765 

39 NtcwINV5 cell wall invertase INV5 [Nicotiana tabacum] 28.0 20.0 62.9 71.1 gi|298239758 
39 ATP synthase CF1 beta subunit [Nicotiana tabacum] 24.4 13.0 34.7 55.8 gi|81238327 
39 cytosolic isoenzyme phosphoglycerate kinase (PGK) [Nicotiana 

tabacum] 
24.2 12.0 43.6 52.1 gi|1161602 

39 GR quinone reductase [Nicotiana benthamiana] 18.1 10.0 46.2 61.8 gi|341865452 
39 invertase inhibitor [Nicotiana langsdorffii x Nicotiana sanderae] 16.3 10.0 53.9 64.9 gi|77999792 
39 putative mitochondrial malate dehydrogenase [Nicotiana tabacum] 15.7 8.0 61.3 76.4 gi|48375044 
39 predicted protein [Populus trichocarpa] 12.7 7.0 19.1 38.0 gi|224121874 
39 unknown [Glycine max] 12.0 6.0 17.1 30.3 gi|255645557 
39 PREDICTED: hypothetical protein [Vitis vinifera] 11.4 8.0 11.8 19.0 gi|225436646 
39 MSP 33kDa protein of PSII chloroplast manganese stabilizing protein 

[Solanum tuberosum] 
10.5 5.0 31.5 44.5 gi|313586398 

39 put. regulatory sequence small subunit ribulose 1,5-bisphosphate 
[Nicotiana tabacum] 

10.3 6.0 33.9 49.4 gi|20024 

39 TPIP1 triosephosphate isomerase [Petunia x hybrida] 10.2 5.0 27.6 41.7 gi|602590 
39 glutathione peroxidase [Gossypium hirsutum] 10.0 7.0 34.7 48.2 gi|2746232 
39 oas7 O-acetylserine (thiol) lyase 7 putative cytosolic cysteine synthase 

7 [Nicotiana tabacum] 
10.0 5.0 18.8 18.8 gi|76556494 

39 polyphenol oxidase [Nicotiana tabacum] 8.4 4.0 12.7 25.9 gi|92919068 
39 vi vacuolar invertase [Nicotiana tabacum] 8.4 4.0 10.7 29.1 gi|29893064 
39 pap Plastid-lipid-Associated Protein [Nicotiana tabacum] 8.3 4.0 20.0 33.0 gi|2632088 
39 calmodulin [Prunus avium] 8.2 4.0 32.2 43.6 gi|9992891 
39 aoc allene oxide cyclase [Nicotiana tabacum] 8.2 4.0 26.5 50.2 gi|40644130 
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39 chloroplast sedoheptulose-1,7-bisphosphatase [Solanum lycopersicum] 8.1 4.0 13.2 21.8 gi|350538149 
39 putative endo-beta-1,4-D-glucanase [Solanum lycopersicum] 8.1 8.0 10.9 19.7 gi|4165132 
39 PGK phosphoglycerate kinase [Nicotiana benthamiana] 8.0 9.0 28.1 34.9 gi|313585890 
39 glyceraldehyde-3-phosphate dehydrogenase [Nicotiana tabacum] 7.1 4.0 21.5 49.4 gi|170241 
39 Cyp2 cyclophilin-like protein [Nicotiana tabacum] 6.7 3.0 19.3 43.5 gi|152206078 
39 polygalacturonase inhibiting protein [Solanum torvum] 6.3 3.0 7.3 25.5 gi|237770129 
39 ATP synthase CF1 alpha subunit [Nicotiana tabacum] 6.3 3.0 8.1 20.5 gi|81238324 
39 predicted protein [Hordeum vulgare subsp. vulgare] 6.3 4.0 14.4 24.0 gi|326531984 
39 CaACT; housekeeping protein actin 1 [Celosia argentea] 6.1 3.0 15.9 42.2 gi|322422113 
39 nsatp2.2.1 ATPase beta subunit [Nicotiana sylvestris] 6.1 3.0 8.6 22.3 gi|3893822 
39 PREDICTED: hypothetical protein [Vitis vinifera] 6.1 6.0 33.5 42.4 gi|225461209 
39 putative ribulose bisphosphate carboxylase small [Nicotiana tabacum] 6.0 8.0 37.8 53.9 gi|30013663 
39 NtLTP1 lipid transfer protein [Nicotiana tabacum] 6.0 3.0 37.7 58.8 gi|328925266 
39 predicted protein [Hordeum vulgare subsp. vulgare] 6.0 3.0 9.9 25.2 gi|326527467 
39 LEXYL2 similar to Japanese pear JPRXYL gene [Solanum 

lycopersicum] 
6.0 3.0 7.0 14.2 gi|37359708 

39 PREDICTED: hypothetical protein [Vitis vinifera] 6.0 3.0 34.6 53.1 gi|225463325 
39 PREDICTED: hypothetical protein [Vitis vinifera] 6.0 3.0 8.4 13.6 gi|225454336 
39 photosystem I subunit VII [Helianthus annuus] 6.0 4.0 51.8 63.0 gi|94502545 
39 zinc finger protein, putative [Ricinus communis] 6.0 3.0 7.6 14.7 gi|255549762 
39 predicted protein [Populus trichocarpa] 6.0 4.0 11.4 11.4 gi|224105257 
39 hypothetical protein SORBIDRAFT_03g046200 [Sorghum bicolor] 5.8 5.0 8.6 9.6 gi|242059941 
39 beta-D-glucan exohydrolase [Nicotiana tabacum] 4.7 2.0 3.7 5.4 gi|3582436 
39 nucleoside diphosphate kinase [Capsicum annuum] 4.5 3.0 21.6 44.6 gi|7643788 
39 thioredoxin [Nicotiana tabacum] 4.4 2.0 23.0 50.8 gi|20047 
39 ARF1 ADP-ribosylation factor 1 [Populus tomentosa] 4.2 2.0 17.9 37.4 gi|38353642 
39 oee2-B [Nicotiana tabacum] 4.2 2.0 7.9 11.6 gi|1345550 
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39 plastid transketolase [Nicotiana tabacum] 4.1 2.0 3.5 11.2 gi|194396261 
39 hypothetical protein SORBIDRAFT_09g000350 [Sorghum bicolor] 4.1 2.0 12.4 22.1 gi|242086519 
39 catch B cathepsin B-like cysteine proteinase [Nicotiana rustica] 4.1 3.0 9.0 18.8 gi|609175 
39 fructose-bisphosphate aldolase-like protein [Solanum tuberosum] 4.1 2.0 10.3 23.5 gi|83283995 
39 PL pectate lyase [Manilkara zapota] 4.1 2.0 8.2 27.7 gi|194295616 
39 PRF leaf profilin [Nicotiana benthamiana] 4.1 3.0 20.7 23.6 gi|99029030 
39 unknown [Glycine max] 4.0 2.0 14.9 29.4 gi|255641784 
39 NADH [Gossypium hirsutum] 4.0 6.0 37.9 46.8 gi|124488474 
39 mMDH putative mitochondrial NAD-dependent malate [Solanum 

tuberosum] 
4.0 5.0 25.1 39.9 gi|21388552 

39 PREDICTED: hypothetical protein [Vitis vinifera] 4.0 4.0 6.9 16.6 gi|225448471 
39 OSJNBa0042F21.13 [Oryza sativa Japonica Group] 4.0 4.0 13.8 18.4 gi|38347311 
39 sdgpd-C glyceraldehyde-3-phosphate dehydrogenase C [Scoparia 

dulcis] 
4.0 4.0 15.4 37.4 gi|346682873 

39 Pectin lyase-like superfamily protein; putative pectate lyase 20 
[Arabidopsis thaliana] 

4.0 2.0 6.7 13.7 gi|332008357 

39 putative exo-galactanase [Solanum lycopersicum] 4.0 2.0 5.1 9.1 gi|7939625 
39 groes chaperonin, putative [Ricinus communis] 4.0 2.0 8.7 18.6 gi|255550363 
39 20S proteasome subunit [Glycine max] 4.0 2.0 13.1 21.1 gi|7839485 
39 31 A nucleotides monodehydroascorbate reductase [Pisum sativum] 4.0 2.0 7.4 10.6 gi|497120 
39 lactoylglutathione lyase [Solanum lycopersicum] 4.0 2.0 14.6 22.2 gi|350535370 
39 REF HbREF rubber elongation factor [Hevea brasiliensis] 4.0 2.0 22.5 36.2 gi|334854628 
39 predicted protein [Populus trichocarpa] 4.0 2.0 14.3 19.9 gi|224111100 
39 putative proteinase inhibitor [Nicotiana glutinosa] 4.0 3.0 10.0 13.3 gi|6538776 
39 OAS-TL4 cysteine synthase [Glycine max] 4.0 2.0 10.3 13.6 gi|351727959 
39 atp1 [Nicotiana tabacum] 4.0 2.0 7.7 9.8 gi|316996023 
39 ATP binding protein, putative [Ricinus communis] 4.0 2.0 3.4 4.5 gi|255558498 
39 Man1 mannan hydrolase [Eucalyptus globulus subsp. globulus] 4.0 2.0 11.7 11.7 gi|88659662 
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39 aspartic protease 1 [Nicotiana tabacum] 4.0 2.0 4.5 4.5 gi|294440430 
39 PREDICTED: hypothetical protein [Vitis vinifera] 4.0 2.0 4.7 4.7 gi|225460034 
39 conserved hypothetical protein [Ricinus communis] 3.5 2.0 7.7 7.7 gi|255572411 
39 NAD-malate dehydrogenase [Nicotiana tabacum] 2.8 3.0 11.4 17.7 gi|5123836 
39 GRX2 glutaredoxin [Solanum tuberosum] 2.4 1.0 10.4 19.2 gi|156891143 
39 ml putative ML domain protein [Nicotiana glauca] 2.4 1.0 8.1 51.6 gi|55294668 
39 superoxide dismutase [Nicotiana plumbaginifolia] 2.3 1.0 6.6 29.6 gi|19713 
39 GTP-binding protein Nt-rab7a homolog [Mesembryanthemum 

crystallinum] 
2.2 1.0 5.3 17.4 gi|1842069 

39 fk506-binding protein, putative [Ricinus communis] 2.2 1.0 10.1 26.9 gi|255587693 
39 calreticulin, putative [Ricinus communis] 2.1 1.0 3.4 9.9 gi|255542876 
39 viral envelope protein [Nicotiana tabacum] 2.1 1.0 19.1 34.9 gi|1644306 
39 CT148 putative copper/zinc superoxide dismutase [Solanum 

pimpinellifolium] 
2.1 1.0 11.0 28.6 gi|73808624 

39 thioredoxin m [Populus trichocarpa] 2.1 1.0 7.0 12.3 gi|224103611 
39 fructokinase-2 [Solanum lycopersicum] 2.1 1.0 5.5 12.5 gi|350534508 
39 similar to PAP/fibrillin harpin binding protein 1 [Nicotiana tabacum] 2.1 1.0 4.3 8.0 gi|38679323 
39 Nt-EXPA1 predicted signal peptide alpha-expansin [Nicotiana 

tabacum] 
2.1 1.0 5.5 16.4 gi|4027891 

39 PELP SnPELP pistil-specific extensin-like protein [Solanum nigrum] 2.1 1.0 7.7 24.4 gi|321150024 
39 predicted protein [Populus trichocarpa] 2.1 1.0 4.0 14.4 gi|224103823 
39 oee2-2AF 23-kDa polypeptide of photosystem II [Nicotiana tabacum] 2.1 1.0 4.5 15.4 gi|20030 
39 NtCHI1 chalcone isomerase [Nicotiana tabacum] 2.1 1.0 6.1 11.5 gi|80751010 
39 light-inducible protein atls1, putative [Ricinus communis] 2.1 1.0 12.2 22.6 gi|255571475 
39 predicted protein [Populus trichocarpa] 2.1 2.0 14.1 35.6 gi|224080580 
39 P0431B06.43 putative beta-D-xylosidase [Oryza sativa Japonica 

Group] 
2.1 1.0 1.8 2.8 gi|46390225 

39 ADF8 GhADF8 actin depolymerizing factor 8 [Gossypium hirsutum] 2.1 1.0 10.1 22.3 gi|89276295 
39 unknown [Glycine max] 2.1 1.0 6.4 10.0 gi|255637272 
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39 cyprosin [Cynara cardunculus] 2.1 2.0 2.6 8.1 gi|556819 
39 endo-1,4-beta-D-glucanase [Solanum lycopersicum] 2.1 3.0 5.0 12.3 gi|350538027 
39 ripening regulated protein DDTFR10 [Solanum lycopersicum] 2.1 1.0 6.8 15.6 gi|350534548 
39 beta-glucosidase 08 [Solanum lycopersicum] 2.1 1.0 5.0 12.8 gi|350534796 
39 profilin allergen Cap a 2 profilin [Capsicum annuum] 2.1 1.0 9.9 16.8 gi|16555785 
39 FeSOD Fe-superoxide dismutase [Nicotiana plumbaginifolia] 2.0 1.0 5.9 33.2 gi|170235 
39 enzyme activator; thiol-disulfide oxidoreductase plastid thioredoxin F 

[Nicotiana tabacum] 
2.0 1.0 6.9 18.9 gi|312231980 

39 polygalacturonase/pectinase family protein [Capsella rubella] 2.0 1.0 3.2 6.1 gi|186701252 
39 leCpn21 chaperonin 21 precursor [Solanum lycopersicum] 2.0 1.0 4.7 28.1 gi|7331143 
39 proteasome delta subunit [Nicotiana tabacum] 2.0 1.0 5.1 22.7 gi|1743356 
39 gene_id:MUD21.18 pectinesterase like protein [Arabidopsis thaliana] 2.0 1.0 2.9 7.0 gi|9758142 
39 hypothetical protein [Cicer arietinum] 2.0 1.0 11.1 20.6 gi|3043426 
39 MST2 thiosulfate:cyanide sulfurtransferase-like [Solanum 

lycopersicum] 
2.0 1.0 7.5 12.9 gi|224579303 

39 pectin acetylesterase [Populus trichocarpa] 2.0 1.0 4.8 7.1 gi|313877200 
39 Flavoprotein wrbA, putative [Ricinus communis] 2.0 5.0 25.1 37.9 gi|255555109 
39 cytosolic NAD-dependent glyceraldehyde 3-P dehydrogenase 

[Solanum chacoense] 
2.0 3.0 14.8 47.8 gi|257815169 

39 PREDICTED: hypothetical protein [Vitis vinifera] 2.0 1.0 7.8 22.3 gi|225439982 
39 beta-1,3-glucosidase [Olea europaea] 2.0 1.0 4.6 8.1 gi|314932541 
39 agg was aag in [1] /citation=[2] mature plastocyanin (106 AA) 

[Solanum lycopersicum] 
2.0 1.0 14.1 24.7 gi|19300 

39 atpB ATP synthase beta chain [Salvinia minima] 2.0 7.0 25.1 37.3 gi|166836568 
39 predicted protein [Populus trichocarpa] 2.0 5.0 22.0 35.8 gi|224114557 
39 predicted protein [Populus trichocarpa] 2.0 5.0 22.1 35.9 gi|224061310 
39 unknown [Glycine max] 2.0 4.0 8.9 28.1 gi|255641960 
39 cellulase endo-1,4-beta-glucanase [Solanum lycopersicum] 2.0 3.0 4.5 7.3 gi|924622 
39 triosphosphate isomerase-like protein type I [Dimocarpus longan] 2.0 2.0 21.3 30.7 gi|261280336 
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39 predicted protein [Populus trichocarpa] 2.0 2.0 10.6 13.9 gi|224079844 
39 gapCp glyceraldehyde-3-phosphate dehydrogenase [Capsicum 

annuum] 
2.0 2.0 7.2 19.1 gi|26986729 

39 unknown [Glycine max] 2.0 2.0 15.3 20.5 gi|255635475 
39 vacuolar ATP-related protein [Nicotiana tabacum] 2.0 2.0 51.6 51.6 gi|77563715 
39 putative Vacuolar ATP synthase subunit F [Oryza sativa Japonica 

Group] 
2.0 2.0 23.8 29.2 gi|48717094 

39 hypothetical protein SELMODRAFT_447410 [Selaginella 
moellendorffii] 

2.0 2.0 12.3 15.3 gi|302814079 

39 ATP binding protein, putative [Ricinus communis] 2.0 2.0 4.5 5.7 gi|255550522 
39 SOEP NaSOEP sexual organ expressed protein [Nicotiana alata] 2.0 2.0 9.1 9.1 gi|161702915 
39 predicted protein [Populus trichocarpa] 2.0 2.0 7.7 7.7 gi|224058441 
39 expressed during lead accumulation glutathione peroxidase [Spirodela 

sp. SG-2007] 
2.0 2.0 12.3 12.3 gi|148615528 

39 hypothetical protein SORBIDRAFT_02g029060 [Sorghum bicolor] 2.0 1.0 8.7 26.9 gi|242049744 
39 proteasome subunit beta type-6 [Arabidopsis thaliana] 2.0 1.0 6.4 19.7 gi|79325892 
39 unknown [Glycine max] 2.0 1.0 3.5 7.6 gi|255644627 
39 similar to Arabisopsis thaliana At1g79210 unknown [Picea sitchensis] 2.0 1.0 8.1 17.9 gi|116780007 
39 predicted protein [Hordeum vulgare subsp. vulgare] 2.0 1.0 7.4 17.6 gi|326532104 
39 elongation factor 1 alpha [Zea mays] 2.0 1.0 2.2 12.5 gi|7230393 
39 putative [Citrullus lanatus] 2.0 1.0 2.3 10.1 gi|1928991 
39 carboxymethylenebutenolidase, putative [Ricinus communis] 2.0 1.0 4.2 16.8 gi|255567721 
39 similar to adenine phosphoribosyltransferase [Arabidopsis thaliana] 2.0 1.0 6.7 12.1 gi|9802535 
39 gene_id:K7J8.3 xylosidase [Arabidopsis thaliana] 2.0 1.0 3.0 6.6 gi|9759419 
39 gal1 alpha-galactosidase 1 [Pisum sativum] 2.0 1.0 2.5 7.7 gi|53747927 
39 TCTP1 [Nicotiana tabacum] 2.0 1.0 6.0 25.0 gi|5326794 
39 tpx1 thioredoxin-dependent peroxidase [Plantago major] 2.0 1.0 8.0 13.6 gi|52851172 
39 CWINV cell wall apoplastic invertase [Vitis vinifera] 2.0 2.0 1.9 5.4 gi|47078691 
39 similar to Ykt6; geranylgeranylated protein NTGP1 [Nicotiana 

tabacum] 
2.0 1.0 7.5 16.1 gi|4097579 
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39 psaDb ferredoxin-binding subunit PSI-D1 [Nicotiana sylvestris] 2.0 1.0 7.0 14.0 gi|407769 
39 putative ankyrin-like protein [Lactuca sativa] 2.0 1.0 2.1 3.3 gi|37932619 
39 TDEL0G04180 hypothetical protein [Torulaspora delbrueckii] 2.0 1.0 1.8 5.1 gi|359750659 
39 hypothetical protein [Leptosphaeria maculans JN3] 2.0 1.0 1.1 1.7 gi|312212296 
39 triosphosphate isomerase-like protein type II [Dimocarpus longan] 2.0 1.0 5.5 15.0 gi|262410515 
39 Plastid lipid-associated protein 3, chloroplast precursor, putative 

[Ricinus communis] 
2.0 1.0 2.7 6.5 gi|255555879 

39 predicted protein [Populus trichocarpa] 2.0 1.0 4.2 10.6 gi|224105195 
39 predicted protein [Populus trichocarpa] 2.0 3.0 3.8 11.4 gi|224072783 
39 ap2 aspartic proteinase [Theobroma cacao] 2.0 1.0 2.5 5.4 gi|21616053 
39 sfr2 putative beta-glycosidase [Pinus taeda] 2.0 1.0 1.7 2.6 gi|94466944 
39 glycosyl hydrolases beta-1,3-glucanase [Medicago sativa] 2.0 1.0 2.2 6.3 gi|90186653 
39 putative fructose bisphosphate aldolase [Trifolium pratense] 2.0 1.0 3.3 5.8 gi|84468410 
39 thioredoxin h1 [Medicago truncatula] 2.0 1.0 9.4 15.4 gi|74058512 
39 F2A19.90 similarity to polygalacturonase [Arabidopsis thaliana] 2.0 1.0 3.4 6.9 gi|6850840 
39 secretory pathway transit peptide; golgi or ER wound/stress protein 

[Solanum lycopersicum] 
2.0 1.0 9.8 14.7 gi|51457948 

39 psaH corresponding cDNA of N.tabacum [Nicotiana sylvestris] 2.0 1.0 7.6 12.4 gi|407353 
39 alpha-amylase [Musa acuminata AAA Group] 2.0 1.0 3.1 4.2 gi|353745032 
39 conserved hypothetical protein [Sporisorium reilianum SRZ2] 2.0 1.0 1.7 2.2 gi|343429546 
39 GRX antiporter/glutathione disulfide oxidoreductase glutaredoxin 

[Solanum chacoense] 
2.0 1.0 10.2 19.2 gi|329025160 

39 hypothetical protein SELMODRAFT_268848 [Selaginella 
moellendorffii] 

2.0 1.0 9.8 12.1 gi|302805107 

39 ThiI putative chloroplast thiazole biosynthetic [Nicotiana tabacum] 2.0 1.0 3.6 7.0 gi|30013665 
39 chloroplast plastocyanin precursor [Nicotiana benthamiana] 2.0 1.0 14.2 24.9 gi|256860445 
39 unknown [Glycine max] 2.0 1.0 17.5 23.8 gi|255647204 
39 unknown [Glycine max] 2.0 1.0 3.9 8.2 gi|255645951 
39 translation initiation factor, putative [Ricinus communis] 2.0 1.0 12.6 15.1 gi|255583438 
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39 peroxiredoxin, putative [Ricinus communis] 2.0 1.0 6.0 13.4 gi|255552287 
39 PREDICTED: similar to Protein C6orf115, putative [Vitis vinifera] 2.0 1.0 15.1 20.9 gi|225464081 
39 PREDICTED: hypothetical protein [Vitis vinifera] 2.0 2.0 5.2 13.0 gi|225458723 
39 PREDICTED: hypothetical protein [Vitis vinifera] 2.0 1.0 9.7 16.9 gi|225458611 
39 PREDICTED: hypothetical protein [Vitis vinifera] 2.0 1.0 2.5 5.8 gi|225430698 
39 unknown [Medicago truncatula] 2.0 1.0 16.1 23.7 gi|217075576 
39 hypothetical protein [Vitis vinifera] 2.0 1.0 1.1 1.9 gi|147852955 
39 unknown protein At1g27970 [Arabidopsis thaliana] 2.0 1.0 7.9 7.9 gi|98961065 
39 BCAS beta-cyanoalinine synthase [Fagus sylvatica] 2.0 1.0 6.8 6.8 gi|98375996 
39 hypothetical protein [Trifolium pratense] 2.0 1.0 2.4 2.4 gi|84453188 
39 similar to tyrosyl-tRNA synthetase isolog gi|1707012; [Arabidopsis 

thaliana] 
2.0 1.0 9.9 9.9 gi|6573753 

39 asparagine-rich pistil-specific protein HT-protein [Nicotiana alata] 2.0 2.0 12.9 12.9 gi|6434898 
39 Genscan predicted protein 15 putative cyclophilin type peptidyl-prolyl 

[Ipomoea batatas] 
2.0 1.0 5.2 5.2 gi|56407691 

39 putative proline-rich protein [Nicotiana tabacum] 2.0 2.0 7.7 7.7 gi|48375046 
39 CIP3 TCIP3; similar to AtFKBP12 CONSTANS interacting protein 3 

[Solanum lycopersicum] 
2.0 1.0 8.9 8.9 gi|45544871 

39 rpl2 ribosomal protein L2 [Ecdeiocolea monostachya] 2.0 1.0 7.5 7.5 gi|42539847 
39 RALF rapid alkalinization factor preproprotein [Nicotiana attenuata] 2.0 1.0 8.7 8.7 gi|42374767 
39 uncharacterized protein LOC100499809 [Glycine max] 2.0 1.0 5.3 5.3 gi|351725507 
39 acetylglutamate kinase [Nicotiana benthamiana] 2.0 1.0 12.3 12.3 gi|341865448 
39 CHI chalcone isomerase [Petunia x hybrida] 2.0 1.0 8.1 8.1 gi|299889035 
39 Os05g0111900 [Oryza sativa Japonica Group] 2.0 1.0 32.5 32.5 gi|297723625 
39 protein binding protein, putative [Ricinus communis] 2.0 1.0 4.1 4.1 gi|255555333 
39 acyl-protein thioesterase 1,2, putative [Ricinus communis] 2.0 1.0 6.4 6.4 gi|255554733 
39 NAD(P)H:QR NAD(P)H:quinone oxidoreductase [Solanum 

tuberosum] 
2.0 1.0 6.7 6.7 gi|24745889 

39 weakly similar to uniprot|P54858 Saccharomyces cerevisiae  
[Lachancea thermotolerans] 

2.0 1.0 6.1 6.1 gi|238942180 
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39 PREDICTED: hypothetical protein [Vitis vinifera] 2.0 1.0 2.2 2.2 gi|225461486 
39 PREDICTED: hypothetical protein [Vitis vinifera] 2.0 1.0 5.1 5.1 gi|225454759 
39 PREDICTED: hypothetical protein [Vitis vinifera] 2.0 1.0 3.9 3.9 gi|225429975 
39 PREDICTED: hypothetical protein [Vitis vinifera] 2.0 1.0 3.0 3.0 gi|225428691 
39 similar to Arabisopsis thaliana gi|17381244|gb|AAL36041 unknown 

[Picea sitchensis] 
2.0 1.0 5.0 5.0 gi|224284578 

39 predicted protein [Populus trichocarpa] 2.0 1.0 6.6 6.6 gi|224139328 
39 predicted protein [Physcomitrella patens subsp. patens] 2.0 1.0 12.9 12.9 gi|168003822 
39 predicted protein [Physcomitrella patens subsp. patens] 2.0 1.0 3.2 3.2 gi|168001675 
39 induced by iron deficiency; putative glutathione S-transferase 

[Medicago sativa] 
2.0 1.0 9.8 9.8 gi|16416392 

39 hypothetical protein [Vitis vinifera] 2.0 1.0 6.0 6.0 gi|147866649 
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