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Résumé 
Chez les plantes à fleurs, l’ovaire est l’organe reproducteur femelle et il interagit de façon 

importante avec les gamètes mâles durant la croissance, le guidage, la réception et la rupture du 

tube pollinique ainsi que la fusion des gamètes. Le processus débute lorsque de nombreux gènes 

de l’ovule sont activés à longue distance lors de la réception du pollen sur le stigmate. Afin 

d’explorer les signaux provenant de l’ovule ayant un impact important sur les interactions 

pollen–pistil, particulièrement les molécules sécrétées impliquées dans la signalisation espèce-

spécifique, l’expression génique des ovules sous forme d’ARNm ainsi et la sécrétion protéique 

ont été étudiées chez Solanum chacoense, une espèce diploïde de pomme de terre sauvage. S. 

chacoense a subi beaucoup d’hybridation interspécifique avec d’autres espèces sympatriques de 

solanacées, facilitant ainsi grandement l’étude des interactions pollen–ovule de façon espèce-

spécifique ainsi que leur évolution. Dans ce projet, des ovules provenant de trois conditions 

différentes ont été comparés: des ovules matures de type sauvage, des ovules légèrement 

immatures, récoltés deux jours avant l’anthèse et des ovules provenant du mutant frk1 pour 

lesquels le sac embryonnaire est absent. Un séquençage d’ARN à haut débit a d’abord été 

effectué sur les ovules de type sauvage de S. chacoense afin de générer un assemblage de 

référence comprenant 33852 séquences codantes. D’autres séquençages ont été effectués sur les 

trois conditions d’ovules et sur les feuilles afin de faire une analyse d’expression différentielle 

des gènes. En comparaison avec les ovules de type sauvage, 818 gènes sont réprimés dans les 

ovules du mutant frk1. Un sous-groupe de 284 gènes, étaient également sous-exprimés dans les 

ovules légèrement immatures, suggérant un rôle spécifique dans les stades tardifs de la 

maturation du sac embryonnaire (stade de développent FG6 à FG7) ainsi que du guidage du tube 

pollinique, puisque ni les ovules du mutant frk1 ni ceux légèrement immatures ne sont capables 

d’attirer les tubes polliniques lors d’essais de croissance semi in vivo. De plus, 21% de ces gènes 

sont des peptides riches en cystéines (CRPs). En utilisant un transcriptome assemblé de novo 

provenant de deux proches parents de S. chacoense, S. gandarillasii et S. tarijense, une analyse 

d’orthologie a été effectuée sur ces CRPs, révélant une grande variabilité et une évolution rapide 

chez les solanacées. De nouveaux motifs de cystéine uniques à cette famille ont également été 

découverts. En comparant avec des études similaires chez Arabidopsis, le sac embryonnaire de  

S. chacoense montre un transcriptome fortement divergent, particulièrement en en ce qui a trait à 

la catégorisation fonctionnelle des gènes et de la similarité entre les gènes orthologues. De plus, 
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même si la glycosylation n’est pas requise lors du guidage mycropylaire du tube pollinique chez 

Arabidopsis, Torenia ou le maïs, des extraits d’ovules glycosylés de S. chacoense sont capables 

d’augmenter la capacité de guidage de 18%. Cette étude est donc la première à montrer une 

corrélation entre glycosylation et le guidage du tube pollinique par l’ovule. En complément à 

l’approche transcriptomique, une approche protéomique portant sur les protéine sécrétées par 

l’ovule (le secrétome) a été utilisée afin d’identifier des protéines impliquées dans l’interaction 

entre ovule et tube pollinique. Des exsudats d’ovules matures (capables d’attirer le tube 

pollinique) et d’ovules immatures (incapables d’attirer le tube pollinique) ont été récoltés en 

utilisant une nouvelle méthode d’extraction par gravité permettant de réduire efficacement les 

contaminants cytosoliques à moins de 1% de l’échantillon. Un total de 305 protéines sécrétées 

par les ovules (OSPs) ont été identifiées par spectrométrie de masse, parmi lesquelles 58% 

étaient spécifiques aux ovules lorsque comparées avec des données de protéines sécrétées par des 

tissus végétatifs. De plus, la sécrétion de 128 OSPs est augmentée dans les ovules matures par 

rapport aux ovules immatures. Ces 128 protéines sont donc considérées en tant que candidates 

potentiellement impliquées dans la maturation tardive de l’ovule et dans le guidage du tube 

pollinique. Cette étude a également montré que la maturation du sac embryonnaire du stade FG6 

au stade FG7 influence le niveau de sécrétion de 44% du sécrétome total de l’ovule. De façon 

surprenante, la grande majorité (83%) de ces protéines n’est pas régulée au niveau de l’ARN, 

soulignant ainsi l’importance de cette approche dans l’étude du guidage du tube pollinique 

comme complément essentiel aux études transcriptomiques. Parmi tous les signaux sécrétés par 

l’ovule et reliés au guidage, obtenus à partir des approches transcriptomiques et protéomiques 

décrites ci-haut, nous avons spécifiquement évalué l’implication des CRPs dans le guidage du 

tube pollinique par l’ovule chez S. chacoense, vu l’implication de ce type de protéine dans les 

interactions pollen-pistil et le guidage du tube pollinique chez d’autres espèces. Au total, 28 

CRPs étaient présentes dans les ovules capables d’attirer le tube pollinique tout en étant absentes 

dans les ovules incapables de l’attirer, et ce, soit au niveau de l’ARNm et/ou au niveau du 

sécrétome. De celles-ci, 17 CRPs ont été exprimées dans un système bactérien et purifiées en 

quantité suffisante pour tester le guidage. Alors que des exsudats d’ovules ont été utilisés avec 

succès pour attirer par chimiotactisme le tube pollinique, les candidats exprimés dans les 

bactéries n’ont quant à eux pas été capables d’attirer les tubes polliniques. Comme l’utilisation 

de systèmes d’expression hétérologue eucaryote peut permettre un meilleur repliement et une 

plus grande activité des protéines, les candidats restants seront de nouveau exprimés, cette fois 
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dans un système de levure ainsi que dans un système végétal pour produire les peptides sécrétés. 

Ceux-ci seront ensuite utilisés lors d’essais fonctionnels pour évaluer leur capacité à guider les 

tubes polliniques et ainsi isoler les attractants chimiques responsable du guidage du tube 

pollinique chez les solanacées comme S. chacoense. 

Mots-clés: Interactions pollen–pistil, ovule, sac embryonnaire, maturation, guidage du tube 

pollinique, chimio-attractants, peptide riche en cystéine, RNA-seq, spectrométrie de masse, 

sécrétome, analyse d’expression différentielle   



 

 

iv 

Abstract 
In flowering plants, the ovary is the female reproductive organ that interacts extensively with the 

male gametophyte during pollen tube (PT) growth, guidance, reception, discharge and gamete 

fusion. The process begins when numerous ovule-expressed genes are activated when pollen 

lands on the stigma. To explore the ovular signals that have a great impact on successful pollen–

pistil interactions, especially the secreted molecules that mediate species-specific signaling 

events, ovule mRNA expression and protein secretion profiles were studied in Solanum 

chacoense, a wild diploid potato species. Solanum chacoense has undergone extensive 

interspecific hybridization with sympatric solanaceous species that greatly facilitates the study of 

species-specific pollen–ovule interactions and evolution. In this project, three ovule conditions 

were studied: wild-type mature ovules, slightly immature ovules at two days before anthesis 

(2DBA), and frk1 mutant ovules that lack an embryo sac (ES). RNA-seq was performed on S. 

chacoense ovules to provide a scaffold assembly comprising 33852 CDS-containing sequences, 

then to provide read counts for differential gene expression analyses on three ovule conditions as 

well as on leaf. Compared to wild-type ovules, 818 genes were downregulated in frk1 ovules. A 

subset of 284 genes was concurrently under-expressed in 2DBA ovules, suggestive of their 

specific involvement in late stages of ES maturation (female gametophyte (FG), FG6 to FG7 

developmental stage), as well as in PT guidance processes, as neither frk1 nor 2DBA ovules 

attract semi in vivo-grown PTs. Of these 284, 21% encoded cysteine-rich peptides (CRPs). Using 

de novo assembled ovule transcriptomes of two close relatives, S. gandarillasii and S. tarijense, 

an orthology survey was conducted on these CRPs, revealing their highly polymorphic nature 

among species and rapid evolution. Interestingly, novel cysteine motifs unique to this family 

were also uncovered. As compared to parallel studies in Arabidopsis, S. chacoense was found to 

possess a highly divergent ES transcriptome, in terms of both functional categories and 

individual ortholog similarities. Although glycosylation is not required for micropylar guidance 

cues to attract PTs in Arabidopsis, Torenia or maize, glycosylated ovule extracts from S. 

chacoense showed enhanced PT guidance competency by 18%. This is the first time a positive 

regulation between glycosylation and ovular PT guidance has been observed. As a complement 

to the transcriptomic approach, a proteomic approach using secreted proteins from the ovule 

(secretome) was employed to identify proteins involved in pollen–pistil interactions. Ovule 

exudates were collected from mature ovules (PT attracting) and immature ovules at 2DBA (PT 
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nonattracting), using a novel tissue free-gravity extraction method (tf-GEM), which efficiently 

reduced the cytosolic contamination to less than 1%. Through mass spectrometry analyses, a 

total of 305 ovule-secreted proteins (OSPs) were identified, of which 58% were considered 

ovule-specific when compared to secretome studies conducted in other plant tissues. The 

secretion of 128 OSPs was upregulated in mature ovules vs. immature ovules. These OSPs were 

considered as candidate proteins involved in late ovule maturation and PT guidance. This study 

demonstrated that the ES maturation from FG6 to FG7 stages influenced the secretion status of 

44% of ovule secretome. Surprisingly, the majority (83%) of these proteins were not regulated at 

the RNA level, vindicating this novel approach in the study of PT guidance as a robust 

complement to transcriptomic studies. Among all identified guidance-related ovular signals from 

the transcriptomic and proteomic approaches described above, we focused on the evaluation of 

the involvement of CRPs in ovular PT guidance of S. chacoense, due to the implication of 

various CRPs in pollen–pistil interactions and, especially, in PT guidance. A total of 28 CRPs 

were present in PT attracting ovules while being low or absent in nonattracting ovules, at the 

mRNA and/or protein secretion levels. Of these, 17 CRPs were expressed in bacteria and 

purified in sufficient amount for PT guidance assays. However, while ovule exudates were 

shown to induce PT chemotropism in the bead assay, refolded candidates did not show guidance 

competency. Since the use of eukaryotic protein expression systems might lead to better 

refolding and higher protein activity, the remaining candidates will be expressed in both yeast 

and plant-based expression systems and tested for their ability to attract PTs in a semi in-vivo 

assay, in order to lead us toward the isolation of PT guidance chemoattractants in solanaceous 

species like S. chacoense. 

Keywords: pollen–pistil interactions, ovule, embryo sac, maturation, pollen tube guidance, 

chemoattractants, cysteine-rich peptide, RNA-seq, mass spectrometry, secretome, differential 

gene expression analysis 
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1. Introduction 

1.1 Plant Reproduction 

Plants reproduce both asexually and sexually. In asexual reproduction mode, offspring 

arise from a single organism, without the fusion of gametes. Plants reproduced in this 

way are genetically identical to their “mother”. One type of asexual reproduction is 

vegetative reproduction, where offspring develop from a part of the parental tissues. Such 

case can be seen in tulips, where tulip bulbs are re-used year after year; or in commercial 

strawberries, which are reproduced by stolons or “clippings” from specific parts of the 

plants, which develop roots independently and create a new individual. Another type of 

asexual reproduction involves apomictic seed formation (Koltunow 1993), without the 

combination of genetic materials from both parents, as seen in dandelion reproduction. 

Asexual reproduction offers great advantages for farmers to grow plants of superior 

economical features rapidly. However, pathogens can also be introduced in asexually 

reproducing plants due to their lower genotypic diversity and consequently a weaker 

potential for rapid adaptation in case of environmental changes or pathogen attacks. 

In contrast, sexual reproduction requires the fusion of the male and female gametes to 

generate offspring genetically different from both parents, an important feature for 

species adaptation to new environment in plant evolution. In sexually reproducing 

angiosperms, the life cycles alternate between a diploid sporophyte generation and a 

haploid gametophyte generation, which is realized by double fertilization. 

Our laboratory studies plant sexual reproduction, using a solanaceous model species, the 

wild diploid potato species Solanum chacoense. It is closely related to agronomically 

important species such as Solanum tuberosum (potato), Solanum lycopersicum (tomato), 

Solanum capsicum (pepper), Solanum melongena (eggplant) and Nicotiana tabacum 

(tobacco). To date, the potato, tomato, pepper and Solanum pennellii (wild tomato) 

genomes have been reported (Potato Genome Consortium 2011, Tomato Genome 

Consortium 2012, Kim, Park et al. 2014, Bolger, Scossa et al. 2014). Expressed sequence 

tag (EST) library from various other solanaceous species are also available from the Sol 

Genomics Network (Fernandez-Pozo, Menda et al. 2015) and the Potato Genomics 
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Resource Database known as the Spud DB (Hirsch, Hamilton et al. 2014). These 

databases facilitate the search of S. chacoense orthologs across several different species 

and thus make it possible to study species-specific interactions in reproductive processes. 

This introduction will take us on the courtship journey of the pollen and the pistil, with a 

special focus on the topic of pollen tube (PT) guidance, which involves different maternal 

tissues of the pistil in order to elicit chemotropic behavior of the PTs. Because of the 

stage-specific guidance cues along the PT path, the PTs can: 1) travel down the stigma, 2) 

navigate through the intercellular space of the transmitting tract, 3) emerge from the 

transmitting cells, 4) migrate up the funiculus and 5) target the micropyle of the ovule, 

with great precision (Palanivelu and Tsukamoto 2012).  

At the end, PTs deliver the two sperm cells to the embryo sac (ES) to accomplish double 

fertilization, where one sperm cell fuses with the egg cell to form a zygote that develops 

into an embryo and the other sperm cell fuses with the central cell to form a triploid 

nucleus that will later develops into the endosperm (Hamamura, Nagahara et al. 2012). 

As the essence of this key process in flowering plants, the development of both female 

and male gametophyte will be described first. 

1.1.1 Female Gametophyte Development 

An ovule starts as a finger-like protrusion (nucellus) from the placenta during stage 9 of 

floral development (Smyth, Bowman et al. 1990). The hypodermal cell at the tip of the 

nucellus differentiates into a megaspore mother cell (MMC). A small RNA pathway 

ensures the initiation of a unique MMC at this stage through ARGONAUTE 9 (AGO 9). 

AGO protein is known to bind to microRNAs or small-interfering RNAs (siRNAs) and 

direct the cleavage of endogenous mRNA (Baumberger and Baulcombe 2005). It is 

expressed in the companion somatic cells of the female gametes, which restricts the 

specification of additional MMC in a non-cell-autonomous manner (Olmedo-Monfil, 

Duran-Figueroa et al. 2010).  

As shown in Figure 1.1, the MMC undergoes meiosis to give rise to four haploid 

megaspores, where only one survives as the functional megaspore and develops into the 
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female gametophyte (FG). Here the functional megaspore undergoes three rounds of 

mitosis, resulting in a syncytial ES containing eight nuclei without cellularisation. This 

stage is followed by nuclei positioning and cell specification, in which the phytohormone 

auxin is believed to play a crucial role (Pagnussat, Alandete-Saez et al. 2009, Lituiev, 

Krohn et al. 2013). 

  

Figure 1.1 Synchronized development of ovule and the FG in Arabidopsis. A. The 
development of an ovule initiates from the protrusion of the nucellus from the placental 
tissue. The integuments initiate concomitantly with megasporogenesis at stage 11. As 
megagametogenesis progresses, the integuments elongate and continue to enclose the 
developing FG during mid- and late-stage 12. At stage 13, the flower is at anthesis stage. 
The integuments almost completely enclose the mature ES, leaving only a trail for PT 
entry, the micropyle. B. FG development. During megasporogenesis, a MMC undergoes 
two successive meiotic divisions to form a tetrad, of which only one megaspore persists 
as the functional megaspore (FG1). Then it undergoes three rounds of mitosis to form 
syncytial ES containing eight-nuclei (FG5), followed by nucleus positioning and cell 
differentiation (FG6). At maturity (FG7), the ES contains two synergids, one egg cell and 
one central cell, whereas three antipodal cells located at the chalazal end of the ES have 
undergone degeneration (adapted from (Chevalier, Loubert-Hudon et al. 2011)).  

Recently, the role of auxin in ES cell positioning and differentiation has been highly 

debated. While the Sundaresan lab (Davis, California) observed an auxin gradient along 

the micropyle-chalaza axis in the ES of Arabidopsis, with the highest concentration at the 
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micropylar end to specify the cell fate of each gamete (Pagnussat, Alandete-Saez et al. 

2009), the Grossniklaus lab (Zurich, Switzerland) has suggested otherwise (Lituiev, 

Krohn et al. 2013). Their mathematical modeling indicates only shallow auxin gradients 

can be maintained in the FG, which is not sufficient to establish proper auxin patterning. 

This model is supported by microscopic observation of auxin activity in confined area of 

the nucellar tissues adjacent to the ES, with the highest concentration close to the 

micropylar end. This observation was made in both maize and Arabidopsis, using the 

same auxin-sensitive reporter DR5 (Ottenschlager, Wolff et al. 2003), and in addition, a 

novel degron-based reporter system, which exploits the auxin-dependent degeneration of 

Aux/IAA proteins by monitoring degron-GFP levels in the ovule (Lituiev, Krohn et al. 

2013). Despite the discrepancies of the localization of an auxin gradient, these two 

groups consistently suggest an important role for auxin in cell fate specification, either 

through an intrinsic auxin gradient in the ES (Pagnussat, Alandete-Saez et al. 2009) or via 

an exterior polarized auxin activity from micropyle (highest) to chalaza (lowest) in the 

nucellar tissues in a non-cell-autonomous way (Lituiev, Krohn et al. 2013).  

Following cell fate specification induced by an increasing auxin concentration along the 

micropyle-chalaza axis of the ovule, cellularised gametes acquire their own identity to 

form two synergid cells guarding the entrance of the ES, an egg cell, two polar nuclei that 

are about to fuse into a central cell and three antipodal cells at the chalazal end.  

In S. chacoense, antipodal cells degenerate at maturity, while they may persist during 

fertilization and early endosperm development in Arabidopsis as recently observed 

(Song, Yuan et al. 2014), or alternatively proliferate into a cluster of cells in maize or 

other grasses. A mature FG consists of only three cell types in S. chacoense, two 

synergids, an egg and a central cell displayed along the micropyle-chalaza axis (Yang, 

Shi et al. 2010, Drews and Koltunow 2011).  

The synergids are largely involved in guiding PTs toward the micropyle, as demonstrated 

by the identification of synergid-expressed transcription factor MYB98 involved in 

filiform apparatus formation and PT guidance in Arabidopsis (Kasahara, Portereiko et al. 

2005), and by the identification of synergid-expressed LURE-type peptides as micropylar 
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chemoattractants in Torenia fournieri (Okuda, Tsutsui et al. 2009, Kanaoka, Kawano et 

al. 2011) and Arabidopsis (Takeuchi and Higashiyama 2012).  

The egg cell is flanked by two synergid cells and is located at the end of the micropyle in 

the ES. It receives one sperm cell to form the embryo during fertilization. The second 

fertilization is conducted by the central cell, which receives another sperm cell, leading to 

endosperm development. However, the function of the central cell is not restricted to 

fertilization and initiation of endosperm alone (Liu, Yan et al. 2010). Anatomically, the 

central cell occupies most of the volume of the ES. It can communicate with adjacent 

cells (synergids, egg, and antipodals), as facilitated by the discontinuous cell wall 

structure at the junction of the central cell and other cell types. This makes the central cell 

a signaling hub of the ES, as evidenced by its ability to influence PT attraction, probably 

via interaction with the synergids as seen in micropylar guidance mutant ccg (central cell 

guidance) (Chen, Li et al. 2007), and its ability to determine the lifespan of adjacent 

antipodal cells via central cell-expressed SYCO gene in Arabidopsis (Kagi, Baumann et al. 

2010).  

The development and function of the antipodal cells remains unclear. Since auxin 

signaling is present in the antipodal cells in maize (Lituiev, Krohn et al. 2013), a positive 

correlation has been recently established between auxin signaling and antipodal 

proliferation (Chettoor and Evans 2015), one more leap forward toward unveiling the role 

of the mysterious “accessory cells”. 

Concurrent with the FG development, the integuments differentiate from L1 cell layer at 

the chalazal end of the primordium (Figure 1.1). Different from S. chacoense, the 

Arabidopsis ovule has also an outer integument, which arises from the L2/L3 cell layers 

(Chevalier, Batoux et al. 2005).  The integuments grow and engulf the nucellus, thus 

separating the funiculus (a stalk that connects the ovule to the placental tissues) from the 

ES. Finally, when the integuments meet up at the other side of the ES, they form an 

opening (a path), i.e. the micropyle, for PT entry during double fertilization.  
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1.1.2 Male Gametophyte Development 

The male gametophyte (pollen grain) forms in the anther. Male gametophyte 

development includes two phases, microsporogenesis and microgametogenesis, as 

reviewed recently (Hafidh, Fíla et al. 2015).  

During microsporogenesis, a pollen microspore mother cell undergoes two meiotic 

divisions to produce haploid microspores in tetrads, separated by callose walls (Figure 

1.2). Then distinct microspores are released. As microgametogenesis initiates, a vacuole 

develops and pushes the microspore nucleus against the cell wall (Yamamoto, Nishimura 

et al. 2003). The microspore then undergoes Pollen Mitosis I (PMI), producing a larger 

vegetative nucleus (haploid) and a smaller generative nucleus (haploid). Later the small 

generative nucleus is engulfed by the vegetative cell membrane to form a “cell-within-a-

cell” structure. Finally, the vegetative cell will develop into a tube cell. The generative 

cell will undergo Pollen Mitosis II (PMII) to give rise to twin sperms. In Arabidopsis, 

PMII takes place before pollen grains leave the anther (Sanders, Bui et al. 1999), while in 

the case of S. chacoense, PMII takes place during PT germination (Boavida, Becker et al. 

2005, O'Brien, Gray-Mitsumune et al. 2007). 
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Figure 1.2 Illustration of pollen development in Arabidopsis. The pollen of flowering 
plants is produced within the anther. Pollen development comprises two successive 
phases, microsporogenesis and microgametogenesis. Microsporogenesis initiates when 
the diploid microspore mother cell undergoes two meiotic divisions to give rise to four 
microspores tethered by the callose wall (β-1, 3-glucan). The callose then separates the 
tetrad into individual microspores. In each microspore, the outer pollen wall exine 
develops. During microgametogenesis, a vacuole forms that takes a large volume of the 
cytosol. By pushing the nucleus to a peripheral position, the pollen undergoes asymmetric 
cell division (mitosis I), producing a larger vegetative nucleus and a smaller generative 
cell. The former develops into a tube cell while the latter undergoes PMII to produce two 
sperm cells. In Arabidopsis, tricellular pollen is shed, while in S. chacoense, the bicellular 
pollen is shed and PMII takes place during PT germination. This picture is adapted from 
laboratory of pollen biology website (http://lbp.ueb.cas.cz/field_res.htm). 



 

 

24 

1.2 The PT Path In the Pistil of S. chacoense 

In general, the PT path is partitioned into five distinct phases prior to the double 

fertilization (Figure 1.3) (Swanson, Edlund et al. 2004).  

 

Figure 1.3 The PT pathway in Arabidopsis. In phase I, pollen grain adheres to and 
hydrates on the stigma. In phase II, pollen grain germinates and penetrates the papilla cell 
wall of the stigma. In phase III, PT enters the transmitting tract of the style. In phase IV, 
PT exits the transmitting tract and approaches the ovules. In phase V, PT targets the 
micropyle of the ovule for fertilization (adapted from (Feijó 2010)). 

In phase I, S. chacoense pollen grains adhere to and hydrate on the wet stigma. Pollen 

hydration depends on the ability to sense a water gradient at the site of the contact zone 

between the pollen and the stigma, which is conferred through a lipid matrix derived 

from either the pollen coat or the stigma, which later determines the polarity of PT 

germination (Lush, Spurck et al. 2000). The hydrated pollen grain then extends a PT 

towards the aqueous interface.  

In phase II, germinating PTs penetrate the papilla cell wall of the stigma. Once in the 

solid style of S. chacoense, PTs enter phase III, where they navigate through the 
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intercellular matrix of the transmitting tract. Growing through the style is considered vital 

for PTs to acquire the competency to respond to guidance cues emitted from the FG to 

accomplish fertilization (Palanivelu and Preuss 2006).  

Okuda and colleagues (Okuda, Suzuki et al. 2013) reported that only when a PT 

elongates in the style for a sufficient length and for a sufficient time, can it acquire the 

ability to react to and be attracted to LURE attractants secreted from the synergid cells of 

the ovule in Torenia fournieri. In this experiment, Torenia PTs not only have to travel 

through 15 mm of a cut style (out of a total length of ~18 mm), they also need to grow an 

additional 7 h on the medium after exiting the cut end of the style to acquire this 

competency. Consistently, Qin and colleagues (Qin, Leydon et al. 2009) demonstrated 

that PT penetration of the stigma and style elicits a distinct gene expression profile, as 

opposed to that in pollen grains or in vitro grown PTs. In this comparison, the functional 

categories that associated with signal transduction, PT growth and transcription were 

over-represented in semi in vivo PTs (grow through the style), which have provided the 

molecular basis for this competency control.  

Interestingly, a parallel can be drawn between PT-transmitting tract cell-interactions and 

spermatozoa-oviduct interactions in mammals, where in both cases the male gametes 

need to travel through a female reproductive tract to become capacitated. Studies 

conducted in human and mice showed that only 10% of the sperm populations are 

chemotactically responsive to the female reproductive organ (Eisenbach and Giojalas 

2006). Moreover, the gene expression profile of the epithelial cells of the oviduct changes 

significantly upon spermatozoa arrival (Holt and Fazeli 2010), which is quite similar to 

the observation made in plants during PT elongation in phase III (Qin, Leydon et al. 

2009). 

In phase IV, the PTs exit the transmitting tract from the ovarian end of the style and start 

approaching the ovules. In S. chacoense, PT path splits along the ovary septa and merges 

with the placental epithelium, as described previously in the related solanaceous species 

Solanum lycopersicum (Webb and Williams 1988) and Nicotiana alata (Cornish, Pettitt 
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et al. 1987). At the final stage (stage V), PTs target the micropylar opening of each ovule 

to accomplish double fertilization (Hamamura, Nagahara et al. 2012). 

However, between PTs entry to the ES and the onset of double fertilization, PTs go 

through two sequential stages, i.e. growth arrest and pollen discharge. First, PT growth 

arrest is achieved via interaction with the filiform apparatus-localized receptor-like 

kinase, feronia (fer) in the ovule (Escobar-Restrepo, Huck et al. 2007). Acting in the fer-

mediated PT reception pathway, two endoplasmic reticulum-localized proteins TURAN 

and EVAN that are expressed both in pollen grains and ovules, mediate PT reception as 

their mutants displayed similar PT overgrowth phenotype reminiscent of the fer 

phenotype (Lindner, Kessler et al. 2015). Despite the fact that TURAN and EVAN were 

shown to affect pollen development and PT integrity, the fer-phenotype is traced back to 

a defect in the FG since no mutant PTs were formed in reciprocal crosses with wild-type 

plants (Lindner, Kessler et al. 2015). TURAN and EVAN encode proteins involved in the 

N-glycosylation pathway, suggestive of a “dual recognition system” in PT reception, 

where both the protein backbone and the glycosyl residues on the surface of the male and 

FG are required to be recognized for successful PT reception. 

Following PT growth arrest, fer-dependent accumulation of reactive oxygen species 

(ROS) at the entrance of the FG induces PT rupture (Duan, Kita et al. 2014), where PTs 

discharge their content to fuse with the egg cell and the central cell.  

Live cell imaging of double fertilization reveals three distinct sperm cell behavioral steps 

during PT discharge in Arabidopsis. Initially, the PT bursts to deliver two sperm cells to 

the ES within seconds. Sperm cells remain in a stationary phase for minutes before the 

final gamete fusion for double fertilization. Interestingly, the two sperm cells are 

functionally equivalent to fertilize the central cell or the egg cell (Hamamura, Saito et al. 

2011).  

In maize, PT discharge is mediated by ZmES4 (Zea mays embryo sac 4), a defensin-like 

(DEFL) CRP derived from the synergid cells, via the opening of potassium channel on 

the PTs. Fusion of the two female gametes with the sperm cells is found mediated by 

EC1 (egg cell 1) peptides. At this moment, PTs have finished their journey in the pistil. 
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Embryogenesis is initiated to switch the life cycle of a plant into the sporophyte 

generation. 

1.3 Why Studying PT Guidance In S. chacoense?  

1.3.1 The Significance of PT Guidance In Plant Reproduction 

In general, PT guidance occurs all along the PT path in the pistil, which allows PTs to 

travel down the stigma, exit the transmitting tract of the style, and enter the micropyle to 

achieve double fertilization. These path finding events require intimate cell signaling 

between the PTs and various female tissues, including stigmatic papilla cells, stylar 

transmitting tract cells, nucellar cells and finally the female gametes (Palanivelu and 

Tsukamoto 2012), which makes PT guidance an excellent model to study cell-cell 

communication, and which will allow different guidance mechanisms to be revealed. 

Taking another view, a main goal of plant sexual reproduction, especially for crop plants, 

is to overcome breeding barriers so that the gene pool of one species can be expanded, 

allowing biodiversity and “new” species to be raised. Breeding barriers can be derived 

from a large number of prezygotic and/or postzygotic isolation. By studying 

gametophytic PT guidance, Márton and coworkers (Marton, Fastner et al. 2012) used 

genetic engineering to express maize micropylar guidance attractant ZmEA1 in the 

synergid cells of Arabidopsis thaliana. The proper secretion of ZmEA1 peptide enabled 

Arabidopsis ovules to guide maize PTs to enter the micropylar opening of the ovule, 

which is the first step to overcome the reproductive barrier between unrelated plant 

families, at the level of gametophytic guidance. The barrier induced by PT guidance 

represents only a small part of complex, multi-mechanism breeding barriers in plant. Yet, 

by studying PT guidance, an increased hybrid vigor arising from crossbreeding of much 

divergent families or species can be anticipated.  

1.3.2 PT Guidance In S. chacoense and Species-Specific Pollen−Pistil 

Interactions 

PT guidance has been extensively studied in the model species Arabidopsis and maize, 

from which the genome had been annotated. Alternatively, Torenia (Linderniaceae) was 
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chosen as a model for its ovule anatomy since its ES protrudes from the ovule, enabling 

live cell imaging of PT attraction to the synergid cells directly under light microscopy 

(Higashiyama, Kuroiwa et al. 1998), and the destruction of individual protruding cells by 

laser cell ablation (Higashiyama, Yabe et al. 2001). This anatomical advantage also 

allowed cDNA sequencing from individually isolated synergid cells, thus providing the 

molecular basis for dissecting the complex network of PT–ovule interaction (Okuda, 

Tsutsui et al. 2009).  

In this project, S. chacoense was chosen as our model species in the study of pollen−pistil 

interaction and PT guidance. Solanum chacoense belongs to the Solanaceae family, one 

of the most important families to human beings for its great value as food sources (potato 

and tomato), drugs (tobacco) and ornamentals (petunia) (Knapp, Bohs et al. 2004). 

Solanum chacoense is native to South America and is one of the most widely distributed 

wild potato species. It occurs sympatrically with various other Solanum species, thus 

allowing large opportunities for natural hybridization. However, the number of hybrids 

found so far is still limited, compared to the total number of species in this family (3000-

4000 species for the Solanaceae, almost half for genus Solanum) (Knapp, Bohs et al. 

2004). We thus hypothesize that species-specific attracting molecules may be produced 

by different solanaceous species to direct PT guidance. Such species-specific molecules 

could lead to reproductive isolation for sympatrically localized Solanum species.  

In fact, such species-specific interactions are common in pollen–pistil interactions 

(Swanson, Edlund et al. 2004). For example, pollen adhesion to the stigma in Arabidopsis 

(dry stigma) depends on the exine wall component sporopollenin, a highly stable mixed 

polymer containing long-chain fatty acids and phenolics (Thom, Grote et al. 1998). 

Detergent wash assays demonstrated that Arabidopsis pollen barely binds to the stigma of 

monocot plants, while they exhibit significant binding to some dicot plants from various 

genera, such as Arabidopsis, Brassica, Platanus, Ambrosia, etc. More specifically, 

Arabidopsis pollens bind to an Arabidopsis stigma with greater affinity than to its close 

relative Brassica campestris (Zinkl, Zwiebel et al. 1999), suggestive of a species-

specificity in pollen-stigma interaction according to their taxonomic distance. Different 

functional groups may exist in sporopollenin polymers from different plant taxa, 
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providing the basis for this selective pollen–pistil interaction (Domínguez, Mercado et al. 

1999).  

Likewise, studies on the self-incompatibility mechanism during early pollen–pistil 

interaction revealed that different families have adopted different mechanisms to reject 

self-pollen. In the Solanaceae, Scrophulariaceae and Rosaceae, the pistil produces S-

RNases to degrade self-PT RNA in order to stop self-PT in the style (McClure and 

Franklin-Tong 2006). In Papaveraceae, the S-haplotype specific recognition between 

stigmatic PrsS (Papaver rhoeas stigma S) (Foote, Ride et al. 1994) and the pollen 

expressed PrpS (Papaver rhoeas pollen S) (Wheeler, de Graaf et al. 2009) triggers a Ca2+ 

increase and downstream responses to reject self-pollen. Different from the above-

mentioned mechanisms where pollen rejection is determined by the haploid pollen S-

haplotype, pollen rejection in Brassicaceae is determined by the diploid anther S-

haplotype. In the Brassicaceae, the male determinant is S-locus cysteine-rich ligand 

(SCR/SP11) (Takayama, Shiba et al. 2000) and the female determinant is S-locus 

receptor kinase (SRK) (Stein, Howlett et al. 1991, Goring and Rothstein 1992). The two 

determinants co-evolve rapidly and are highly polymorphic between species (Boggs, 

Dwyer et al. 2009). 

Along the PT path in the pistil, species-specificity can be found in various other phases, 

such as in PT guidance, reception and discharge. First, species-specific PT attraction has 

been demonstrated in Torenia (Kanaoka, Kawano et al. 2011), Arabidopsis (Takeuchi 

and Higashiyama 2012) and maize (Marton, Fastner et al. 2012), where the 

chemoattractants displayed a much compromised attraction efficiency toward PTs of a 

different species. Second, during PT reception, interspecific crosses using pollens from 

Arabidopsis lyrata and Cardamine flexuosa on Arabidopsis thaliana stigmas resulted in a 

PT overgrowth phenotype, emphasizing the importance of species-specific recognition in 

PT reception (Escobar-Restrepo, Huck et al. 2007). Third, in PT discharge, ZmES4, a 

defensin like (DEFL) protein, mediates PT burst in a species-specific manner in maize 

(Amien, Kliwer et al. 2010).  
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So far, several guidance cues have been uncovered from both the sporophytic (stigma, 

style, ovule integuments) and the gametophytic tissues of the pistil to guide directional 

PT growth in Arabidopsis, lily, maize and Torenia. However, PT guidance in solanaceous 

species is largely unknown. By using S. chacoense as our model species, and taking 

advantage of nine other Solanum species currently grown in the greenhouse, including S. 

bulbocastanum, S. commersonii, S. microdontum, S. pinnatisectum, S. tuberosum, S. 

tarijense, S. gandarillasii, S. boliviense, and S. megistacrolobum, we expect to study 

these species-specific signaling molecules involved in PT guidance and explore their 

possible involvement in creating a breeding barrier and thus in driving their speciation 

and evolution.  

1.4 PT Guidance In the Style Is Governed By Sporophytic 

Tissues  

Before reaching the ES to undergo double fertilization, PTs experience numerous 

intimate contacts with the pistil sporophytic tissues, including the stigma, the transmitting 

tract and its extracellular matrix in the style, as well as the nucellus and integuments in 

the ovary. This takes place through dynamic vesicle exocytosis and endocytosis and 

intensive signaling at the clear zone (the extreme tip of the tube) (Zonia and Munnik 

2008). The sporophytic tissues synthesize and secrete molecules, which not only promote 

a robust tube growth, but also assist the PTs in growth directionality from the stigma 

straight to the ovarian end of the pistil. This stage is termed sporophytic guidance. So far, 

chemotactic proteins involved in sporophytic guidance have been identified from the 

stigma, style and ovary, respectively.  

1.4.1 Sporophytic Guidance Down the Stigma 

In lily, stigma exudates attract in vitro-grown PTs, as shown below (Figure 1.4). By use 

of biochemical methods including cation exchange, gel filtration and HPLC, plantacyanin 

(9.9 kDa), a member of the blue copper protein family, was identified from the active 

fraction and named chemocyanin. In vitro bioassay indicates that chemocyanin induces 

PT chemotropism (Kim, Mollet et al. 2003). This attraction is enhanced by the presence 
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of two other molecules, including a 9.0 kDa SCA (stigma/stylar cysteine-rich adhesion) 

(Park, Jauh et al. 2000) and a larger stylar pectic polysaccharide (Mollet, Park et al. 

2000). 

Positively charged SCA interacts with negatively charged pectin in the transmitting tract 

of the pistil to create an active extracellular matrix for the PT to attach. SCA is a lipid 

transfer-like protein secreted from both the pollen and the transmitting tract tissues. It 

contains eight cysteine residues (Park, Jauh et al. 2000) and is part of the DEFL group. 

Therefore, chemocyanin is general considered to be involved in adhesion-mediated PT 

guidance. 

Figure 1.4 in vitro PT attraction assay showing PT reorientation over time (A and B) and 
corresponding quantitation method (C) in lily. A, PT chemotropism was induced after 
application of stigma exudates (1.5 µg/µl) in the well 40 min before time zero. At this 
time point, individual pollen grains were placed around the wells. Germinated PTs were 
manually oriented away from the well before the time course imaging. B, no 
chemotropism was induced by water control in the well. C, determination of a positive 
chemotropism marked by PT reorientation of at least 90°. Bar = 2 mm. (Adapted from 
(Kim, Mollet et al. 2003)). 
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In Arabidopsis, only one gene encodes plantacyanin, which shares 86.8% sequence 

similarity to lily chemocyanin at the amino acid level (Kim, Mollet et al. 2003). This cell 

wall protein is secreted to the extracellular matrix of the transmitting tract and is found in 

a gradient of increasing concentration from the stigma to the ovary and the mature ES 

(Dong, Kim et al. 2005). Over-expression of plantacyanin caused wild-type PTs to dwell 

on the stigma and to turn around without penetrating the papillar cells, as shown in Figure 

1.5. An increased plantacyanin concentration was detected in the stigma of 

overexpression lines, leading to a disrupted PT guidance. The role of Arabidopsis 

plantacyanin reinforced the chemotropic effect of lily chemocyanin and also confirmed 

the contribution of sporophytic factors to PT guidance.  

Figure 1.5 Scanning Electron Microscopy (SEM) images of wild-type Arabidopsis 
pollens on (A) wild-type stigmas and (B) plantacyanin over-expression stigmas OXP12 
Dotted line indicates the trajectory of PT path after it penetrates the papilla cell wall. The 
arrow in B indicates that the PT made many turns on the papilla cell, displaying aberrant 
tube growth on the stigma. P, papilla cell; Po, pollen grain. Bar = 20 µm. (Adapted from 
(Dong, Kim et al. 2005)). 
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1.4.2 Sporophytic Guidance From Stigma to Ovary 

The transmitting tissue-specific (TTS) glycoprotein, was identified in the extracellular 

matrix of the style in tobacco (Wang, Wu et al. 1993). TTS was shown to stimulate PT 

growth in vitro, while transgenic plants expressing significantly lower levels of TTS 

mRNA and protein exhibited a reduced PT growth rate. Besides its role as a growth 

stimulant, TTS was also shown to attract PTs in a semi in vivo assay (Cheung, Wang et 

al. 1995). TTS belongs to the large arabinogalactan protein (AGP) family. The 

glycosylation status of TTS is required for PT guidance in the style. PTs that grew 

through the style were attracted by native TTS but not by a chemically deglycosylated 

version (Cheung, Wang et al. 1995). In the pistil, TTS works as a vehicle that carries 

sugar moieties, adheres to PT surface, becomes incorporated into the PT cell wall and 

finally deglycosylated by the PTs. The glycosylation level of TTS increases along the 

style, with lower levels of glycosylation in the stigma and higher level in the lower part 

of the pistil, as indicated by the molecular weight of TTS on a SDS-PAGE gel (Wu, 

Wang et al. 1995). Concurrently, the increasing level of TTS glycosylation is also 

associated with an increasing level of TTS protein acidity, which may contribute to PT 

guidance from the stigma to the ovary.  

Characterization of tobacco TTS homolog in Nicotiana alata (NaTTS) revealed that they 

share similar features as a PT stimulant and attractant (Wu, Wong et al. 2000). In 

addition, NaTTS proteins are part of a protein family, with various degrees of sugar 

modification on the protein backbone. This variability significantly affects the function of 

TTS since purified low-molecular weight NaTTS proteins did not show any activity in 

stimulating PT growth or in PT guidance (Sommer-Knudsen, Lush et al. 1998). 

1.4.3 Sporophytic Guidance To the Micropylar Region  

Gamma-amino butyric acid (γ-amino butyric acid, GABA) is a signaling factor that plays 

critical roles in neural development of mammals (Pontes, Zhang et al. 2013). In plants, 

GABA stimulates PT growth (Palanivelu, Brass et al. 2003). A proper amount of GABA 

stimulates tube growth in vitro, while higher concentrations are inhibitory. GABA levels 

are regulated by POP2 (pollen pistil interaction 2) in Arabidopsis, which encodes a 
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transaminase that degrades GABA. By examination of the abundance of GABA in the 

pistil, an increasing GABA gradient was detected from the stigma to the inner 

integument, with the highest GABA level in the micropylar region of the ovule. This is 

likely due to limiting amount of POP2 proteins in high GABA cells, since anti-POP2 

antibodies showed staining complementary to the GABA localization in the ovule. Since 

the GABA gradient coincides with the direction of PT growth, GABA has been 

considered as a sporophytic factor that guides PTs toward the micropyle region of the 

ovule. 

POP2 is ubiquitously expressed in both the PT and the pistil, and interestingly, only 

when both were knocked down could a guidance defect be detected. Such defects 

included PT growth arrest or random growth on the surface of the ovule (Palanivelu, 

Brass et al. 2003). The pop2 mutant displays PT elongation defects in the transmitting 

tract (Renault, El Amrani et al. 2011), which is likely to be associated with modulation of 

putative Ca2+-permeable channels on the plasma membrane of the PTs by GABA, as 

shown in tobacco (Yu, Zou et al. 2014).  

To sum up, when PTs navigate through the pistil to approach the ES, they are guided by 

different attracting molecules. On the stigma, PT directional growth is influenced by 

chemocyanin, a small basic protein in the plant cell wall that belongs to the phytocyanin 

family of blue copper proteins (Kim, Mollet et al. 2003). Next, when PTs have travelled 

further into the style, guidance is taken over by TTS, a heavily glycosylated AGP, which 

becomes deglycosylated as PTs elongate toward the ovarian end of the style (Cheung, 

Wang et al. 1995, Wu, Wang et al. 1995). Meanwhile, a non-protein amino acid, GABA, 

may be involved in guiding the PTs toward the micropylar region of the ovule, where 

highest GABA levels are detected. 

The distinct nature of different guidance cues isolated so far suggests that different 

guidance mechanisms may act. Along the PT path, a new mechanism is likely to take 

over when PTs migrate into its effective range. With the presence of each new guidance 

cue, PTs are likely to break free from the previous attraction and be precisely guided 

under the new influence, until they achieve double fertilization. 
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1.5 PT Guidance In the Ovary Is Controlled By Both 

Gametophytic and Sporophytic Tissues 

Before PTs exit the bottom-end of the style, sporophytic stylar tissues navigate all the 

PTs toward the ovary. Once inside the ovary, a precise one-to-one guidance is achieved 

between the PT and the ovule, a stage described as ovular PT guidance (Higashiyama and 

Takeuchi 2015). Multi-steps control checkpoints are known to act in ovular guidance, as 

described in Figure 1.6. 

 

Figure 1.6 Schematic depiction of PT growth in S. chacoense pistil. A. Longitudinal 
section of the pistil. Dark green indicates the PT pathway, a continuous cell tract 
originating from the stigma surface, extending through the style down to the placental 
epithelium, where it connects to the ovules. At the mature stage of an ovule, the ES 
consists of an egg cell, two synergid cells and a central cell, embedded in one layer of 
integument in S. chacoense. B. Close-up of an ovary transverse section. PT typically 
approaches the micropyle of an ovule through three guidance steps. Step 1 (long-distance 
guidance), PT emerges from the intercellular space of the transmitting tract to the 
placental surface; step 2 (funicular guidance), the PT climbs up the funiculus; and step 3 
(micropylar guidance), PT navigates toward and into the micropyle. Noticeably, the 
funiculus in S. chacoense has a much shorter stalk compared to Arabidopsis, which 
largely reduces the distance between the micropyle and the placental surface, possibly 
rendering PTs that emerge onto the placental epidermis immediately competent for 
micropylar guidance (Liu, Joly et al. 2015). 
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1.5.1 Long-Distance Guidance Is Governed by the Ovule  

A long-distance guidance mechanism was first suggested years ago to describe ovular 

signals that direct PTs to emerge from the intercellular space of the transmitting tract 

cells toward the ovules, preferentially at the upper part of the ovary (Hulskamp, Schneitz 

et al. 1995). It was observed that in wild-type Arabidopsis ovules, 40% of the PTs 

emerged from the transmitting tract at the position of the first ovule. In the bel1 and 

54D12 mutants (Ray, Robinson-Beers et al. 1994), which are impaired in ES 

development, this preferentiality is compromised, but a slight preference was still 

observed. However, in the ES-devoid mutants sin1 and 47H4 (Ray, Lang et al. 1996), PT 

showed equal probability to emerge anywhere along the entire length of the transmitting 

tract. This shows there is an ovule-derived long-distance guidance (transmitting tract 

toward ovules), as opposed to micropylar short-distance guidance. Long-distance 

guidance is supported by the transmitting tract-trapped phenotype observed in the 

Arabidopsis chx21/chx23 double mutant. CHX21 and CHX23 are redundant cation/proton 

exchangers expressed in the PT. Mutant chx21/chx23 PTs do not respond to ovular cues 

and remain in the transmitting tract (Lu, Chanroj et al. 2011).  

1.5.2 Funicular Guidance Is Under the Influence of Ovular Sporophytes 

The second step involves funicular guidance, where PTs adhere to and migrate up the 

funiculus, a stalk-like structure that attaches the ovule to the placenta. The source of 

funicular guidance cues can be derived from the funiculus itself, as seen in single ovule 

semi in vivo assays, where ovules without a funiculus attracted PTs at an efficiency 

reduced from 54 to 35% (Palanivelu and Preuss 2006). However, little is known about 

this signal, due to the difficulty in obtaining sufficient amount of funiculi from the ovules 

without tissue injury. Alternatively, some evidence suggests that funicular guidance may 

be associated with ovule sporophytic tissues in general, including the funiculus, the 

integuments and the nucelluar tissues (Lausser, Kliwer et al. 2010), as observed in the 

sporophytic mutants pop2 (Palanivelu, Brass et al. 2003), siz1-2 (Ling, Zhang et al. 2012) 

and pdil2-1 (Wang, Boavida et al. 2008). In these mutants, a portion of PTs loses their 

way soon after exiting the transmitting tract tissue and does not migrate up the funiculus.   
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Since funicular guidance occurs before micropylar guidance within a short period of 

time, it is difficult to distinguish the two stages. The first article to clarify a funicular 

guidance mutant is the study of Arabidopsis mpk3/mpk6 mutant (Guan, Lu et al. 2014). 

Here the majority of mutant PTs exited the transmitting tract, but either got lost in the 

septum or took much longer time to eventually target the ovule, suggesting a guidance 

defect in vivo. Interestingly, when they conducted single ovule semi in vivo assay on PT 

growth medium, it was discovered that micropylar guidance was not affected in this 

mutant since PTs made sharp turn to target the micropyle precisely on the medium. This 

experimental set-up emphasizes the distinct nature of different signals controlling 

funicular and micropylar guidance, at least in Arabidopsis. 

Anatomically, compared to Arabidopsis, S. chacoense ovules have a highly reduced 

funiculus. PTs that emerge from the placental epidermis may have direct access to the 

micropyle, thus casting doubt on the role of funicular guidance in this species. 

1.5.3 Micropylar Guidance Is Under the Influence of the FG 

Besides long-distance and funicular guidance, the third step in ovular guidance is 

micropylar guidance, which targets PTs to the micropyle of the ovule within close range 

of about 100-150 µm (Higashiyama, Kuroiwa et al. 1998, Palanivelu and Preuss 2006, 

Stewman, Jones-Rhoades et al. 2010). This phase has been well studied since the first 

identification of micropylar chemoattractants in maize (Marton, Cordts et al. 2005), 

Torenia fournieri (Okuda, Tsutsui et al. 2009) and Arabidopsis (Takeuchi and 

Higashiyama 2012).  

1.5.3.1 Synergid Cells Are the Sources of Micropylar PT Guidance 

The synergid cells were reported to be the source of micropylar attractants emitted from 

the ES (Higashiyama, Yabe et al. 2001). Torenia fournieri, which bears a naked ES 

protruding from the micropyle of the ovule, was used to investigate the role of synergid 

cells in guidance. In their experimental setup, two synergids, the egg cell and the central 

cell were selectively laser-ablated from the ovule and placed in front of the PTs that grew 

out of a style to test if the tubes were attracted by the ovules. It was observed that the 

attraction was not affected when the egg cell or the central cell was ablated, suggesting 
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that they were not directly involved in guidance. However, the removal of one synergid 

cell partially impaired attraction and the removal of both completely abolished the 

attraction, confirming the synergid cells are the source for these chemotactic signals.  

In the junction of two synergid cells lies the filiform apparatus,  a thickened structure 

originating from intensive cell wall ingrowth of the synergids. It largely increases the 

surface area in this region and is thought to mediate the transport of molecules into and 

out of the synergid cells (Huang and Russell 1992). In Torenia, entry of the PT to the 

synergid cell is through the filiform apparatus (Higashiyama 2002). In Arabidopsis, 

however, the PT grows beyond the filiform apparatus to enter the receptive synergid cell 

at a more distant site to burst its content (Leshem, Johnson et al. 2013). 

1.5.3.2 Identified Micropylar PT Attractants 

To date, two types of micropylar attractants have been identified. Maize employs a 

transmembrane domain-containing peptide to guide PTs entry to the micropyle, while 

Torenia and Arabidopsis both employ LURE-type attractants, which are cysteine-rich 

peptides (CRPs), belonging to defensin-like (DEFL) CRP subfamily (Silverstein, Moskal 

et al. 2007).  

The first micropylar attractant was identified from model monocot species maize 

(Marton, Cordts et al. 2005). ZmEA1 (Zea mays EGG APPARATUS1) is a small protein 

of 94 amino acids. It is expressed exclusively in the synergid cells and the egg cell. This 

gene encodes a transmembrane domain, which is thought to be cleaved from the mature 

peptide through proteolysis for its secretion. Interestingly, careful examination of the 

translation start site of ZmEA1, together with the detection of the Kozak consensus 

sequence (RCCAUGG, R is a purine) near the third methionine (out of four) upstream of 

the predicted transmembrane domain, led to the discovery of a smaller version of 

ZmEA1. It contains 76 amino acids and bears a signal peptide for secretion (Germain, 

Chevalier et al. 2006). After cleavage, a mature ZmEA1 contains only 49 amino acids.  

ZmEA1 is spread from the egg apparatus to the nucellar cell wall toward the micropylar 

opening to attract PTs and is progressively down regulated after fertilization (Marton, 
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Cordts et al. 2005). Semi in vivo assays indicate that mature ZmEA1 attracts maize PTs 

(Marton, Fastner et al. 2012). Upon contact, PTs internalize these peptides. By 

degradation of internalized ZmEA1, PTs remain sensitive to surrounding ZmEA1 

peptides for their continuous path finding to the micropyle. It was also found that ZmEA1 

peptides interact with maize PTs in a species-specific manner, since they did not attract 

PTs from the maize relative Tripsacum dactyloides (Uebler, Dresselhaus et al. 2013). 

Such species-specificity of ZmEA1 may result from its polymorphism among different 

species, although sequence similarity revealed that the C-terminal of ZmEA1 is well 

conserved among various species from both monocot and dicot species, even from basal 

angiosperms species (Gray-Mitsumune and Matton 2006). 

Different from ZmEA1, the LURE-type attractants are CRPs. In Torenia fournieri, 

TfLURE1 and TfLURE2 were isolated from a cDNA library made from 20 isolated 

synergid cells (Okuda, Tsutsui et al. 2009). Following random sequencing of 2112 ESTs, 

CRPs were found to be the most abundant ESTs, with TfLURE1 and TfLURE2 being the 

most expressed. TfLURE1 and TfLURE2 were shown to attract approaching PTs in close 

range of 40 µm, a distance corresponding to short-range micropylar guidance. TfLURE1 

and TfLURE2 have the same cysteine backbone and share 62.1% amino acid sequence 

similarity. They function independently to attract PTs, indicating partial functional 

redundancy in guidance. 

Through amplification by gene-specific and degenerate primers, a TfLURE1 ortholog in 

Torenia concolor, a close species that possesses a similar floral structure as T. fournieri, 

was identified as the micropylar chemoattractant and named TcLURE1 (Kanaoka, 

Kawano et al. 2011). TcLURE1 is highly similar to TfLURE1, with only eight amino 

acids substitution in TcLURE1. These eight substitutions in TcLURE1 resulted in a 

weaker PT–ovule recognition and attraction toward T. fournieri PTs, which may become 

a speciation driving force. 

Using a different approach, Takeuchi and colleagues (Takeuchi and Higashiyama 2012) 

isolated another LURE-type micropylar attractants cysteine-rich peptide 810_1 (CRP 

810_1) in A. thaliana and A. lyrata through a comparative phylogenetic analysis of more 
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than 300 DEFL genes in Arabidopsis. In this survey, CRP 810_1 peptides form a sole 

species-specific cluster in A. thaliana, which is clearly separated from its close relative A. 

lyrata, whereas other DEFL homologs between these two species are intermingled in the 

clustering. These polymorphic molecules were shown to attract PTs within the range of 

micropylar guidance and renamed AtLUREs and AlLUREs. Consistently, all LURE-type 

attractants in Torenia and Arabidopsis contain six cysteines, with cysteine arrangement 

slightly different in different families.  

1.5.3.3 Characteristics of Micropylar Attractants 

Based on current knowledge of micropylar attractants isolated from Torenia, Arabidopsis 

and maize, certain characteristics are found in common. First, all these attractants possess 

a signal peptide. Mature peptides of these attractants function outside of an ES to attract a 

PT, as shown in Figure 1.7. Immunostaining with anti-AtLURE1 antibodies detected 

LURE peptide secretion beyond the micropylar region of the ovule to the funiculus 

(Takeuchi and Higashiyama 2012) and even on the surface of the septum (Higashiyama 

and Takeuchi 2015). Similarly, ZmEA1 in maize is found secreted to the micropylar 

region of the ovules (Marton, Cordts et al. 2005).  

  
 

Figure 1.7 Localization of AtLURE1 peptides in the ovule of A. thaliana. An ovule was 
immunostained with anti-AtLURE1 (CRP810_1.2) antibodies. Green Alexa Fluor 
fluorescence was observed at the micropyle and funicular surface using confocal 
scanning microscopy. Magenta indicates autofluorescence of the ovule. The synergid cell 
is delineated by the dashed line. Scale bar = 20 µm. (Adapted from (Takeuchi and 
Higashiyama 2012)). 
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The second characteristic of micropylar guidance cues is developmental regulation. In 

single ovule semi in vivo assays, ovules at 32 h before anthesis did not show attraction 

toward PTs. The guidance competency was gradually increased to 18% by ovules at 16 to 

24 h before anthesis and to 49% by anthesis ovules (Palanivelu and Preuss 2006), which 

revealed the developmental regulation feature of micropylar attractants.  

This developmental regulation feature is likely to associate with the maturation stage of 

the attractants itself. It was observed that only at maturity (anthesis stage), the attractants 

in maize ZmEA1 are correctly localized to the synergid cells and the egg cell region, 

whereas premature ZmEA1 was detected in the filiform apparatus of young ovules 

(Marton, Cordts et al. 2005).  

The third characteristic is species-specificity. Prior to the isolation of micropylar 

guidance cues, experiments were designed to investigate species-preferentiality of 

micropylar attraction in Torenia (Higashiyama, Inatsugi et al. 2006) and Arabidopsis 

(Palanivelu and Preuss 2006). Both studies demonstrate that PTs are significantly 

attracted to ovules of their own species and rarely target the ovules in other close 

relatives. In agreement with these results obtained from single ovule semi in vivo assays, 

bead assays using purified attractants from different species in both Torenia (Kanaoka, 

Kawano et al. 2011) and Arabidopsis (Takeuchi and Higashiyama 2012) confirmed the 

species-specific feature of these attracting molecules. This species-specificity may form a 

pre-zygotic barrier in plant reproduction and thus becomes a speciation driving force. 

1.5.3.4 Key Genes Affecting Micropylar Guidance 

The myb98 mutant characterized in Arabidopsis is defective in micropylar guidance 

(Kasahara, Portereiko et al. 2005). This gene encodes a transcription factor expressed in 

synergid cells and affects both PT guidance and the formation of the filiform apparatus. 

Homozygous myb98 mutant showed no obvious sporophytic defects. However, 48 genes 

encoding CRPs, including CRP810 (AtLURE1), CRP3700, CRP3730 and CRP3740, are 

downregulated in the myb98 mutant (Punwani, Rabiger et al. 2008), with five genes 

expressed in the filiform apparatus (Punwani, Rabiger et al. 2007). MYB98 is thus an 

important regulator in PT guidance and its promoter has been used to develop a synergid 
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cell-specific marker for research in PT guidance (Denninger, Bleckmann et al. 2014). 

By comparing the expression profile of wild-type Arabidopsis ovules to myb98 mutant 

ovules and determinate infertile 1 (dif1) mutant ovules (devoid of an ES), 382 genes were 

found to be downregulated in dif1 ovules. Of these, 78% had a N-terminal signal peptide 

for protein secretion, defining a group of extracellular molecules that could function in 

ES development and/or interaction between the ES and the PT (Jones-Rhoades, Borevitz 

et al. 2007). Interestingly, 40 genes out of the 382 encoded DUF784 (domain of unknown 

function 784) family proteins that belong to the CRP superfamily, and 37 of these 40 

genes required MYB98 for expression. Four of these DUF784 genes are exclusively 

expressed in the synergid cells (Jones-Rhoades, Borevitz et al. 2007). These small, 

secreted proteins were proposed to be potential mediators of the last stages of ES–PT 

interaction. Taking into consideration the functional redundancy that DUF784 genes 

might have, the expression level of 18 DUF784 genes were simultaneously decreased by 

RNAi. As a result, 30% of transgenic ovules were not fertilized by wild-type PTs in vivo 

(Chen, Du et al. 2010), indicating their possible involvement in PT guidance. 

1.5.3.5 Micropylar Guidance Is Orchestrated By the Egg Cell and the Central Cell 

In the ES, communication between the synergid cells, the central cell and the egg cell 

forms a complex signaling network. Although the synergid cells have been demonstrated 

as the source of micropylar guidance cues, an intact central cell and egg cell also 

contribute to the production of active chemoattractants in the synergid cells. 

The first piece of evidence can be seen in the maize micropylar guidance attractant 

ZmEA1, which is localized to both the synergid cells and the egg cell (Marton, Cordts et 

al. 2005). Similarly, GEX3, a protein involved in micropylar PT guidance, is expressed in 

the egg cell and pollen (Alandete-Saez, Ron et al. 2008). Reciprocal crosses suggested 

that the FG was mostly responsible for the reduced seed set since half of the ovules were 

not fertilized when using GEX3 antisense lines as the female. Self-crossed pistils in 

GEX3 antisense lines showed that, even though 62% of the PTs reached the funiculus of 

the ovules, all failed in front of the micropyle, pointing to a micropylar guidance defect.  
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Besides the egg cell, the central cell was also shown to influence micropylar guidance. 

The CCG (central cell guidance) gene is exclusively expressed in the central cell. The 

ccg mutant plants are defective in micropylar PT guidance (Chen, Li et al. 2007). In ccg 

hemizygous (Ds/-) mutants, only half of the ovules are penetrated by a PT, compared to 

98% in wild-type ovules in vivo. Complementation with the CCG gene using a central 

cell specific promoter recovered seed set from 50% to 77%. In the ccg mutant, the ES is 

morphologically normal and the cell fate of other cell types in the ES are correctly 

specified (Chen, Li et al. 2007). CCG encodes a N-terminal zinc ß-ribbon domain, which 

is functionally interchangeable with the N-terminal of the transcription factor II B 

(TFIIB). It is reasonable to speculate that CCG works as a transcription factor to regulate 

downstream genes involved in PT guidance. However, it is important to note that the 

75kD CCG encodes a nuclear protein that is not secreted to the synergid cells, thus 

suggesting a central cell/synergids communication route. Indeed, the morphology of the 

central cell opens such likelihood. The central cell occupies most of the volume in the 

ES, closely adjacent to the antipodal cells and the egg apparatus at the chalazal and 

micropyle end. It was observed that the cell wall of the central cell is discontinuous 

around the synergids and egg cell, which could facilitate the communication between 

these three cell types (Coimbra and Salema 1999). Moreover, the mature central cell 

cytoplasm harbors an extended endoplasmic reticulum network that could deliver vesicles 

to the membrane and transmit information to adjacent cells to attract PTs (Liu, Yan et al. 

2010).  

The MAA1 and MAA3 genes also support the involvement of the central cell in PT 

guidance (Shimizu and Okada 2000, Shimizu, Ito et al. 2008). In the maa1 (magatama1) 

and maa3 mutants, development of the FG is delayed and the two polar nuclei do not 

fuse. In these mutants, PTs emerge from the transmitting tissue of the style, migrate up 

the funiculus, but fail to approach the micropyle, pointing to a micropylar guidance 

defect. Here, the fusion of the polar nuclei (central cell maturation) was suggested to be 

vital for the secretion of the attractants.  

Collectively, these studies suggest that both the egg cell and the central cell have an 

impact on PT attraction, either by triggering a signal to the synergid cells to release the 
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attractants, e.g. at the time of central cell maturation, or by synthesizing the attractants 

itself and therefore directly involved in guidance. 

1.5.4 PTs Slow Down for Fine-Tuning Before Targeting the Micropyle 

Stewman and colleagues (Stewman, Jones-Rhoades et al. 2010) investigated PT behavior 

in a single ovule semi in vivo assay in Arabidopsis. It was observed that PTs slow down 

near the micropyle. Furthermore, this reduced growth rate is associated with an increased 

PT ability to accurately target the micropyle. The studies on nitric oxide (NO) may 

provide some explanations for this (Domingos, Prado et al. 2015). Gaseous NO was first 

detected in the PTs of lily and was proposed as a negative factor in reorienting PT growth 

(Prado, Porterfield et al. 2004). NO is synthesized in the peroxisomes of the PTs from the 

sub-apical region down the shank. An external point source of NO can penetrate the 

apical region of the PT and disturb its NO balance, which causes PT reorientation within 

minutes. On the ovule side, NO signal was also detected all over the ovules, however, 

leaving the micropylar region devoid of NO, and thus allowing for PT entry (Prado, 

Colaco et al. 2008). The production of NO in the edges of the micropyle is likely to slow 

down approaching PTs and therefore, a better targeting efficiency is achieved in 

micropylar guidance. In consistence with this explanation, Arabidopsis nos1 (NO 

synthase1) mutant is defective in NO production and seed set (Guo, Okamoto et al. 2003).  

1.6 semi in vivo Systems to Study Ovular PT Guidance  

In the study of ovular PT guidance, different types of assays have been developed. To 

study short-range micropylar guidance, Higashiyama and colleagues (Higashiyama, 

Kuroiwa et al. 1998) co-cultivated PTs that grow out of the style with single ovules 

dissected from the ovary of T. fournieri to observe PT attraction to the ES. This system 

has also been adapted to Arabidopsis (Palanivelu and Preuss 2006). In the single ovule 

assay system, the style is cut from the pistil and placed on solid pollen germination 

medium, which renders PTs competent to react to ovular signals for attraction (Qin, 

Leydon et al. 2009, Okuda, Suzuki et al. 2013). Single ovules were excised from the 

ovary and placed at a distance accessible to emerging PTs from the style (Figure 1.8A). 

Since PTs grow randomly on the medium, only the ones that grow within ~ 100 µm of an 
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unfertilized ovule (the micropyle) are observed in this assay (Palanivelu and Preuss 

2006). 

In S. chacoense, a slightly different semi in vivo assay was used to study PT guidance. 

Because of their densely packed ovules and very short funiculus, S. chacoense ovule 

clusters (5 to 10 ovules) are dissected and placed on one side of a pollinated style (Figure 

1.8B), at ~ 700 µm from the cut style end, a distance equivalent to the radius of the ovary 

(Lafleur, Kapfer et al. 2015). These two assays differ in terms of the effective attraction 

range, which results in completely different PT behavior in response to ovular signals. In 

the single ovule assay, PTs usually make a sharp turn toward the micropyle of a single 

ovule within 100 µm, while in our semi in vivo assay, PTs gradually change their 

trajectory toward ovule clusters and this tendency can be observed right after PTs emerge 

from the style, suggestive of a long-distance guidance activity, as opposed to the short-

distance micropylar guidance. 

In parallel to the ovule-based semi in vivo assays, a protein-based assay, the bead assay, 

was also designed (Okuda, Tsutsui et al. 2009). In the bead assay (Figure 1.8C), a 

Figure 1.8 Diagram of different assay systems to evaluate PT attraction. A. In the single 
ovule assay, PTs emerge from the cut end of the pistil, travel across the agarose medium 
before entering the excised ovules. A green dot inside the ovules describes successful PT 
targeting and indicates the area where PT bursts. (Adapted from (Palanivelu and Preuss 
2006)). B. The semi in vivo assay system in S. chacoense. Ovule clusters connected by 
placental tissue are positioned ~ 700 µm away from the ovarian end of the style 
(equivalent to the radius of the ovary), with a 45° angle. C. In the bead assay, proteins are 
encapsulated into a gelatin bead and positioned along the path of a growing PT (~ 40 
µm). 
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purified protein or proteins (candidate chemoattractant) are encapsulated into a gelatinous 

matrix to form microbeads that can be precisely positioned along the path of a PT (~ 40 

µm away) in order to determine their chemoattracting potential. It has been widely used 

in validating PT chemoattractant interactions in Torenia, Arabidopsis and maize.  

On the basis of the above-mentioned bioassays, several on-chip devices have also been 

designed, which mimic the in vivo environment of PT targeting toward the ovules and 

showed a quite similar PT targeting efficiency compared to their macroscopic 

counterparts (Yetisen, Jiang et al. 2011, Horade, Kanaoka et al. 2013, Sato, Sugimoto et 

al. 2015). For these miniaturized devices, specialized chips are manufactured, which 

carry narrow channels to steer semi in vivo-grown PTs toward two reservoirs, containing 

either plant tissues (ovules) or liquid solution (attractants). These on-chip assaying 

systems facilitate researchers to place the ovules or putative attractants to the precise 

location over multiple repetitions. More importantly, the microchannels where PTs 

elongate will allow the formation of a gradient of chemicals that diffuse from two 

reservoirs. Such gradient gives PTs a distinct choice to grow toward either left or right, in 

order to screen for true attractants. 
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1.7 Objectives 

The main focus of my PhD project is to study ovular signals, more specifically, embryo 

sac (ES)-expressed genes that play important roles in pollen–pistil interactions in 

solanaceous species, using the model plant S. chacoense. This study is achieved through 

transcriptomic and proteomic (secretomic) comparative analyses using: 

(1) Wild-type ovules that contain a mature ES at the FG7 stage; 

(2) ES-devoid mutant ovules (frk1) where the ES is stopped at the functional megaspore 

stage (FG1) or that entirely lack an ES; 

(3) Slightly immature wild-type ovules at two days before anthesis (2DBA), which 

contain a developing ES at the FG6 stage (unfused polar nuclei) while the overall 

morphology resembles the mature ones.  

Compared to wild-type mature ovules, the use of frk1 ovules defines ES-expressed genes 

and the use of 2DBA ovules defines ES-expressed genes that are specifically involved in 

late stages of ES maturation during the FG6 to FG7 transition. 

Both transcriptomic and secretomic approaches were used in this study. Chapter II 

describes the transcriptomic approach that studied ES-genes at the mRNA level. Chapter 

III describes the secretomic approach that specifically targets secreted proteins emanating 

from the ES.  

In addition, as compared to wild-type mature ovules that were shown to attract semi in 

vivo grown PTs, neither frk1 nor 2DBA ovules attract PTs. These two comparative 

analyses thus generated two candidate gene pools that are potentially involved in ovular 

PT guidance in S. chacoense. Thus, Chapter IV describes ovular PT guidance 

chemoattractant candidate selection, expression, purification and their functional assays. 

It is postulated that these chemoattractants evolved among species that could serve as 

interspecific breeding barriers and become a driving force for speciation. By studying the 

structure/function relationship of these chemoattractants, it will become clearer how 

pollen–pistil interactions affect speciation and the role of chemoattractants in 

interspecific breeding barriers.   
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The following detailed objectives are given for each chapter. 

Chapter II. Ovule Transcriptome Profiling: 

 a. Construction of a scaffold assembly for S. chacoense. 

 b. Construction of a scaffold assembly for two S. chacoense close relatives, e.g.,  

 S. gandarillasii and S. tarijense.  

 c. Identification of ES-expressed genes in S. chacoense. 

 d. Identification of ES maturation-associated genes during FG6 to FG7 transition. 

 e. Studying the evolution of ES-expressed CRPs in solanaceous species. 

 f. Determination of candidates genes involved in ovular guidance. 

 g. Elucidation of the relationship between glycosylation and ovular PT guidance. 

Chapter III. Ovule Secretome Profiling: 

 a. Profiling secreted proteins in the ovular locule. 

 c. Identification of ES maturation-related secreted proteins (FG6 to FG7). 

 d. Determination of candidate proteins involved in ovular PT guidance. 

 e. Studying the correlation between protein abundance and their mRNA level. 

Chapter IV. Isolation of Chemoattractants in Ovular PT Guidance:      

 a. Identification of ovular PT guidance chemoattractants in S. chacoense. 

 b. Identification of their orthologs in other solanaceous species and determination 

 of their role in interspecific breeding barriers. 
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Abstract 

The Solanaceae family, especially the genus Solanum, contains several economically 

important crop species, such as potato, tomato and eggplant. Solanum itself harbors 

almost half of the species in this family, with around 1500 species including all the wild 

potato species found in the Western hemisphere. With widespread interspecific 

hybridization, Solanum species are an ideal model for the study of sexual reproduction 

and breeding barriers. In this study, we assembled a catalog of 33852 CDS-containing 

contigs for Solanum chacoense through whole transcriptome shotgun sequencing (RNA-

seq). Gene expression profiles were compared between wild-type mature ovules, slightly 

immature ovules two days before anthesis, and ovules from the MAPKKK frk1 mutant 

that produces embryo sac (ES)-less ovules, in order to define ES-expressed genes and 

genes involved in late ovule maturation steps relevant to pollen tube guidance. Eight 

hundred and eighteen (818) genes were found downregulated in frk1 ovules, and 

identified as ES-dependent genes. A subset of 284 genes was concurrently under-

expressed in immature ovules and thus could be directly associated with late stages of ES 

maturation. Of these 284 genes, 75% were ovule-enriched when compared to leaf 

expression levels and 21% encoded cysteine-rich peptides (CRPs), many of which 

showed unique cysteine motifs not yet observed in other species. Compared to parallel 

studies conducted in Arabidopsis thaliana using similar ES-devoid mutants, S. chacoense 

was found to possess a highly divergent ES transcriptome from that of A. thaliana, in 

terms of both functional categories and limited orthologous similarities. Interestingly, of 

the 59 CRPs enriched in S. chacoense ovules, 60% were predicted to be glycosylated. 

Although micropylar guidance proteins that attract pollen tubes in Torenia, maize and 

Arabidopsis are not glycosylated proteins, our study showed that the ovule glycoprotein 

fraction enhanced guidance efficiency in S. chacoense, emphasizing its highly divergent 

ovule transcriptome from various plant species. 

Keywords: female gametophyte, embryo sac maturation, pollen tube guidance, 

glycosylation, ovule, Solanaceae 
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2.1 Introduction 

The plant female reproductive organ, the ovule, consists of the female gametophyte (FG), 

integument(s) and nucellus. So far, plant ovules have been shown to control a wide range 

of pollen–pistil interactions through various key signaling molecules, including pollen 

tube (PT) elongation, competency control, guidance, growth arrest and discharge, as well 

as gamete fusion and embryonic development (Long 2006, Dresselhaus and Franklin-

Tong 2013, Bleckmann, Alter et al. 2014). Interestingly, though immotile, ovules can 

also communicate with the male gametophyte at a distance, as observed from specific 

genes being induced or enhanced in the ovule by pollination events even before PTs are 

in their vicinity (Dong, Kvarnheden et al. 1998, Lantin, O'Brien et al. 1999).  

The FG is a major ovular signaling hub, where extensive cell-cell communication events 

take place to effect fertilization, leading to seed set (Sundaresan and Alandete-Saez 

2010). Embryo sac (ES)-expressed genes have been identified through expression profile 

comparisons between wild-type and mutants ovules in the dicot species Arabidopsis 

thaliana (Yu, Hogan et al. 2005, Johnston, Meier et al. 2007, Jones-Rhoades, Borevitz et 

al. 2007, Steffen, Kang et al. 2007, Sanchez-Leon, Arteaga-Vazquez et al. 2012) and in 

monocot species like maize (Yang, Kaur et al. 2006, Wang, Wang et al. 2014) and rice 

(Ohnishi, Takanashi et al. 2011, Kubo, Fujita et al. 2013) using enzymatic maceration 

and micro-dissection techniques. Simultaneously, the ES-dependent and ovular 

sporophyte-expressed genes are being uncovered, revealing a complex gametophyte-to-

sporophyte crosstalk (Johnston, Meier et al. 2007, Jones-Rhoades, Borevitz et al. 2007, 

Armenta-Medina, Huanca-Mamani et al. 2013). Genes expressed in individual cell types 

of the FG have also been defined in Arabidopsis (Wuest, Vijverberg et al. 2010). With 

only one dicot species Arabidopsis surveyed for ES-expressed genes, and a recent 

discovery of an intriguing expansion of some specific gene families in solanaceous 

species that function in ES development, like the protein kinases from the FRK family 

(Gray-Mitsumune, O'Brien et al. 2006, Daigle and Matton 2015), a comparative analysis 

of Arabidopsis ES-expressed genes with another important dicot species, S. chacoense, is 

indispensible and informative from an evolutionary perspective. 
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Here, we aim to study ES-expressed genes in S. chacoense, a wild diploid potato species 

native to South America. Among the 196 wild potato species (Solanum sect. Petota), 

S. chacoense is one of the most widespread species and is distributed from the South-

Eastern regions of Peru to central Argentina (Miller and Spooner 1996). Numerous close 

relatives, such as S. gandarillasii and S. tarijense, occur sympatrically with S. chacoense, 

thus providing great opportunity for extensive hybridization (Hijmans, Spooner et al. 

2002). For this reason, S. chacoense was the first wild potato species investigated for 

introgressive hybridization (Hawkes 1962) and over the years it has become a model 

species in the study of self-incompatibility and sexual reproduction (Luu, Qin et al. 2000, 

Gray-Mitsumune, O'Brien et al. 2006, Soulard, Boivin et al. 2014, Lafleur, Kapfer et al. 

2015). By sequencing and annotating the transcriptome of S. chacoense, a wealth of data 

can be gained on this model species and will be an asset to the Solanaceae research 

community. Together with the genome annotation of its close relatives of tomato 

(Tomato Genome Consortium 2012) and potato (Potato Genome Consortium 2011), and 

the expressed sequence tag (EST) databases of various other solanaceous species 

available from Sol Genomic Network (Fernandez-Pozo, Menda et al. 2015), species-

specific ovular signals can be broadly studied.  

In this study, we assembled a catalog of 33852 coding sequence (CDS)-containing 

contigs for S. chacoense. Differential gene expression analyses were performed between 

wild-type mature ovules and two other ovule conditions: anthesis stage ES-devoid ovules 

from the fertilization-related kinase 1 (frk1) mutant background and slightly immature 

ovules obtained two days before anthesis (2DBA). In strongly affected Scfrk1 mutant 

lines, functional megaspores do not progress beyond the FG1 stage and 94% of the 

mutant ovules entirely lack an ES (Lafleur, Kapfer et al. 2015). In wild-type plants at the 

2DBA stage, most of the ovules are at the FG6 stage (Chevalier, Loubert-Hudon et al. 

2013). During the last maturation step from FG6 to FG7, the polar nuclei fuse and the 

filiform apparatus arising from synergids cell wall ingrowth matures (Sundaresan and 

Alandete-Saez 2010). This maturation step was shown to be critical to the secretion of 

chemoattracting proteins involved in PT guidance (Liu, Joly et al. 2015). Comparison 

between these three ovule conditions shall lead to a better understanding of the gene 
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regulatory networks involved in late ovule maturation steps as well as to uncover a series 

of ES-specific genes that are vital to successful pollen-ovule interactions. 

2.2 Material and Methods 

2.2.1 RNA Purification and Sequencing 

S. chacoense Bitt. individuals were greenhouse grown at ~25°C under long-day 

conditions (16 h light/8 h dark). Plant tissues from three ovule conditions (anthesis, 

2DBA, frk1), as well as from mature dry pollen and from in vitro grown PTs were 

collected over the same period of time (2010). Total RNAs were extracted using TRIzol 

reagent (Life technologies). Ovaries were dissected to remove the pericarp and flash-

frozen in liquid nitrogen upon harvest. PTs were obtained through incubation in BK 

liquid medium for 5 h (Brewbaker and Kwack 1963). 

RNA-seq was performed using two next-generation sequencing platforms. First, the 454 

GS-FLX Titanium platform was used to sequence the ovules and PTs, with each sample 

occupying one sequencing plate. cDNA libraries were constructed with the rapid library 

preparation kit (Roche) after an mRNA enrichment step performed with Dynabeads 

Oligo(dT)25. Second, the Illumina HiSeq 2000 platform was used to sequence ovules at 

anthesis stage only, which occupied one lane. The cDNA library was prepared using the 

TruSeq cDNA preparation kit (Illumina). For S. gandarillasii and S. tarijense, RNAs 

from anthesis ovules were sequenced likewise using the Illumina Hiseq 2000 platform.  

2.2.2 Sequence Assembly and Curation 

For S. chacoense, 454 reads were assembled into 53524 contigs using Newbler the 

package (Margulies, Egholm et al. 2005). Illumina reads were assembled into 47138 

contigs using the Trinity package (Grabherr, Haas et al. 2011). A sequence curation 

protocol was applied to the two primary assemblies, following a protocol described 

previously with modifications (Liu, Joly et al. 2015). In brief, contigs from both 

assemblies were concatenated and first blasted against the NCBI’s refseq_rna database 

using BLASTn to detect and split chimeric sequences into parts. Resulting sequences 

were then blasted against the NCBI’s refseq_protein using BLASTp. Frameshifted 
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contigs were resolved by addition of one or two Ns at the appropriate position in the 

sequence. Due to the large volume of RNA-seq data, contig groups were then generated 

based on all-versus-all BLASTn comparison. Contigs displaying high level of similarity, 

i.e. ≥ 95% sequence identity over ≥ 80% sequence coverage, were grouped and aligned 

with the MAFFT program (Katoh and Standley 2013). A consensus sequence was 

extracted from each alignment, constituting a hybrid assembly, on which we performed 

the above-mentioned chimera and frameshift curation steps again and obtained a final 

dataset of 45211 consensus contigs. For S. gandarillasii and S. tarijense, Illumina reads 

were assembled using the Trinity package. 

2.2.3 Gene Expression Analysis 

The cDNA libraries made from three biological replicates of anthesis, 2DBA, frk1 ovules 

and leaf were barcoded and sequenced on the Illumina Hiseq platform, with each 

replicate occupying 1/4th of a lane. The expression level of contigs was assessed by 

mapping reads to the hybrid assembly with the Bowtie aligner (Langmead, Trapnell et al. 

2009). The RSEM program was used to estimate the abundance of contigs and to 

generate a matrix of raw read counts (Li and Dewey 2011). The edgeR package was used 

to compute adjusted fold-changes between conditions and the corresponding p-values 

(Robinson, McCarthy et al. 2010).  

Semi-quantitative RT-PCR validation of differential gene expression data was performed 

on selected genes using 70 ng of total RNA from anthesis, 2DBA, frk1 ovules and leaf in 

biological triplicates using the M-MLV reverse transcriptase kit (Invitrogen). The cDNA 

templates were amplified for 26 cycles for all genes tested. Ubiquitin was used as the 

internal control. Primer sequences used for RT-PCR analyses are listed in Table S2.1.  

2.2.4 Aniline Blue Staining 

Wild-type ovules (G4 genotype, S12S14 self-incompatibility alleles) were pollinated with 

compatible pollens (V22 genotype, S11S13 self-incompatibility alleles). Forty hours after 

pollination, pistils were fixed, squashed and stained following a protocol described 

previously (Matton, Maes et al. 1997). The pericarps were carefully removed before 
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squashing the pistils and staining. PT behavior near the ovule was observed with an Axio 

Imager.M1 microscope equipped with an Axiocam HRc camera (Zeiss). 

2.2.5 Scanning Electron Microscopy (SEM) 

Fertilized pistils were fixed, dehydrated and critical-point-dried as described previously 

(Gray-Mitsumune, O'Brien et al. 2006). Pistils were mounted on double-taped SEM stubs 

and the pericarps were dissected to reveal fertilization events prior to coating. Pictures 

were acquired with JEOL JSM-35 SEM. 

2.2.6 Protein Extraction  

Ovules at anthesis from S. chacoense were collected (pericarp removed), placed on dry 

ice and stored at −80 °C until use. For each extraction, 300 mg of ovules were used. For 

total protein extraction, samples were ground on ice with a mortar and pestle in liquid 

nitrogen until a fine powder was obtained. The powder was resuspended in a buffer 

containing 10 mM Tris·HCl  (pH 7.2), 0.5 mM L-cysteine and 0.01% (v/v) Triton X-100. 

The cold ovule paste was transferred to a 1.5 ml tube and ground again with a plastic 

pestle on ice until an aqueous extract was obtained. The homogenate was centrifuged for 

15 min at 13000 g and 4 °C. The supernatant was flash-frozen until used. For soluble 

protein extraction, Triton X-100 was omitted from the buffer. For glycoprotein 

purification, Con A Sepharose 4B beads (GE Healthcare) were used. Frozen ovules were 

ground on ice and total proteins were extracted in ConA binding buffer, containing 

10 mM Tris·HCl (pH 7.2), 0.5 M NaCl and 0.5 mM L-cysteine. Five hundred (500) µL 

bed volume of ConA beads were packed into a column and equilibrated with 10 mM 

Tris·HCl (pH 7.2). After loading the total protein extracts, the beads were washed with 

10 mM Tris·HCl (pH 7.2) and eluted with 1 M methyl-glucopyranoside in the wash 

buffer. Eluents were dialyzed against 10 mM Tris·HCl (pH 7.2) before application in PT 

guidance assay. 

2.2.7 semi in vivo PT guidance Assay  

Two types of PT guidance assays were used. When fresh ovules were used to attract semi 

in vivo-grown PTs, the assays were performed as described previously (Liu, Joly et al. 
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2015). In brief, 24 hours after compatible pollination of the S. chacoense G4 (♀) by the 

V22 (♂) genotypes, styles were excised and placed on a BK solid medium (Brewbaker 

and Kwack 1963), allowing PTs to exit the ovarian end of the style roughly 30 h after 

pollination. PT attraction toward different ovule clusters (anthesis) from S.chacoense, S. 

tarijensi and S. gandarillasii was evaluated in a single-choice assay system (Lafleur, 

Kapfer et al. 2015) The turning angle of each PT was measured with ImageJ 

(http://imagej.nih.gov/ij). Angle distribution was compared between conditions using a 

Kolmogorov–Smirnov (KS) statistical test (n > 100). When protein extracts were used to 

attract PTs, the attraction was evaluated in a two-choice assay system (Lafleur, Kapfer et 

al. 2015). On the one side, protein extracts (1 µl) was applied on BK agarose medium at 

24 h after pollination using a thin glass capillary inserted into a 0.5-10 µl pipet tip, at a 

distance of 700 µm away from the end of the style, with a 45° angle. On the other side, 

protein extraction buffer (1 µl) were used as negative control. Drop applications were 

performed under a stereomicroscope. A Student’s t-test was performed to evaluate the 

significance of PT attraction toward each protein extract (n = 150). Guidance response 

was observed in bright field with a Discovery V12 stereomicroscope equipped with an 

AxioCam HRc camera (Zeiss). 

2.2.8 in silico Predictions 

Bioinformatic predictions were performed for all protein sequences deduced from the 

hybrid assembly. Gene Ontology (GO) annotations were extracted using Blast2GO 

(Conesa and Gotz 2008). For GO enrichment analysis, the number of sequences 

associated with each GO-term was compared between datasets. GO-terms that had 

different numbers of associated sequences in two datasets (above 2-fold), and that had at 

least 3 associated sequences were reported as enriched, following a Fisher’s exact test (p-

value ≤ 0.05). Pfam motif search was performed using Pfam public database 

(http://pfam.sanger.ac.uk/). Protein secretion and glycosylation status was predicted using 

SignalP (Petersen, Brunak et al. 2011), SecretomeP (Bendtsen, Jensen et al. 2004), 

NetNGlyc and NetOGlyc (http://www.cbs.dtu.dk/services/). 
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2.2.9 Estimates of Diversifying Positive Selection 

The S. chacoense transcriptome was queried for genes encoding CRPs using the KAPPA 

program (Joly and Matton 2015). CRP orthologs in other solanaceous species were 

retrieved using the reciprocal best BLAST hits method and aligned codon-by-codon. 

Positive selection estimates were conducted based on the ratio of divergence at 

nonsynonymous and synonymous sites (dN/dS) in each alignment. Sequence similarity 

networks were generated using Cytoscape version 3.2.1. 

2.2.10 Accession numbers 

All raw sequence data used in this study have been submitted to the NCBI sequence read 

archive (http://www.ncbi.nlm.nih.gov/sra) under BioProject PRJNA299204, with 

accession numbers SRX1370955, SRX1370956, SRX1370981, SRX1370994, 

SRX1371065, SRX1371085, SRX1371099, SRX1371104-1106, SRX1371110-1115 and 

SRX1371203-1205. Assembled sequences from the curated hybrid assembly (>200 bp) 

have been submitted to the Transcriptome Shotgun Assembly Database in GenBank with 

the accession numbers GEDG01000001-GEDG01042873. 

 
2.3 Results 

2.3.1 Data Curation  

Through trancriptome curation, 13972 chimeras and 757 frameshifted contigs stemming 

from both individual de novo assemblies as well as from the effort of merging them were 

detected and curated. Curated sequences accounted for 13.9% and 0.8%, respectively, of 

the two assemblies. The resulting 454/Illumina hybrid assembly comprised 45211 

sequences. Of these, 33852 sequences have their CDS delimitated either through 

comparison to their best BLAST hit in the NCBI’s reference sequence (RefSeq) database 

(34.0%) or through theoretical prediction for contigs longer than 180 bp (66.0%). These 

CDS-containing contigs were used to perform various transcriptomic analyses in this 

study. 
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2.3.2 Validation of the Assembly Through Known Ovule-Expressed 

Genes 

To evaluate the quality of the hybrid assembly, nine genes previously demonstrated by 

RNA gel blot analyses and in-situ hybridizations to be expressed in S. chacoense ovules 

during pre- or post-fertilization events were surveyed. Various localizations were 

reported for these genes, including the egg and synergid cells (Lafleur, Kapfer et al. 

2015), ES (Germain, Gray-Mitsumune et al. 2013), micropylar region (Lantin, O'Brien et 

al. 1999, Lagace, Chantha et al. 2003), integument (Chantha, Emerald et al. 2006, Gray-

Mitsumune, O'Brien et al. 2006, Germain, Gray-Mitsumune et al. 2008) and placental 

epidermis (O'Brien, Chantha et al. 2005). All marker genes tested were correctly 

assembled. By contrast, the rapid alkalinization factor 3 (ScRALF3), whose expression 

decreases concomitantly with megagametogenesis progression and becomes totally 

absent in flowers at anthesis (Chevalier, Loubert-Hudon et al. 2013), was not found in the 

assembly, as expected to be absent in the anthesis ovule transcriptome. These results are 

summarized in Table S2.2.  

2.3.3 Gene Expression Validation  

The consistency of gene expression data obtained from three biological replicates for 

each condition was evaluated. As shown in Figure S2.1, the expression level for each 

gene derived from individual RNA-seq runs is highly reproducible across replicates (R2 > 

0.9), except for replicate #3 of anthesis ovules, which exhibits weak correlation with 

replicate #1 and #2 (R2 < 0.6). This replicate was thus not included in later analyses.  

Next, the accuracy of gene expression data was validated by RT-PCR using selected 

genes that showed different expression patterns in anthesis, 2DBA, frk1 ovules and leaf. 

Figure 2.1 reveals a strong correlation between RT-PCR results and the corresponding 

gene expression predictions, attesting that the digital gene expression data is an authentic 

representation of gene expression levels for S. chacoense ovule transcriptome.  
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Figure 2.1 RT-PCR validation of gene expression levels derived from RNA-seq data. 
Nine genes displaying different expression patterns in ovules at anthesis (A), 2DBA (D), 
frk1 (F) and leaf (L) were randomly chosen. Ubiquitin (ScOT_16634) was used as the 
internal control. The expression level fold-changes obtained from differential gene 
expression analysis for each gene is shown as a heat map, as compared to the expression 
level in anthesis ovules. 

Verification of the accurate assembly of marker genes and the gene expression data 

collectively confirmed the high quality of the hybrid assembly and the sufficient depth of 

RNA-seq used for differential gene expression analyses, enabling us to carry out 

comparative transcriptomic analyses with high confidence. 

2.3.4 Functional Annotation of S. chacoense Ovule Transcriptome 

Previously, gene expression during S. chacoense embryogenesis was analyzed using a 7.7 

K cDNA microarray (Tebbji, Nantel et al. 2010). As the first next-generation sequencing-

based transcriptome study in this species, functional annotations were performed globally 

using Blast2GO program based on amino acid sequences extracted through CDS 

delimitation. GO-terms were successfully extracted from 72.4% of genes. Number of 

proteins associated with each GO-term is indicated under biological process, molecular 

function and cellular component (Figure S2.2A–C). With a particular interest in plant 

reproduction and ovule development, we observed that proteins associated with 

“developmental process” (GO: 0032502), “reproduction” (GO:0000003) and “growth” 

(GO:0040007) accounted for 8.0% of all annotated genes, as shown in Figure S2.2A. 

Noticeably, during the BLAST step, only the most informative blast hit was retained to 

describe each gene. Table S2.3 provides an overall description of the basic characteristics 

for these proteins, including their known functions, GO annotations, Pfam family and 
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domain information as well as gene expression levels among different ovule conditions in 

S. chacoense.  

2.3.5 Identification of ES-dependent genes 

To identify ES-expressed genes in S. chacoense, gene expression profiles were compared 

between wild-type and Scfrk1 ovules, which entirely lack an ES. As shown in Figure 

S2.3A, Scfrk1 ovules exhibit a highly distinguishable expression profile, in which 818 

genes were significantly downregulated as compared to wild-type ovules, under a 2-fold 

cut-off (p-value ≤ 0.05). Among these 818 ES-dependent genes, 312 genes were 

abundantly expressed in anthesis ovules as compared to leaf under a 5-fold cut-off 

(Figure 2.2 and Table S2.4). 
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 GO enrichment analysis was performed for Scfrk1-downregulated genes against Scfrk1-

unregulated genes to determine if certain functional categories are enriched in the ES-

dependent gene list. As summarized in Table S2.5, genes associated with “regulation of 

protein localization to cell surface” were exclusively present in the former, indicating this 

GO-term (GO:2000008) was significantly enriched in the ES (2-fold cut-off, p-value ≤ 

0.05). These genes (ScOT_32048, ScOT_36982 and ScOT_36991) encode for egg cell-

secreted EC1-like peptides as recognized by their two signature motifs (S1 and S2) and 

are required for gamete fusion prior to double fertilization (Sprunck, Rademacher et al. 

2012). Other GO-terms associated with polysaccharide catabolic process (GO:0000272), 

cell wall modification (GO:0042545) and regulation of hydrolase activity (GO:0051336) 

were also significantly enriched in ES-dependent genes. 

Figure 2.2 Euler diagram showing overlaps between gene sets differentially regulated in 
frk1, 2DBA ovules and leaf, as compared to anthesis ovules. Differentially regulated 
genes are defined based on a 2-fold cut-off and p-value ≤ 0.05 in the comparison between 
three ovule conditions. Ovule-enriched genes refer to the ones upregulated in anthesis 
ovules relative to leaf by 5-fold cut-off and p-value ≤ 0.05, as indicated by the dotted 
concentric circle. 
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2.3.6 Developmentally Regulated Genes During ES Transition From 

FG6 to FG7 Stage  

In 2DBA immature ovules, though the overall size is not significantly different from a 

mature ovule, the majority of the ovules are at FG6 stage. To identify genes essential to 

the ES transition from FG6 to FG7, gene expression profiles were compared between 

mature and slightly immature ovules at 2DBA (Figure S2.3B), in which 1355 genes were 

upregulated in mature ovules compared to 2DBA ovules, thus being potentially 

associated with polar nuclei fusion, synergid cell maturation and antipodal cells 

degeneration. Of these, 782 genes were ovule-enriched as seen in their abundant 

expression in anthesis ovules as compared to leaf as determined by a 5-fold threshold 

(Figure 2.2 and Table S2.4).  

Among developmentally regulated genes in S. chacoense ovules, ScOT_03461 encodes 

an ortholog to the cyclic nucleotide-gated ion channel 7 and 8 as determined by the 

phylogenetic distances between ScOT_03461 and 20 members of the CNGC family in 

Arabidopsis (data not shown). Both AtCNGC7 and 8 are essential to PT growth. Both are 

highly expressed in pollen and, to a lessor extent, in flowers (Tunc-Ozdemir, Rato et al. 

2013). As expected from its expression in A. thaliana, ScOT_03461 was also weakly 

expressed in S. chacoense mature ovules. Nonetheless, it was 5-fold more expressed in 

mature vs. 2DBA ovules and absent in leaf, suggesting a FG localization, with its low 

expression in mature ovules possibly associated with the dilution effect from ovule 

sporophytic tissues. Another gene expressed during the 2DBA to anthesis transition is 

ScOT_26781. It encodes a ScRALF2 peptide, which was previously isolated from a 

fertilized ovule cDNA library in S. chacoense (Germain, Chevalier et al. 2005). Up-

regulation of ScOT_26781 from 2DBA ovules to mature ones suggests its involvement in 

late stages of ES maturation.  

GO enrichment analysis revealed that genes associated with isoflavonoid biosynthesis 

process (GO:0009717) were enriched in developmentally regulated gene list, as 

compared to unregulated genes during the 2DBA to anthesis transition (Table S2.6), 

suggestive of their special involvement in ovule development. ScOT_09522 encodes an 
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isoflavone reductase (IFR), which shares 96.2% of nucleotide identity to the IFR-like 

CP100 gene in S. tuberosum, whose expression is significantly enhanced upon 

pollination (van Eldik, Ruiter et al. 1997). In accordance with the developmental 

regulation feature of ScOT_09522, interestingly, an IFR-like protein OSP130 sharing 

67% of amino acid identity to ScOT_09522, was previously found in S. chacoense ovule 

secretome, which was upregulated in anthesis ovule exudates relative to the ones in 

2DBA ovules (Liu, Joly et al. 2015).  

According to differential gene expression analyses conducted between three ovule 

conditions, a subset of 284 genes was found abundantly expressed in wild-type mature 

ovules, while concurrently under-represented in Scfrk1 and 2DBA ovules, as summarized 

in Figure 2.2 and Table S2.4. Of these, 74.6% were ovule-enriched when compared to 

their expression in leaf. Due to the absence of an ES in frk1 ovules and a FG6 stage ES in 

slightly immature ovules 2DBA, these overlapping 284 genes were potentially expressed 

in the ES and associated with late ES maturation (FG6 to FG7), a stage crucial to 

successful pollen–pistil interactions. Previously, we have shown that neither Scfrk1 nor 

2DBA ovules attract semi in vivo grown PTs (Lafleur, Kapfer et al. 2015, Liu, Joly et al. 

2015). Consistently, in vivo pollination confirmed such guidance defect in Scfrk1 mutant, 

where wild-type PTs grew randomly on Scfrk1 ovules using all available surfaces without 

entering the micropyle, as shown in both aniline blue staining and SEM images (Figure 

2.3). As a result, this gene pool is not only important for ES development but also 

provides candidates mediating PT guidance processes. 
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Figure 2.3 PT guidance in wild-type and frk1 plants. Upper panels are squashes of 
pollinated pistils (pericarp removed). PTs were stained with aniline blue. (A) PT behavior 
near wild-type ovules. Dotted red lines indicate the contour of each single ovule. Red 
arrowhead indicates PTs that turned sharply to target the ovule for double fertilization. 
(B) PT behavior near frk1 ovules. PTs migrated randomly on the surface of ovules. 
Lower panels are SEM images of in vivo pollinated pistils. (C) PT behavior near wild-
type ovules showing PTs elongated along the placental epithelium, with the micropyle 
facing the placental side of the ovule. (D) PT behavior near frk1 ovules. PTs that 
elongated randomly on the surface of the ovule were colored in blue. Scale bar = 100 µm. 
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2.3.7 Solanaceous Species Encode Highly Diversified Cysteine-Rich 

Peptides (CRPs)  

CRPs are signaling molecules implicated in numerous pollen–pistil interactions 

(Higashiyama 2010, Marshall, Costa et al. 2011) and are particularly well represented in 

the FG of the ovule (Jones-Rhoades, Borevitz et al. 2007, Punwani, Rabiger et al. 2008). 

In the S. chacoense transcriptome, 59 ovule-enriched CRPs were identified, and were 

abundantly expressed in anthesis ovules when compared to leaf tissues (5-fold cut-off, p-

value ≤ 0.05). All these CRPs bore a N-terminal signal peptide. Through sequence 

alignment, ScCRPs are classified into various subgroups, including defensin-like (DEFL) 

proteins, lipid-transfer proteins (LTP), early culture abundant 1 (ECA1) gametogenesis-

related proteins, EC1, RALF, and thionin-like proteins, etc. Interestingly, novel CRP 

motifs that were not identified in any previously defined CRP subgroups were also 

uncovered, accounting for 22% of the total number of CRPs identified. Table S2.7 

summarized the classification of ScCRPs and extracted the cysteine spacing pattern for 

each subgroup. According to differential gene expression analyses, 41% of ovule-

enriched ScCRPs were simultaneously under-represented in ES-devoid Scfrk1 and 

slightly immature ovules at 2DBA, suggestive of their special involvement in ES 

maturation and PT guidance processes. 

Some CRPs have been shown to be highly polymorphic among species. By calculating 

the rate of non-synonymous substitutions vs. synonymous substitutions (dN/dS) between 

orthologous CRPs, several CRPs under positive selection have been identified, indicating 

rapid evolution among species (Kanaoka, Kawano et al. 2011, Takeuchi and 

Higashiyama 2012). To uncover species-specific CRPs in solanaceous species, an 

orthology survey was conducted in close relatives S. gandarillasii and S. tarijense (here 

denoted as Sgan and Star, respectively). For 59 ScCRPs, reciprocal best BLAST hits 

method identified 27 SganCRP orthologs and 28 StarCRP orthologs in the S. 

gandarillasii and S. tarijense de novo assembled ovule transcriptome, respectively (Table 

S2.7). Interestingly, 50% of the StarCRP orthologs were under positive selection with a 

dN/dS ratio above 1, whereas none of the SganCRP orthologs was. Interestingly, S. 

gandarillasii is phylogenetically closer to S. chacoense than S. tarijense (Rodríguez and 
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Spooner 2009). This is also vindicated by the absence of PT guidance from S. chacoense 

PTs toward S. tarijense ovules, whereas S. gandarillasii ovules can attract S. chacoense 

PTs (Figure 2.4). These results undoubtedly suggest a positive corelation between 

species-specificity of PT guidance and their taxonomic distance. 

 

Figure 2.4 Chemotropism of S. chacoense PTs toward (A) S. chacoense ovule clusters 
(anthesis) (B) S. tarijense ovule clusters (anthesis) and (C) S. gandarillasii ovule clusters 
(anthesis). Scale bars = 400 µm. (C) Schematic depiction of semi in vivo PT guidance 
assay in S. chacoense. The angles of PT curvature toward ovules from different species 
were compared by the Kolmogorov–Smirnov test (KS). Results obtained from KS test 
indicated S. tarijense ovules induced significantly different PT behavior (p = 0.00) as 
compared to S. chacoense ovules, whereas S. gandarillasii ovules induced similar PT 
attracting behavior to S. chacoense ovules (p = 0.69). 

 

Furthermore, the divergence of CRPs between S. chacoense and S. tarijense also 

indicates a rapid evolution of CRPs in solanaceous species ovules. Figure 2.5 exemplified 

the most represented, ovule-enriched CRP subgroups in solanaceous species, classified 

based on their cysteine patterns, sequence similarity and gene expression levels in ovules 

and leaf. 
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Figure 2.5 Classification of ovule-enriched CRP subgroups in the ovule transcriptome of 
S. chacoense and their orthologs in S. gandarillasii and S. tarijensi. Divergent LURE-
peptides in Arabidopsis were used as outgroups. Each node represents a CRP, belonging 
to S. chacoense (blue), S. gandarillasii (green), S. tarijensi (red), A. thaliana (light 
orange) and A. lyrata (dark orange). Larger node size indicates the downregulation of 
corresponding CRP in both frk1 and 2DBA ovules (2-fold cut-off, p-value ≤ 0.05) and 
leaf (5-fold cut-off, p-value ≤ 0.05). Smaller node size indicates the downregulation in 
leaf only. Edge length and width indicates amino acid sequence identity between two 
CRPs. 
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2.3.8 Divergent Molecules Are Recruited From the ES of S. chacoense 

and A. thaliana To Accomplish Reproductive Processes  

So far, 113 genes in Arabidopsis have been experimentally confirmed for their cell-

specific expression pattern in the FG of the ovule (Drews, Wang et al. 2011). Their 

putative orthologs were queried in the S. chacoense transcriptome, more specifically in 

ovule-expressed genes (Table S2.8). Using an E-value cut-off of e-10, 49 of the 113 

Arabidopsis genes shared putative orthologs in S. chacoense ovules, of which 55% 

showed expression level of anthesis ovules/leaf ≥ 2-fold and 24% showed expression 

level of anthesis ovules/leaf ≥ 5-fold (p-value ≤ 0.05), indicating ovule-enriched 

expression of known Arabidopsis ES genes in S. chacoense ovules. Among the 64 genes 

with no close matches, 40 (63%) encoded highly polymorphic CRPs. We then applied a 

higher stringency cut-off (E-value e-10 with a minimum of 50% amino acid sequence 

identity and 50% coverage) to this orthology search; putative orthologs were retrieved 

from only 23 ES-expressed genes (20%) in Arabidopsis (Table S2.8). This result suggests 

that a portion of the ES-expressed genes is conserved between S. chacoense and 

A. thaliana as judged by their high sequence similarity. However, the majority of ES-

expressed genes are largely divergent in two species and such difference was not 

restricted to the polymorphic CRPs family. 

In order to compare the two FG profiles on a broader scale, ES-expressed candidates in 

S. chacoense were compared to their well studied counterparts in Arabidopsis using 

equivalent ES-devoid mutant ovules, including determinant infertile1 (dif1) (Jones-

Rhoades, Borevitz et al. 2007, Steffen, Kang et al. 2007), coatlicue (coa) (Johnston, 

Meier et al. 2007) and sporocyteless/nozzle (spl/nzz) (Yu, Hogan et al. 2005, Sanchez-

Leon, Arteaga-Vazquez et al. 2012) background. Additionally, genes expressed in 

individual cell types of the ES in Arabidopsis were also included (Wuest, Vijverberg et 

al. 2010).  

To allow divergent sequences to be identified in the orthology search, genes displaying a 

minimum identity of 30% based on a minimum coverage of 60% in the alignment are 

reported in Table S2.9. Ninety (90) genes were collectively identified in the FG profile of 
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the two species, accounting for 8.3% of ES-dependent genes in S. chacoense. These 

included a leucine rich-repeat receptor-like kinase ERECTA-like 1 (ERL1) 

(ScOT_32446) involved in signal transduction during organ growth and flower 

development (Shpak, Berthiaume et al. 2004), a MADS box transcription factor AGL80 

(ScOT_40704) required for central cell differentiation (Portereiko, Lloyd et al. 2006, 

Bemer, Wolters-Arts et al. 2008, Steffen, Kang et al. 2008), and a γ-amino butyric acid 

(GABA) transaminase 2 (ScOT_10034) required for sporophytic PT guidance by creating 

an increasing gradient of GABA from the stigma to the micropylar region of the ovules 

(Palanivelu, Brass et al. 2003). However, the Arabidopsis GABA transaminase 2 (POP2) 

contains a mitochondria-targeting sequence, whereas ScOT_10034 is a leaderless 

secretory protein as predicted by SecretomeP. Previously ScOT_10034 protein was also 

detected in the S. chacoense ovule secretome (Liu, Joly et al. 2015).  

GO enrichment analysis between the two FG profiles revealed that GO-terms associated 

to double fertilization processes were consistently enriched in the ES of S. chacoense and 

A. thaliana (Figure S2.4). Several GO-terms were specifically enriched in the ES of S. 

chacoense only, while being significantly under-represented in the ES of A. thaliana, 

such as glycoside metabolism (GO:0016137), intercellular transport (GO:0010496), 

activation of MAPK activity (GO:0000187) and γ-amino butyric acid metabolism 

(GO:0009448). By contrast, some Arabidopsis ES-enriched GO-terms were under-

represented in S. chacoense as well. These include defense response (GO:0009814), 

gametophyte development (GO:0048229) and organ morpgogenesis (GO:0009887), etc. 

Such difference may stem from the extensive duplication events in Arabidopsis genome 

(Blanc, Barakat et al. 2000). The resulting multigene families, usually accompanied by 

functional redundancy within each family, significantly enriched certain GO-terms in the 

FG of Arabidopsis. In all, the GO-terms reported in this heat map reveal a large 

difference of the functional categories between S. chacoense and A. thaliana, which 

corresponds well to the high sequence divergence discovered in these two species (Table 

S2.8 and S2.9). 
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2.3.9 The Glycoprotein Fraction of Total Ovule Extracts Enhances PT 

Attraction Efficiency 

Post-translational modifications modulate multiple aspects of proteins activity, including 

half-life and cellular location, as well as interactivity behavior towards other proteins. For 

secreted proteins, N- and O-linked glycosylation are common co- and post-translational 

modifications that participate in several biological processes, such as ligand binding 

affinity (Haweker, Rips et al. 2010), protein stability (Inoue, Ikawa et al. 2008) and 

protein folding (Frank, Kaulfurst-Soboll et al. 2008). Of the 59 CRPs enriched in S. 

chacoense ovules, 35 (59%) were predicted to harbor potential N- and/or O-glycosylation 

sites (Table S2.7). Since these CRPs were candidates associated to PT guidance processes, 

and the majority of them being predicted as glycosylated proteins, the relationship 

between glycosylation and PT guidance was examined.  

Protein extracts were obtained from ovules at anthesis stage, which were previously 

shown to attract growing PTs in S. chacoense (Lafleur, Kapfer et al. 2015). Three ovule 

extracts were tested: total proteins, including both soluble and membrane proteins; 

soluble proteins; and the glycoprotein fraction purified by Concanavalin A affinity 

chromatography. Here, PT attraction was evaluated in a two-choice assay system, where 

ovule extracts and negative control (buffer only) were applied at equal distance from PT 

exiting point from the style.  

Although all three fractions attracted PTs in a two-choice semi in vivo assay (p < 0.001), 

attraction percentage increased concomitantly with the enrichment of the glycoprotein 

fraction by 18%, and was also accompanied by a decrease in the percentage of neutrally 

responding PTs, as summarized in Table 2.1. Figure 2.6A−B showed PT attraction by the 

glycoprotein fraction, as contrasted by the neutral response when using extraction buffer 

in Figure 2.6C. 
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The guidance response of semi in vivo grown PTs was tested in the two-choice assay 
system, where ovule extracts and negative control (buffer only) were deposited on the PT 
growth medium at equal distance to the exiting point of PTs. Toward extract category 
sums the total number of styles that have the majority of PTs grow toward protein 
extracts. Neutral sums the styles that have the majority of PTs grow symmetrically 
toward both sides. p-value was calculated by Student’s t-test between “toward extract” 
and “toward buffer” populations, based on 4 independent semi in vivo assays for each 
protein extract. 

Table 2.1 Statistics of two-choice PT attraction assay 

Category Total protein Soluble protein Glycoprotein 
Toward extract 76/151 (50%) 84/149 (56%) 101/148 (68%) 
Toward buffer 15/151 (10%) 18/149 (12%) 7/148 (5%) 

Neutral 60/151 (40%) 47/149 (32%) 40/148 (27%) 
p-value 1.62E-03 8.55E-06 8.064E-05 
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Figure 2.6 Glycoprotein fraction from total ovule extracts attracts PTs in the two-choice 
assay system. (A, B) Glycoprotein fraction was deposited on the left side of the medium 
while the extraction buffer used during glycoprotein purification was deposited on the 
right side, at equal distance to the exiting point of PTs. Protein drops left a circular print 
on each side of the style. (C) Extraction buffer was deposited on both sides of the style. 
Scale bar = 400 µm. 
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2.4 Discussion 

2.4.1 All Features In One Hybrid Assembly: Long Reads, Coverage, 

Optimized Accuracy and Extracted Consensus From Contig Groups to 

Facilitate High Throughput Bioinformatic Analysis 

The S. chacoense ovule transcriptome was sequenced using two distinct next-generation 

sequencing RNA-seq platforms. The 454 RNA-seq technology generated long reads with 

an average length of 400 nt. In parallel, Illumina HiSeq technology generated short reads 

of 100 nt. Considering the size of the whole potato genome (844 Mb) (Potato Genome 

Consortium 2011) and the anthesis ovule trancriptome generated by Illumina sequencing 

(29 Gb), the sequencing depth can be estimated at 34-fold using the Lander/Waterman 

equation (Lander and Waterman 1988). The deep sequencing coverage thus provides a 

massive data amount to characterize and annotate a comprehensive solanaceous ovule 

transcriptome. 

The Hybrid 454/Illumina assembly was previously shown to outperform individual 454 

and Illumina assemblies (Hornett and Wheat 2012). Therefore two primary assemblies 

were merged and curated simultaneously following a curation protocol designed to 

correct chimeras and frameshifts originating from de novo assembly (Liu, Joly et al. 

2015). Merging of two next-generation sequencing RNA-seq assemblies enabled us to 

exploit both the long reads from 454 data and the sequencing depth from Illumina data. 

For example, of the 59 ovule-enriched CRPs (Table S2.7), 11 CRPs were acquired 

through 454 RNA-seq and 14 CRPs were acquired through Illumina RNA-seq, while the 

majority of 34 CRPs were obtained from the hybrid assembly, demonstrating its robust 

performance over individual ones. 

Following this protocol, 15% of the assembled contigs were detected as chimeric or 

frameshifted sequences. These were curated to produce a high-quality ovule 

transcriptome, eliminating chimeras and fixing frameshifts. Contig groups were then 

created. Contig sequences sharing high sequence similarity (≥ 95% sequence identity 

over ≥ 80% sequence coverage) were clustered and a consensus sequence was extracted 
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from each contig group. This largely condensed the massive data volume and enabled the 

generation of a concise CDS sequence database for high-throughput annotations and 

bioinformatic predictions (Table S2.3). Additionally, this curation pipeline (Joly and 

Matton, unpublished) can be extended readily to other transcriptome studies, laying a 

solid ground for analyzing next-generation sequencing data in non-model species. 

2.4.2 Solanaceae/Brassicaceae Split Resulted In Highly Divergent 

Reproductive Biology 

Following an exhaustive orthology search for conserved ES-dependent genes in 

S. chacoense and A. thaliana, it was shown that only 8.3% of the ES-dependent gene list 

from S. chacoense were detected in A. thaliana, based on a minimum identity of 30% and 

coverage of 60% on the query sequence (Table S2.9). Furthermore, the heat map created 

to present the GO enrichment results between these two FG-expressed genes profiles 

revealed that various GO-terms associated with a vast array of biological processes were 

differentially enriched in S. chacoense compared to A. thaliana (Figure S2.4), thus 

supporting the high divergence found in the ES-gene pool.  

This result can be partially explained by the prevalence of highly polymorphic CRPs in 

the FG. By investigating the CRPs in S. chacoense ovules, 46 CRPs comprising six CRP 

subgroups were found, including DEFL, LTP, ECA1, EC1, RALF, and thionin-like 

subgroups. An additional 13 CRPs contained novel CRP motifs unique to solanaceous 

species (Figure 2.5 and Table S2.7).  

In addition, such a difference between the FG profiles from these two organisms could be 

related to the pleotropic effects stemming from the use of different mutants that produce 

ES-less ovules (FRK1, DIF1, SPL, COA) for genetic subtraction. This observation was 

supported by the rather limited overlaps between FG-expressed genes in Arabidopsis 

alone across multiple studies, in which only 10 genes (out of 2729) were detected among 

all four data sets (Sanchez-Leon, Arteaga-Vazquez et al. 2012). Moreover, different 

sequencing platforms were adopted in these studies, including ATH1 microarray 

(Johnston, Meier et al. 2007, Steffen, Kang et al. 2007), tiling array (Jones-Rhoades, 
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Borevitz et al. 2007), and massively parallel signature sequencing (Sanchez-Leon, 

Arteaga-Vazquez et al. 2012) for Arabidopsis and 454 pyrosequencing and Illumina 

platforms in the current study. 

Yet, another fundamental reason for the divergence of ES-genes in the two organisms 

may be traced back to their evolutionary history. S. chacoense and A. thaliana belong to 

two different families, i.e. the Solanaceae and Brassicaceae, respectively that diverged 

around 112-156 million years ago (Yang, Lai et al. 1999). Consistent with this, 40 CRPs 

encoding domain of unknown function (DUF784) in A. thaliana were downregulated in 

dif1 ovules and 37 of them required the expression of the MYB98, a key transcription 

factor regulating synergid cell differentiation and PT guidance (Jones-Rhoades, Borevitz 

et al. 2007). In contrast, only one DUF784 protein (ScOT_28214) was downregulated in 

Scfrk1 ovules and the MYB98 transcription factor was not detected in three Solanum 

species (S. chacoense, S. tuberosum and S. lycopersicum).  

Apart from FG profiles, other major differences exist between the two lineages. For 

example, in order to reject self-pollination, Brassicaceae species use a sporophytic self-

incompatibility system that involves the recognition of the male determinant S-locus 

cysteine-rich protein (SCR) (Takayama, Shiba et al. 2000) and the female determinant S-

locus receptor kinase (SRK) (Kachroo, Nasrallah et al. 2002). In contrast, Solanaceae 

self-incompatibility is of the gametophytic type, which involves the pistil-produced 

allele-specific S-RNases that enter the PTs, and a counteracting array of pollen-expressed 

F-box proteins (McClure and Franklin-Tong 2006). Similarly, a recent investigation on 

the mitogen-activated protein kinase kinase kinase (MAPKKK, or MEKK) family 

revealed an expansion of this family in S. chacoense (FRK1-6) as well as in other 

Solanaceae species like potato and tomato, compared to A. thaliana (MPKKK19, 20 and 

21) (Daigle and Matton, 2015). So far, ScFRK1 (Lafleur, Kapfer et al. 2015), ScFRK2 

(Gray-Mitsumune, O'Brien et al. 2006, O'Brien, Gray-Mitsumune et al. 2007) and 

ScFRK3 (Daigle and Matton, unpublished) have been shown to be involved in pollen and 

ovule development, while no reproductive roles have yet been associated with their 

closest counterparts in Arabidopsis, suggesting a clear functional divergence. 

Collectively, these data indicate that the gene population in the FG of S. chacoense is 
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highly divergent from that of A. thaliana and suggest S. chacoense may employ a 

solanaceous-specific reproductive biology. 

2.4.3 Glycoprotein Enrichment Enhances PT Attraction 

A chemotactic transmitting tissue-specific (TTS) glycoprotein that attracts semi in vivo 

grown PTs and that supports PT growth in vivo by providing an increasing gradient of 

glycosylation from the stigma to the ovarian end of the style was previously isolated from 

the style of Nicotiana tabacum (Cheung, Wang et al. 1995, Wu, Wang et al. 1995). 

Similarly, the TTS from Nicotiana alata induces chemotropism of semi in vivo grown 

PTs (Wu, Wong et al. 2000). TTS belongs to the arabinogalactan protein (AGP) family 

that is hydroxyproline-rich and massively O-glycosylated on hydroxyproline residues. 

Using specific monoclonal antibodies against the carbohydrate moiety, AGPs were 

detected in the synergid cell, the filiform apparatus and the micropylar region of the 

ovule in Arabidopsis, a localization closely associated with PT guidance (Coimbra, 

Almeida et al. 2007).  Glycosylated-TTS proteins are key molecules that induce PT 

chemotropism in the pre-ovular stage. Yet, a relationship between glycosylation and 

ovular PT guidance has not been observed. Our results strongly suggests that increasing 

purification of the glycoprotein fraction from anthesis ovules modified PT chemotactic 

behavior and increased the attraction efficiency as compared to non-enriched 

glycoprotein fractions (Figure 2.6 and Table 2.1). 

Recently, two genes involved in protein N-glycosylation in the endoplasmic reticulum, 

namely TURAN and EVAN, were shown to be required for successful PT reception in 

Arabidopsis (Lindner, Kessler et al. 2015). This study showed the importance of N-

glycosylation in PT reception and thus suggests a dual recognition system, where the 

interaction between both protein backbone and glycosyl residues of the male and female 

gametophytes is required for PT reception. This dual recognition can be adopted during 

ovular PT guidance by recruiting glycoproteins as attracting molecules. Though no 

glycosylation modification has been reported for micropylar guidance attractants in 

Torenia (Okuda, Tsutsui et al. 2009, Kanaoka, Kawano et al. 2011), Arabidopsis 

(Takeuchi and Higashiyama 2012) or maize (Marton, Cordts et al. 2005), this post-
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translational modification could be adopted by other organisms during micropylar 

guidance or participate in other guidance mechanisms, e.g. in long-distance guidance. 
 

2.5 Supplementary Data 

Figure S2.1 Gene expression correlations between three biological replicates in anthesis 

ovules (blue), frk1 ovules (orange), 2DBA ovules (red) and leaf (green) obtained from 

RNA-seq data. Each dot represents the expression level of a gene measured in counts per 

million reads (CPM). The square of Pearson correlation coefficient is shown in each 

scatter plot.  
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Figure S2.2 Bar plots showing the number of proteins associated with GO terms. (A) 

Biological process (B) Molecular function (C) Cellular component  
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Figure S2.3 Comparison of gene expression profiles between different ovule conditions 

by MA plots. (A) Anthesis vs. frk1 ovules (B) Anthesis vs. 2DBA ovules. Each dot 

represents a gene in the ovule transcriptome. The x-axis indicates the expression level of 

each gene in anthesis ovules. The y-axis indicates the corresponding fold-changes. Red 

and blue dots represent significantly up and downregulated genes in each comparison (p-

value ≤ 0.05, |fold-change| ≥2). Dotted lines mark the fold-change threshold (2-fold) in 

differential gene expression analyses. Dark gray dots represent significantly regulated 

genes (p-value ≤ 0.05, 1≤ |fold-change| ≤2). Light gray dots represent unregulated genes 

(p-value ≥ 0.05) between two expression profiles.  
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Figure S2.4 GO enrichment analysis of ES-dependent genes in S. chacoense (frk1 mutant 

background) and A. thaliana (dif1, spl, and coa mutant background), compared to 

unregulated genes in frk1 ovules. All GO-terms that are significantly regulated (2-fold 

cut-off, p-value ≤ 0.05) in the ES of S. chacoense were included in the heat map. 
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The supplementary tables are available via a link from: 

https://dl.dropboxusercontent.com/u/8321715/Supplementary_Tables_ChapterII.zip 

 

Table S2.1 RT-PCR primers used to validate gene expression predictions obtained from 

RNA-seq data 

Table S2.2 Validation of the assembly through known ovule-expressed genes in S. 

chacoense 

Table S2.3 Functional annotation of S. chacoense transcritome 

Table S2.4 Summary of differentially expressed genes between three ovule conditions 

and leaf  

Table S2.5 GO enrichment analysis on gene sets between ES-dependent (frk1-

downregulated) and frk1-unregulated genes 

Table S2.6	 GO enrichment analysis on gene sets between two ovule developmental 

stages 

Table S2.7 Classification of CRPs in S. chacoense and their orthology survey in other 

solanaceous species  

Table S2.8 Orthology survey of validated ES-expressed genes of A. thaliana in S. 

chacoense ovule transcriptome 
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Abstract 

During plant sexual reproduction, continuous exchange of signals between the pollen and 

the pistil (stigma, style, and ovary) plays important roles in pollen recognition and 

selection, establishing breeding barriers and, ultimately, leading to optimal seed set. After 

navigating through the stigma and the style, pollen tubes (PTs) reach their final 

destination, the ovule. This ultimate step is also regulated by numerous signals emanating 

from the embryo sac (ES) of the ovule. These signals encompass a wide variety of 

molecules, but species-specificity of the pollen−ovule interaction relies mainly on 

secreted proteins and their receptors. Isolation of candidate genes involved in pollen–

pistil interactions has mainly relied on transcriptomic approaches, overlooking potential 

post-transcriptional regulation. To address this issue, ovule exudates were collected from 

the wild potato species Solanum chacoense using a tissue-free gravity-extraction method 

(tf-GEM). Combined RNA-seq and mass spectrometry-based proteomics led to the 

identification of 305 secreted proteins, of which 58% were ovule-specific. Comparative 

analyses using mature ovules (attracting PTs) and immature ovules (not attracting PTs) 

revealed that the last maturation step of ES development affected almost half of the ovule 

secretome. Of 128 upregulated proteins in anthesis stage, 106 were not regulated at the 

mRNA level, emphasizing the importance of post-transcriptional regulation in 

reproductive development. 

Keywords: pollen–pistil interactions, ovule exudates, secretome, chemoattraction, pollen 

tube guidance, gel-free nano-LC−MS/MS, label-free quantification 
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3.1 Introduction 

Communication through extracellular signals starts with the synthesis and secretion of 

signaling molecules from a signaling cell(s). Some molecules may remain bound to the 

signaling cell and only affect cells in its vicinity. Such a case can be seen in the 

attachment of sperm to egg cells during fertilization in mammals via the interaction 

between sperm-tethered membrane protein Izumo (Inoue, Ikawa et al. 2005) and its sole 

surface receptor Juno (Bianchi, Doe et al. 2014) on the egg cell to achieve proper gamete 

binding. In most cases, however, signal molecules are secreted, followed by their active 

transport or diffusion, to where they exert their function. Detection of the signals by the 

target cell then relies on specific receptor proteins that relay this information inside the 

cell, where a second signaling phase starts, leading to appropriate downstream responses. 

One way to address the compendium of secreted proteins that could play roles in 

extracellular signaling is to analyze the secretome of a specific tissue or organ under 

various developmental conditions or following biotic or abiotic stresses. The secretome 

refers to the proteins and peptides that are secreted out of the plasma membrane and, 

more specifically in plants, to the cell wall and apoplastic fluid. So far, secretomic studies 

have been reported for some tissues in angiosperms including root cap, seeds, seedlings, 

fruit pericarps, leaves, and stems in planta, as well as in cell suspension cultures (Wen, 

VanEtten et al. 2007, Goulet, Goulet et al. 2010, Pandey, Rajamani et al. 2010, Gupta, 

Wardhan et al. 2011, Song, Zhang et al. 2011, Zhou, Bokhari et al. 2011, Floerl, 

Majcherczyk et al. 2012, Regente, Pinedo et al. 2012, Konozy, Rogniaux et al. 2013). 

Secretomes of reproductive tissues have also been conducted in tobacco, maize, lily, and 

olive tree stigmas (Sang, Xu et al. 2012, Rejon, Delalande et al. 2013, Rejon, Delalande 

et al. 2014) as well as in PTs (Hafidh, Potesil et al. 2014). In gymnosperm species, the 

secretome of pollination drops was also reported (Prior, Little et al. 2013). These 

originate from ovular secretion that fills the micropyle of the ovule to enhance pollen 

capture and facilitate pollen germination. 

Depending on the biological context, secreted proteins participate in a wide range of 

processes, directly or indirectly affecting their neighboring cellular environment. For 

instance, analysis of the root tip secretome revealed numerous proteins released to the 



 

 

88 

extracellular space that protect root tips from fungal infection (Wen, VanEtten et al. 

2007). To resist low-temperature stress, seedlings were reported to secrete antifreeze 

molecules in response to low-temperature stress (Gupta and Deswal 2012). Besides 

protecting against microbial infections and abiotic stresses, plants also use exudates to 

distinguish dissimilar individuals from their own siblings in the context of plant 

competition (Badri, De-la-Peña et al. 2012).  

Here, we report the first secretome study of a plant ovule, an organ deeply enclosed in the 

carpel, the female reproductive organ consisting of the stigma, style, and ovary. From 

pollen landing on the stigma until fertilization, PTs are believed to be precisely guided to 

target each available ovule (Higashiyama, Kuroiwa et al. 2003). In solanaceous species, 

the PT path is a continuous tract of specialized cells running from the stigma surface 

through the stylar transmitting tract that ultimately splits along the ovary septa and 

merges with the placental epithelium (Figure 3.1A), as showed in Solanum lycopersicum 

(Webb and Williams 1988) and Nicotiana alata (Cornish, Pettitt et al. 1987). In the 

preovular guidance stage, pollen grains germinate and elongate extracellularly in the 

transmitting tract of the style. After entering the ovary, ovular guidance cues take over to 

eventually steer the PT toward the micropyle (Figure 3.1B−D), a small opening at the 

ovule surface through which the PT penetrates to effect double fertilization (Dresselhaus 

and Franklin-Tong 2013, Higashiyama and Takeuchi 2015). Ovular guidance can be 

divided into three distinct steps, as depicted in Figure 3.1B. A long-distance activity was 

suggested to describe ovular signals that change PT trajectory from the intercellular space 

of the transmitting cells to the septum, associated with a tendency for PTs to emerge from 

the ovary proximal position to the stylar end (Hulskamp, Schneitz et al. 1995). This phase 

is illustrated by the phenotype observed in the Arabidopsis mutant for the pollen-

expressed cation/proton exchangers CHX21 and CHX23. In this mutant, PTs do not 

respond to ovular cues and fail to exit the transmitting tract (Lu, Chanroj et al. 2011). The 

second step involves funicular guidance, where PTs adhere to and migrate up the 

funiculus, a stalk-like structure that attaches the ovule to the placenta, and is followed by 

a third step, described as micropylar guidance, that targets the PT at close range, within 

~100−150 µm to the micropyle (Higashiyama, Kuroiwa et al. 1998, Palanivelu and 

Preuss 2006, Stewman, Jones-Rhoades et al. 2010). The latter two steps can be further 
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distinguished on the basis of the phenotype observed in the Arabidopsis mpk3/mpk6 

mutant (Guan, Lu et al. 2014). Here, the majority of mutant PTs exit the transmitting 

tract, but they either get lost in the septum or take a much longer time to eventually target 

the ovule, exhibiting a funicular guidance defect in vivo. Interestingly, in the mpk3/mpk6 

mutant, micropylar guidance is not affected, as demonstrated by a semi in vivo guidance 

assay, emphasizing the distinct nature of different signals controlling funicular and 

micropylar guidance, at least in Arabidopsis. 

 

Figure 3.1 Schematic depiction of PT growth in the S. chacoense pistil. (A) Longitudinal 
section of the pistil. Dark green indicates the PT pathway, a continuous cell tract 
originating from the stigma surface, extending through the style down to the placental 
epithelium, where it connects to the ovules. At the mature stage of an ovule, the ES 
consists of an egg cell, two synergid cells, and a central cell, embedded in one layer of 
integument in S. chacoense. (B) Close-up of an ovary transverse section. PT typically 
approaches the micropyle of an ovule through three guidance steps. Step 1 (long-distance 
guidance), PT emerges from the intercellular space of the transmitting tract to the 
placental surface; step 2 (funicular guidance), PT climbs up the funiculus; and step 3 
(micropylar guidance), PT navigates toward and into the micropyle. (C) Scanning 
Electron Microscopy (SEM) image of S. chacoense wild-type ovules connected to the 
placental tissue. The micropylar opening is hidden, facing the placental side. Dotted lines 
trace the position of the hilum. Noticeably, the particular morphology of S. chacoense 
ovules brings the micropyle in the immediate vicinity of the placental surface, rendering 
the micropyle directly accessible to emerging PTs. (D) SEM image of a S. chacoense 
ovule detached from the placenta. The dashed circle marks the micropylar opening. F, 
funiculus; H, hilum; M, micropyle; Ov, ovule; P, placenta. Scale bar = 30 µm.  
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Among the multistep control points of PT guidance, long-distance guidance activity, 

although shown to be governed by the ovule, is largely unexplored (Hulskamp, Schneitz 

et al. 1995). Funicular guidance appears to be associated with the ovule sporophytic 

tissues (Lausser, Kliwer et al. 2010), as demonstrated by the pop2 (Palanivelu, Brass et 

al. 2003), siz1-2 (Ling, Zhang et al. 2012), and pdil2-1 (Wang, Boavida et al. 2008) 

mutants, where PTs migrate up the funiculus but become lost near the micropyle. 

Micropylar guidance is controlled by the female gametophyte (Higashiyama, Yabe et al. 

2001). Such short-distance attractants have been identified in Torenia (Okuda, Tsutsui et 

al. 2009, Kanaoka, Kawano et al. 2011) and maize (Marton, Cordts et al. 2005) through 

transcriptomic analysis and in Arabidopsis (Takeuchi and Higashiyama 2012) through 

comparative phylogenetic studies. Collectively, these results suggest that the ovule is an 

active player in male−female gametophyte communication, guiding PTs to navigate 

through the ovarian mucilage to achieve double fertilization (Chevalier, Loubert-Hudon 

et al. 2013, Dresselhaus and Franklin-Tong 2013). 

Here, we present the ovule secretome as a different approach to study pollen–pistil 

interactions. By examining the protein composition of this bioactive environment, we 

anticipate gaining more insight into pollen−ovule interaction processes, involving PT 

growth stimulation, competency acquisition, guidance and PT repulsion. To this aim, 

comparative proteomic analyses were conducted on mature attracting ovules, as well as 

immature ovules, unable to attract PTs, as shown in semi in vivo assays. 

3.2 Material and Methods 

3.2.1 Plant Materials and Growth Conditions 

Solanum chacoense Bitt. individuals were greenhouse-grown under long-day conditions 

(16 h light/8 h dark). Two genotypes, G4 (S12S14 self-incompatibility alleles) and V22 

(S11S13), were used to perform compatible pollinations: G4 (♀) × V22 (♂). 

3.2.2 semi in vivo PT Guidance Assay for S. chacoense 

Semi in vivo guidance assays were performed as described previously (Lafleur, Kapfer et 

al. 2015). In brief, 24 h after pollination (HAP), styles were excised and placed on BK 
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solid medium (Brewbaker and Kwack 1963), allowing PTs to grow properly when 

exiting from the style around 30 HAP. Clusters of 5−10 ovules connected by placental 

tissue were positioned ~700 µm away from the end of the style (equivalent to the radius 

of the ovary), with a 45° angle. Two developmental stages were tested: mature ovules 

from flowers at anthesis (ES stage FG7) and immature ovules from 6 to 7 mm flower 

buds taken two days before anthesis (2DBA, ES stage FG6). Guidance response of 

emerging PTs to ovule clusters was observed in bright field with an Axio Observer.Z1 

microscope equipped with an AxioCam HRm camera (Zeiss). The turning angle of each 

PT was measured with ImageJ (http://imagej.nih.gov/ij). Angle distribution was 

compared between conditions using a two-sample Kolmogorov-Smirnov (KS) statistical 

test (n > 80).  

3.2.3 Scanning Electron Microscopy (SEM) 

S. chacoense G4 ovaries were hand-dissected to remove the pericarp (ovary wall). A 

group of ovules connected by placental tissues was fixed, dehydrated, and critical-point-

dried as described previously (Gray-Mitsumune, O'Brien et al. 2006). Since S. chacoense 

ovules align tightly around the placental tissues, some ovules from the clusters were 

removed under a stereomicroscope in order to leave enough space for single-ovule 

observation. The tissues were coated with gold−palladium and viewed in a JEOL JSM-35 

SEM. 

3.2.4 Collection of Ovule Exudates 

The pericarp was removed from the ovary. Ovule clusters connected by placental tissues 

were aligned on a 0.5% agarose strip (0.5 × 1 cm) and incubated in a humidified chamber 

for 24 h in darkness at room temperature. Ovules were then taken out with a needle, and 

the gel strip containing ovule exudates was placed in a 0.5 ml centrifuge tube perforated 

at the bottom. A small amount of glass wool was placed under the gel piece to allow the 

flow-through of ovule exudates to the collection tube and to retain the gel matrix in place 

during centrifugation. The device was then inserted in a 1.5 ml tube and centrifuged 

5 min at 5000 rpm. Exudates collected in the flow-through were centrifuged for 10 min at 
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14400 rpm and 4°C to remove residual impurities. The supernatant was flash frozen in 

liquid nitrogen and stored at −80 °C. 

3.2.5 Total Protein Extraction 

For western blot analyses and enzymatic assays, three biological replicates of whole 

ovules (50 −70 mg fresh weight, FW) were collected from flowers at anthesis, placed on 

dry ice and stored at – 80 °C until use. Samples were then ground on ice with a pestle in a 

buffer containing 30 mM Tris·HCl pH 7.5, 5 mM MgCl2, 100 mM KCl, 1 mM EDTA, 

1 mM EGTA, 0.1% (v/v) Triton X-100, 10% (v/v) glycerol, 5 mM DTT, 5% (w/v) 

insoluble PVPP, 5 mM ε-amino caproic acid, 1 mM benzamidine, 1 µg/ml leupeptin and 

2 mM PMSF, with a 3:1 ratio (milliliters of extraction buffer per gram of FW). 

Homogenates were centrifuged 15 min at 12000 g at 4 °C. Supernatants were further 

centrifuged for 5 min. Clarified supernatants were used immediately for enzyme activity 

measurement. For immunoblot analysis, an aliquot of the supernatant was immediately 

heat-denatured in SDS sample buffer and kept frozen at –20 °C until use. Proteins were 

quantified with the Bradford method using bovine serum albumin as a standard (Bradford 

1976). 

3.2.6 Enzymatic Assay  

Three biological replicates of ovule exudates were obtained for enzymatic assays. 

Lyophilized samples were solubilized in a buffer containing 30 mM Tris·HCl pH 7.5, 

5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 5 mM DTT, 5 mM ε-amino caproic acid, 

1 mM benzamidine, 1 µg/ml leupeptin, and 2 mM PMSF. The samples were centrifuged 

for 5 min at 12000 g and 4 °C to eliminate possible insoluble materials. Supernatants 

from the three samples were pooled in a final volume of 20 µL and used immediately for 

enzymatic activity assays. Triosephosphate isomerase (TPI) activity assays were 

performed according to a protocol described previously (Dorion, Parveen et al. 2005). 

One unit (U) of enzyme activity corresponds to the appearance of the reaction product at 

a rate of 1 µmol·min−1. Activity was tested in two independent experiments. Intracellular 

contamination of exudates was assessed as the percentage of TPI activity present in the 

exudates over that of the total ovule extract. 
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3.2.7 SDS-PAGE and Immunoblot Analysis 

Three independent ovule samples were obtained to perform western blots. SDS-PAGE 

analysis was performed on 15% acrylamide gels with 9.0, 3.0, 1.0, 0.3 and 0.1 µg of 

proteins from ovules at anthesis and 9.0 µg of proteins from ovule exudates. Proteins 

were then transferred onto a nitrocellulose membrane at 70 V for 60 min. Membranes 

were incubated with an anti-cytosolic TPI (cTPI) antibody (1/500 dilution) for 1 h at 

room temperature (Dorion, Parveen et al. 2005). Polypeptides were detected using goat 

anti-rabbit IgG secondary antibodies (1/10000 dilution) conjugated to alkaline 

phosphatase (Promega). The reaction was visualized using BCIP (5-bromo-4-chloro-3-

indolyl-phosphate) and NBT (nitro-blue tetrazolium) and was allowed to develop for 

20 min at room temperature. 

3.2.8 RNA Sequencing and de novo Assembly 

Total RNA was extracted using the TRIzol reagent (Invitrogen) as recommended by the 

manufacturer. Two next-generation sequencing platforms were used to generate the ovule 

transcriptome in parallel. First, the 454 GS-FLX Titanium platform was used to perform 

RNA-seq on ovules at anthesis and at 2DBA. cDNA libraries were constructed for each 

condition with the rapid library preparation kit (Roche) after an mRNA enrichment step 

performed with Dynabeads Oligo(dT)25 (Invitrogen). Reads were de novo assembled with 

Newbler software (Roche) (Margulies, Egholm et al. 2005). A second RNA-seq was 

performed with the Illumina HiSeq 2000 platform, on the anthesis sample only. The 

cDNA library was prepared using the TruSeq cDNA preparation kit (Illumina). A de 

novo assembly was then performed using Trinity software (Grabherr, Haas et al. 2011). 

Both assemblies were used to generate a reference ovule transcriptome for protein 

identification. 

3.2.9 Quantification of RNA Expression 

In order to assess differential gene expression for ovule-secreted proteins, three biological 

replicates of mRNA samples from anthesis and 2DBA ovules were sequenced on the 

Illumina platform as described above. Bowtie 2 software was used to align reads to all 

contigs encoding an ovule-secreted protein (Langmead, Trapnell et al. 2009). RSEM (Li 
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and Dewey 2011) and edgeR (Robinson, McCarthy et al. 2010) were used to compute 

expression fold-changes between conditions. Transcripts with a fold-change below –2.0 

or above 2.0 (p ≤ 0.05) were considered to be differentially regulated. 

3.2.10 Mass Spectrometry (MS) 

One microgram (1 µg) of lyophilized exudates from three biological replicates was 

trypsin-digested for 8 h at 37 °C. Samples were desalted with Ziptips (Millipore) and 

separated on a reversed-phase column (150 µm i.d. × 150 mm) equipped with a 

precolumn (0.3 mm × 5 mm) using a 56 min gradient from 10 to 60% (v/v) acetonitrile in 

0.2% (v/v) formic acid and a 600 nL/min flow rate on a 2D-nanoLC system (Eksigent). 

Liquid chromatography (LC) was connected to LTQ-Orbitrap Elite mass spectrometer 

(Thermo Fisher Scientific). Full-scan MS spectra were acquired in the Orbitrap with a 

mass resolution of 60000. The mass window for precursor ion selection was set to 2 m/z. 

Each full MS spectrum was followed by 12 MS/MS scans, where the 12 most abundant 

ions above a threshold of 10000 counts with charge ≥ 2 were subjected to collision-

induced dissociation in the linear ion trap at the Institute for Research in Immunology and 

Cancer (IRIC, Université de Montréal). The dynamic exclusion was set to 45 s. The 

collision energy was set to 35 with an activation Q of 0.25. 

3.2.11 Protein Identification and Quantification 

Spectral processing and peak list generation was performed using Mascot Distiller v2.5.1 

(Matrix Science). The data were searched with the Mascot search engine, v2.3.01, against 

concatenated forward and reversed six-frame translations of all 454 and Illumina contigs 

containing 100662 forward sequences. The reversed sequences served as decoys, as 

opposed to the forward sequences in the target database. Tolerance was set at 15 ppm for 

precursor and 0.5 Da for fragment ions. Variable modifications were specified, including 

carbamidomethylation of cysteine, oxidation of methionine, deamidation, and 

phosphorylation of serine, threonine, and tyrosine residues. The false discovery rate 

(FDR) was calculated as the ratio of decoy matches versus target matches. Initially, 

proteins at 5% FDR with at least 2 peptides detected were reported. We applied a 
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curation step to these contigs, as explained in Figure S3.1. After curation, proteins at 3% 

FDR with at least 6 assigned peptides were reported in the ovule secretome.  

Label-free protein quantification was performed using ProteoProfile program 

(http://www.thibault.iric.ca/ProteoProfile/). Mascot peptide identifications were matched 

to MS peak intensity extracted from the aligned MS raw data files (tolerances set to m/z: 

15 ppm and retention times: 1 min). Only peptides with a minimum intensity value of 

10000 counts were analyzed. Normalization was performed across different replicates 

and conditions for peptide intensities during each LC−MS run to adjust the median of 

their logarithms to zero. Protein intensities were summed using the median of all 

associated peptides. Only proteins defined by at least two quantified peptides were 

reported in ovule secretome. The mean coefficient of variation (CV) of protein intensity 

for ovule secretome at anthesis was 0.372 and 56.3% of proteins were below this mean 

(Figure S3.2). Proteins showing a fold-change below –2.0 or above 2.0 between 

conditions with a p-value below 0.05 following a Student’s t-test were reported as being 

differentially secreted. 

3.2.12 in silico Predictions  

Protein sequences were analyzed in silico for secretion predictions with the signalP 4.0 

(Petersen, Brunak et al. 2011) and SecretomeP 1.0 (Bendtsen, Jensen et al. 2004) 

(score ≥ 0.5) programs. Sequences were also blasted against the nr database using 

BLASTp with default parameters (Altschul, Gish et al. 1990). The best informative 

BLAST hits were retained. The Blast2GO program was used to annotate the ovule 

secretome (Conesa, Gotz et al. 2005). Protein families and domains information were 

retrieved from PFAM (http://pfam.sanger.ac.uk/).  

3.2.13 Estimates of Diversifying Positive Selection 

Positive selection estimates were conducted on cysteine-rich peptides (CRPs) in the ovule 

secretome based on the ratio of divergence at nonsynonymous and synonymous sites 

(dN/dS). For each CRP investigated, closest orthologs in 10 solanaceous species were 

retrieved using the reciprocal best BLAST hits method and aligned codon-by-codon. The 

codeml program from the PAML suite (Yang 2007) was run to compute likelihoods of 
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the M7 (neutralist) and M8 (selectionist) models using the phylogeny described by 

Goldberg, Kohn et al (Goldberg, Kohn et al. 2010). A likelihood ratio test was finally 

performed to determine if positive selection was acting on the aligned sequences. 

3.3 Results  

3.3.1 PTs Are Attracted By Mature Ovules 

The chemotropic effect from ovules at two developmental stages was examined. Figure 

3.2A,B shows typical PT behavior toward each ovule condition. Most PTs grew directly 

toward mature ovule clusters, whereas 2DBA ovule clusters showed lesser or no 

attraction. On the basis of the angles defined in Figure 3.2C for this assay, a 

Kolmogorov-Smirnov (KS) test was employed to statistically distinguish random growth 

from PT attraction by ovules (Figure 3.2D, n > 80). KS test results indicated that 

immature ovules exhibited significantly different PT behavior (p = 0.02) compared to that 

of ovules at anthesis stage. 

 
Figure 3.2 Chemotropism of PTs toward (A) anthesis ovule clusters and (B) immature 
ovule clusters (2DBA) in S. chacoense. Scale bars = 400 µm. (C) Schematic depiction of 
semi in vivo PT guidance assay in S. chacoense. Double-headed arrows define the angle 
of each PT in this assay. (D) The angles of PT curvature between two developmental 
stages were compared by the KS test. Results obtained from KS test indicated immature 
ovules exhibited significantly different PT behavior (p = 0.02) as compared to that of 
ovules at anthesis stage. 



 

 

97 

 
3.3.2 Secretome Protein Isolation Through A Modified Tissue-Free 

Gravity-Extraction Method (tf-GEM) 

In order to isolate proteins that could be involved in PT−ovule interactions, ovule 

exudates were collected. Two methods are commonly used for in planta protein 

collection, namely the vacuum-infiltration centrifugation (VIC) method (Terry and 

Bonner 1980) and the gravity-extraction-method (GEM) (Jung, Jeong et al. 2008). In the 

VIC method, a vacuum is applied to infiltrate buffer into the extracellular space and then 

the apoplastic fluid is harvested by centrifugation. In an effort to minimize cell damage 

during vacuum infiltration, the GEM was developed, where plant tissues are centrifuged 

directly at low speed to extract apoplastic fluid without bathing extracellular space in 

extraction buffer/H2O in advance. Due to the fragility of the ovule, a GEM-based system 

was specifically tailored for ovule secretome studies and named tf-GEM for tissue free-

GEM. A similar approach was also recently used to study PT secretome (Hafidh, Potesil 

et al. 2014). The workflow is schematically described in Figure 3.3. Briefly, a gel-based 

medium is used as a support for the tissue considered. The sample is placed on a gel, 

allowing the exudates to soak in the solid medium. Following incubation, ovules are 

removed, and the supporting gel is spun to recover the exudates. It should also be noted 

that both VIC and GEM methods aim to collect all apoplastic proteins including cell wall 

proteins, whereas the tf-GEM herein, by removal of ovule clusters before spinning, is 

intended to collect secreted proteins that diffuse from the apoplastic space.  
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3.3.3 Purity Assessment 

To monitor if dissection caused contamination of the ovule exudates due to intracellular 

protein leakage, presence and activity of a control protein, triose phosphate isomerase 

(TPI), was tested. First, a western blot was performed using an antibody specific for 

cytosolic TPI (cTPI), the main isoform of TPI present in plant tissues (Dorion, Parveen et 

al. 2005). This experiment revealed no trace of cTPI in ovule exudates, whereas a clear 

band was observed when using total ovule proteins as control (Figure 3.4). Second, a 

highly sensitive enzymatic assay assessing total TPI activity in the exudates (Dorion, 

Parveen et al. 2005) showed that  intracellular contamination was limited to 0.79% (Table 

3.1). These results confirm that tf-GEM is a noninvasive technique that minimizes 

cytosolic content leakage. 

  

Figure 3.3 Tissue-free GEM system workflow for ovule secretome isolation. After 
removal of the pericarp, ovule clusters are incubated on an agarose matrix. Following an 
overnight incubation, ovules are removed from the gel matrix under a stereomicroscope. 
The matrix is laid on top of glass wool in a small perforated tube, and exudates are 
collected in a larger tube by centrifugation. Collected protein exudates are flash frozen in 
liquid nitrogen and stored at –80  °C until use. 
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Data (±) indicate standard deviation of the means. Contamination was calculated from 
TPI activity in ovule exudates divided by the one from whole ovule extracts. 

3.3.4 Curation of Transcriptomic Data Drastically Increased Coverage 

for Protein Identification 

Maximization of protein identification by MS requires a high-quality reference proteome, 

which can be a major hurdle when using a nonmodel species like S. chacoense. Although 

annotated genomes are available for other solanaceous species such as potato 

(S. tuberosum) (Potato Genome Consortium 2011) and tomato (S. lycopersicum) (Tomato 

Genome Consortium 2012), reproductive proteins are often found to be highly divergent 

(e.g., LURE-type PT attractants or self-incompatibility S-RNases). Thus, the usage of an 

annotated genome derived from a related species in MS may increase the risk of missing 

species-specific proteins. Therefore, we used transcriptomic data from S. chacoense to 

Table 3.1 Assessment of TPI Enzymatic Activity in Whole Ovules Extracts and 
Ovule Exudates from S. chacoense 

TPI enzymatic activity (U·mg-1 prot) cytosolic 
contamination whole ovules  exudates 

12.928 ± 1.675 0.102 ± 0.013 0.79% 

Figure 3.4 Ovule exudates’ purity assessment. Western blot analyses of the cytosolic 
TPI isoform were performed from whole ovule extracts and ovule exudates to detect 
cytosolic leakage stemming from tissue wounding. Lanes 1−5, dilution series (9, 3, 1, 
0.3, and 0.1 µg) of total ovule proteins. Lane 7, ovule exudates (9 µg) obtained from 
the tf-GEM protein collection. 
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build our own reference proteome. First, RNA-seq assemblies from both 454 and 

Illumina platforms were translated into six frames and concatenated into an initial 

reference proteome. On the basis of this database, Mascot assigned 363 proteins 

(FDR=5%) to the ovule secretome. However, the large size of the RNA-seq database, the 

presence of untranslated regions (UTR), and the possibility of undesired peptide 

assignment to the junctions of concatenated amino acid sequences are factors that can 

increase the risk of false peptide discovery. In this study, a data curation protocol was 

designed to maximize and improve protein identification, as illustrated in Figure S3.1. 

We applied the curation protocol to the 363 initially identified proteins. These contigs 

were queried against refseq_rna and refseq_protein databases from NCBI with the 

BLASTn and BLASTx programs, respectively, in order to delimitate open reading frames 

(ORFs) and to resolve frameshifted and chimeric contigs. Following this protocol, 362 

curated proteins were obtained. On the basis of this refined reference proteome (362 

proteins), Mascot assigned 305 proteins (FDR=3%) to the ovule secretome. On average, 

17 peptides (ranging from 6 to 106 peptides) were assigned to each protein, compared to 

4 peptides for the former search. Accordingly, by using all identified peptides, the 

average protein coverage was increased from 13.6 to 67.3%, as calculated by Protein 

Coverage Summarizer (http://omics.pnl.gov/). This 5-fold increase in protein coverage 

increased the reliability of protein identification and demonstrated the feasibility and 

necessity of our curation protocol to MS sequencing, using transcriptomic data as 

reference.   

3.3.5 Ovule Secretome Annotation  

In all, 305 proteins were reported for the ovule secretome, with at least 6 peptides 

identified and a protein FDR of 3%. These are hereafter designated as ovule-secreted 

proteins (OSPs). Table S3.1 provides a catalog of these 305 proteins, with descriptions 

and annotations as predicted from bioinformatic analyses. Although a noninvasive 

method was used that did not require centrifugation or bathing the sample for exudates 

collection, it is noteworthy that the number of proteins recovered is consistent with other 

plant secretomic studies (Cheng, Blackburn et al. 2009, Cho, Chen et al. 2009, Hafidh, 

Potesil et al. 2014). Biological process GO (gene ontology) categories were used to 
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globally describe the ovule secretome (Figure S3.3). The most represented GO categories 

are associated with metabolism (GO:0008152; 26%), cell growth and/or maintenance 

(GO:0009987; 19%), single-organism process (GO:0044699; 21%), and physiological 

response to stimulus (GO:0050896; 8%). To a lesser extent, proteins that are associated 

with developmental process, growth, signaling and reproduction account for 8%. In 

parallel, PFAM domain and family information were queried. Proteins with the same 

domain or family accession were pooled and displayed in Table S3.2.  

Following Blast2GO annotation of biological processes, we examined protein secretion 

patterns of OSPs to study their predicted cellular localization. Protein secretion can 

proceed through different pathways. The best known is the classical ER−Golgi secretory 

pathway, where proteins require an N-terminal signal peptide (SP) for protein sorting. 

Lesser known are proteins secreted independently of the ER−Golgi pathway. A growing 

body of evidence demonstrates the importance of this unconventional protein secretion 

pathway, i.e., the production of leaderless secretory proteins, which could account for 

more than 50% of plant secretomes (Agrawal, Jwa et al. 2010). In the ovule secretome, 

64 (21%) proteins were predicted to possess a SP. Some 86 proteins (28%) were 

predicted as leaderless secretory proteins by SecretomeP while not being predicted by 

SignalP. Similarly, SP-containing proteins also accounted for 20% of root cap secretome 

(Wen, VanEtten et al. 2007) and of the semi in vivo-PT secretome (Hafidh, Potesil et al. 

2014).  

3.3.6 Specificity of the Ovule Secretome 

In order to sort out proteins that are unique to the ovule secretome, OSPs were separated 

into ovule-specific OSPs (oOSPs) and nonspecific OSPs (nOSP), by comparing them to 

the generally secreted proteins (GSPs) described in the PlantSecKB curated databases 

(Lum, Meinken et al. 2014), and stigma exudate proteins (SEPs) from lily (Lilium 

longiflorum), olive (Olea europaea) (Rejon, Delalande et al. 2013, Rejon, Delalande et 

al. 2014) and tobacco (Nicotiana tabacum) (Sang, Xu et al. 2012). SEPs were treated 

separately from GSPs since stigma exudates are active in in vitro PT chemotropism (Kim, 

Mollet et al. 2003) and might share a certain level of similarity with ovule exudates. The 

ovule secretome was then queried against the two aforementioned subproteomes with 
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BLASTp. Putative orthologs based on best hits with an e-value below 1×10−10, a 

minimum alignment coverage of 80% and a minimum amino acid identity of 50%, are 

reported in Table S3.3.  

As shown in Figure 3.5, 116 (38%) and 52 (17%) OSPs have a putative ortholog in the 

GSP and SEP databases, respectively, with an overlap of 41 proteins (13%) in all three 

profiles. OSPs shown to have a putative ortholog detected in either GSPs or SEPs were 

named nonspecific OSPs (nOSPs). The existence of nOSPs indicates that common factors 

are secreted into the extracellular matrix, regardless of the tissues examined. Such factors 

include pathogenesis-related (PR) proteins, like chitinase, β-1,3-glucanase, and 

peroxidases. Besides PR proteins, peptidases, heat shock proteins HSP70 and HSP90, and 

chaperonin 60 are also released to the extracellular environment. These proteins are 

mainly involved in plant defense against pathogens and stress responses (Jung, Jeong et 

al. 2008). A self-incompatibility ribonuclease (S-RNase, OSP286) was also found to be 

common among all three secretome profiles, although its putative ortholog in SEP 

database is only 32% identical to OSP286 due to the highly divergent nature of S-RNases 

(Matton, Maes et al. 1997).  

 
Figure 3.5 Diagram illustrating the number of oOSPs and nOSPs in the ovule secretome 
as compared to GSPs obtained from PlantSecKB database and SEPs collected from lily, 
olive, and tobacco stigma exudates. The gray area represents oOSPs. 
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In contrast to nOSPs, 178 OSPs did not have any ortholog in other known secretomes. 

These oOSPs accounted for 58% of the ovule secretome. Notably, these include a γ-

amino butyric acid-transaminase (GABA-T), OSP131, which was previously shown to be 

involved in sporophytic PT guidance in Arabidopsis (Palanivelu, Brass et al. 2003). Four 

members of the CRP family were also detected in the ovule secretome (OSP21, 123, 227, 

305), belonging to lipid-transfer proteins (LTP), early culture abundant 1 (ECA1) 

gametogenesis-related family, and thionin-like CRP subgroups. 

3.3.7 Label-Free Quantification Revealed Differentially Secreted 

Proteins Between Mature and Immature Ovules 

As expected from the PT guidance assay, ovules at anthesis exhibited a distinct protein 

profile from that of nonattracting ovules (2DBA) in terms of secretion abundance. 

Compared to the 2DBA secretome, 128 and 7 proteins were, respectively, up- and 

downregulated at anthesis, whereas the abundance of the majority of proteins (56%) 

remained unchanged (Figure 3.6). Morphologically, the overall size of the ovule is not 

significantly different between 2DBA ovules and mature ones, but ES development is not 

yet completed in 2DBA ovules (Chevalier, Loubert-Hudon et al. 2013). At this stage, 

polar nuclei fusion in the central cell has not yet occurred while antipodal cells 

degeneration has not yet completed. Although synergid cells and egg cell are fully 

cellularized by 2DBA, vacuolar development inside the egg apparatus has just initiated 

(Chevalier, Loubert-Hudon et al. 2013). Since cell wall ingrowth at the micropylar apex 

of the synergid cells starts after the formation of a fully vacuolated, pear-shaped egg 

apparatus, the development of the filiform apparatus, although initiated, is most probably 

incomplete. Accordingly, immature ovules at 2DBA did not attract PTs (Figure 3.2). 

Indeed, synergids and the filiform apparatus had been previously shown to be involved in 

PTs attractant secretion (Higashiyama, Yabe et al. 2001, Kasahara, Portereiko et al. 

2005). 

 
On the basis of this result, we observe that, although deeply embedded in the ovule 

nucellus, the maturation step arising from stage FG6 to FG7 (mature ES) affected almost 
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half (44%) of the ovule secretome. The secretion status of ovule-expressed proteins is 

thus closely associated with late ES development. 

 

To extend our secretomic study, we conducted differential gene expression analyses for 

the 305 OSPs. As shown in Figure 3.7, there is no correlation between gene expression 

and secretion abundance. Of the 128 upregulated proteins at anthesis (14-fold on 

average), 83% (106) were not regulated at the mRNA level (1-fold on average), 

emphasizing the importance of post-transcriptional regulation in reproductive 

development and the necessity of conducting proteomic analysis in parallel to 

transcriptomic studies. 

Figure 3.6 Protein secretion ratio in anthesis vs 2DBA ovules. Each dot represents a 
secreted protein in ovule secretome. Protein secretion ratios with a value < 1.0 were 
inverted to avoid fractional number. A minus symbol (–) was added to these values to 
indicate a negative regulation. Blue dots highlight OSPs that have a secretion fold-change 
of anthesis/2DBA > 2.0 and a p-value < 0.05. Red dots highlight OSPs that have a 
secretion fold-change of anthesis/2DBA < – 2.0 and a p-value < 0.05. 
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3.4 Discussion 

3.4.1 tf-GEM, A New Approach for Secretomic Studies 

In this study, we established tf-GEM as a simple and efficient method to isolate tissue 

exudates with minimal cytosolic contamination. First, as shown in Figure 3.3, instead of 

severing individual ovules from the placenta, ovule clusters were placed on the agarose 

strip, preventing placental cells from directly touching the gel, thus minimizing cell 

leakage from wounded plant tissues. Second, unlike the VIC and GEM methods, tf-GEM 

does not require centrifugation of plant tissues that can lead to cell breakage. The 

Figure 3.7 Fold-change correlations between protein secretion abundance and gene 
expression during the 2DBA to anthesis transition. Each dot represents a secreted protein 
in the ovule secretome. Blue dots highlight OSPs that are upregulated at anthesis at the 
protein level (fold-change  > 2.0, p-value < 0.05). Red dots highlight OSPs that are 
downregulated at anthesis. Mean RNA (−1.03) and protein (+14.3) fold-changes from 
upregulated OSPs are represented as dotted lines. 
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noninvasive nature of the tf-GEM is also substantiated by its very low cytosolic 

contamination levels (Figure 3.4 and Table 3.1). 

3.4.2 A Long-Distance Guidance semi in vivo Assay for PT Attraction 

The guidance mechanism operating behind our semi in vivo system differs from that in 

previous models designed for Torenia (Higashiyama, Kuroiwa et al. 1998) and 

Arabidopsis (Palanivelu and Preuss 2006). While these aimed at observing micropylar 

guidance of a single ovule within a short distance between a PT and an ovule (~100−150 

µm), the current assay investigates guidance capacity of ovule clusters from a longer 

distance at ~700 µm. These two types of semi in vivo assays can be distinguished based 

on different PT behaviors in each system. In the single-ovule semi in vivo assay, PTs 

make an abrupt turn toward the micropyle only when they are near an ovule. In our assay, 

PTs gradually change their trajectory toward the ovule clusters, and this attraction can be 

seen as soon as PTs exit the bottom-end of the style. Although it is quite possible that 

short-range diffusible signals are also secreted onto the medium when ovule exudates are 

collected, the underlying mechanism behind our semi in vivo assay may point to a long-

distance guidance mechanism. 

3.4.3 The Ovule Secretome Defines a Microenvironment for Pollen–

Pistil interactions Before Fertilization 

In the ovular guidance stage, as soon as PTs exit the transmitting tract, they are in direct 

contact with the locular fluid produced by the placental tissues in the ovary. The 

carbohydrate composition of this fluid was studied previously in the angiosperm Gasteria 

verrucosa and includes fructose, sucrose, and glucose as the main components (Willemse 

and Franssen-Verheijen 1988). These carbohydrates are important for creating proper 

osmolarity for PT growth. In contrast, the protein composition had not been addressed. 

Profiling of the ovule secretome in S. chacoense provides the first description of the 

protein composition of the locular fluid, more specifically of ovular origin, based on the 

large difference observed between the mature vs. immature ovule secretomes. Our data 

suggests that proteins secreted in the locular fluid create a dynamic microenvironment 

that functions not only in PT growth and guidance but also in controlling late self-
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incompatibility, stress tolerance, and regulation of unconventional secretion from the 

ovules, to name a few. Here, we highlighted the importance of a few OSPs based on the 

different functional categories with which they are associated in pollen–pistil 

interactions.  

3.4.3.1 Intra- and Interspecific Incompatibility 

S-RNases are involved in gametophytic self-incompatibility in the Solanaceae, 

Scrophulariaceae and Rosaceae, preventing self-fertilization and inbreeding (McClure, 

Cruz-Garcia et al. 2011). BLASTp search assigned two putative orthologous S-RNases to 

OSP286: one from tobacco stigma exudates (S15-RNase) (Sang, Xu et al. 2012) in the 

SEP database and one from potato style (S2-RNase) (Kaufmann, Salamini et al. 1991) in 

the GSP database. OSP286 corresponds to the S14-RNase of S. chacoense (O'Brien, 

Kapfer et al. 2002). Although S-RNases are mostly expressed in the stylar transmitting 

tract where they exert their major function, i.e., self-PT growth cessation, in situ 

hybridization revealed that they are also expressed in the ovule integument and in the 

epidermal cells of the placenta that are continuous with the transmitting tract tissue 

(Matton, Bertrand et al. 1998), a localization consistent with the ovule secretome. 

Furthermore, accumulation of OSP286 is developmentally regulated, being 11-fold more 

abundant at anthesis compared to 2DBA (Table S3.1), consistent with the accumulation 

of the S-RNases and HT-B modifier genes in the style where peak accumulation occurs at 

the anthesis stage (O'Brien, Kapfer et al. 2002). We thus postulate that ovular-secreted S-

RNases may act as a late checkpoint for self-PTs that would have survived their journey 

through the style. This is not uncommon since ribonuclease activity can be quite variable 

between different S-alleles and even from style to style for the same allele.  

OSP30 is similar to PELPIII, a class III pistil-specific extensin-like protein with 

arabinogalactan protein (AGP) properties initially isolated from tobacco pistil (Goldman, 

Pezzotti et al. 1992), where it  was found to be expressed in the transmitting tract of the 

style and further translocated in the growing PT cell wall (Bosch, Knudsen et al. 2001, de 

Graaf, Knuiman et al. 2003). More recently, PELPIII was also shown to be required for 

proper rejection of interspecific pollen (Eberle, Anderson et al. 2013). Compared to 
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PELP III, OSP30 is proline-rich (16%) at the N-terminus, shares more than 50% identity 

with PELPIII at the C-terminus, and is predicted to be heavily O-glycosylated (Steentoft, 

Vakhrushev et al. 2013). AGPs have been detected in the ES of A. thaliana ovules 

(Coimbra, Almeida et al. 2007) as well as in other reproductive tissues (Pereira, Masiero 

et al. 2014). A member of the AGP family, the transmitting tissue-specific (TTS) protein 

is a PT growth simulant that also induces chemotactic behavior of semi in vivo grown 

PTs in tobacco (Cheung, Wang et al. 1995) and Nicotiana alata (Wu, Wong et al. 2000). 

OSP30 is developmentally regulated, with a 7-fold increase during ES maturation 

between the 2DBA and anthesis stages. Apart from rejecting interspecific PTs, OSP30 

might be involved in PT directional growth through its interaction with PTs. 

3.4.3.2 PT Guidance 

OSP 131 is a γ-amino butyric acid-transaminase (GABA-T), closely related to the A. 

thaliana GABA-T POP2, with 73.2% amino acid sequence identity. The Arabidopsis 

pop2 mutant is defective in GABA catabolism and accumulates GABA. In pop2 mutant, 

GABA accumulation leads to defective PT elongation in the transmitting tract via 

putative Ca2+-permeable channels on the PT plasma membrane (Renault, El Amrani et al. 

2011, Yu, Zou et al. 2014). In the pistil, POP2 degrades GABA and contributes to the 

formation of a GABA gradient from the stigma (lowest) to the inner integument (highest) 

and was shown to be important in leading the PTs to the micropyle (Palanivelu, Brass et 

al. 2003). However, compared to POP2, which bears a N-terminal mitochondrial 

targeting sequence, OSP131 lacks such a sequence, as predicted by both TargetP 

(Emanuelsson, Nielsen et al. 2000) and PSORT (Nakai and Horton 1999). In contrast, 

OSP131 is predicted as a leaderless secretory protein by SecretomeP. Since POP2 is a 

single-copy gene in Arabidopsis, the S. chacoense ovule transcriptome was queried for 

other isoforms of OSP131 that might be targeted to the mitochondria. A mitochondrial 

isoform of GABA-T sharing 68.5% amino acid identity with OSP131 was found, but is 

not detected in the ovule secretome. Two other GABA-T isoforms sharing 79 and 93% 

amino acid sequence identity with OSP131 were detected in the transcriptome and 

predicted as leaderless secretory proteins. However, they were also not detected in the 

ovule exudates. This suggests that in S. chacoense ovules OSP131 is delivered through 
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the unconventional protein secretion pathway and might function in the extracellular 

matrix of the ovary to mediate a GABA gradient. Interestingly, solanaceous species like 

potato and tomato have both mitochondria-targeted and leaderless secretory protein 

GABA-T, whereas Arabidopsis has only the mitochondrial isoform (data not shown).  

Besides GABA-T, four CRPs are also present in the ovule secretome. CRPs are of 

particular interest since short-distance guidance signaling involves several small secreted 

CRPs. The significance of diverse CRPs in pollen–pistil interaction has been recently 

reviewed in detail (Higashiyama 2010, Chae and Lord 2011, Marshall, Costa et al. 2011). 

According to cysteine motifs classified previously from plants (Silverstein, Moskal et al. 

2007), OSP21 (8-cys) belongs to the LTP subgroup of CRPs. OSP227 (6-cys) falls into 

the ECA1 gametogenesis-related family, whereas OSP305 (12-cys) is predicted to be a 

thionin-like protein. These three CRPs harbor a SP followed by a mature peptide of 

roughly 90 amino acids. Another thionin-like CRP, OSP123, is larger in size, with a 

predicted mature peptide of 133 amino acids and a peculiar organization of 18 cysteines 

comprising three blocks of six cysteines, of which the first two blocks have an identical 

cysteine pattern, sharing 84% sequence identity. Each block is preceded by a basic amino 

acid residue (lysine or arginine), suggesting a possibility of proteolytic processing 

through the presence of monobasic cleavage sites (Rholam and Fahy 2009), similar to 

what is observed in the BTH6 barley thionin (Plattner, Gruber et al. 2015). 

An orthology survey was conducted on these secreted CRPs in 10 related solanaceous 

species (Table S3.4). Data indicated that OSP21 (LTP) and OSP227 (ECA1) were both 

under positive selection (dN/dS >1). No reciprocal best-BLAST hit was assigned to 

thionin-like OSP123 and OSP305, likely due to their high divergence. Such divergent 

CRPs could be involved in reproductive processes in a species-specific manner. In 

particular, the secretion of OSP227 is regulated in the mature ES and marked as an 

upregulated OSP in the ovule secretome (Table S3.1). In Arabidopsis, 119 ECA1 genes 

remain functionally unknown (Sprunck, Hackenberg et al. 2014), although subcellular 

localization of several ECA1 genes was associated with the synergid cells (Jones-

Rhoades, Borevitz et al. 2007, Steffen, Kang et al. 2007). The putative ortholog of 

OSP227 was found only in Solanum tarijense, a very closely related species to S. 
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chacoense, among 10 other solanaceous species, suggesting that OSP227 is highly 

divergent and could function in a species-specific manner, as expected for short-distance 

guidance signals (Higashiyama, Inatsugi et al. 2006, Palanivelu and Preuss 2006).  

3.4.3.3 Stress Tolerance 

OSP130 is predicted to be an isoflavone reductase-like (IFR-like) protein, one of the 

leaderless secretory proteins. OSP130 is 66% identical (81% similar) to the pistil-

expressed and pollination-enhanced CP100, an IFR-like protein from S. tuberosum (van 

Eldik, Ruiter et al. 1997). Such IFR-like proteins in maize and Arabidopsis were shown 

to be involved in defense against oxidative stress (Babiychuk, Kushnir et al. 1995, 

Petrucco, Bolchi et al. 1996). Transgenic plants overexpressing rice IFR-like gene 

exhibited growing tolerance to reactive oxygen species (ROS) in leaves and suspension-

cultured cells (Kim, Kim et al. 2010). In the context of ES development, the central cell 

was shown to be the main source of ROS before pollination. ROS were also shown to 

affect the central cell fate and were detected in synergid cells after pollination (Martin, 

Fiol et al. 2013). Furthermore, high levels of ROS under the control of the receptor-

kinase FERONIA (FER) were observed at the female gametophyte entrance, where ROS 

were shown to mediate PT rupture in order to release its sperm cells (Duan, Kita et al. 

2014). Considering OSP130 secretion is developmentally upregulated by 6-fold in 

anthesis ovules compared to that in 2DBA (Table S3.1), it will be interesting to examine 

the localization of OSP130 in the ovule and explore its potential role in ROS regulation, 

ES development, and PT guidance.  

3.4.3.4 Unconventional Secretion  

Four nOSPs were annotated as 14-3-3 proteins. The extracellular localization of 14-3-3’s 

was confirmed by in situ immunolocalization in root border cells of pea and maize (Wen, 

VanEtten et al. 2007). 14-3-3’s are encoded by a gene family containing multi-isoforms 

(Wu, Rooney et al. 1997, DeLille, Sehnke et al. 2001). One characteristic of 14-3-3’s is 

their highly conserved core and divergent N- and C-terminus sequences, which possibly 

explains their organelle-specific functions (Chung, Sehnke et al. 1999). 14-3-3 proteins 

are generally involved in signal transduction. They can modulate protein function through 
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interaction with their phosphorylated binding partners and are therefore considered to be 

phospho-sensors. 14-3-3 proteins were also reported to stimulate unconventional 

secretion (Carreno, Goni et al. 2005). The presence of four distinct 14-3-3 proteins in our 

data set may relate to the high percentage of leaderless secretory proteins found in the 

ovule secretome. On the other hand, phosphorylation is one of the fastest responses to 

relay a stimulus to the cellular machinery. This post-translational modification could be 

employed by PTs in response to chemoattractant cues in order to promptly change their 

growth direction. It is possible that ovule-emitted 14-3-3’s are used to modulate signal 

transduction of phosphorylated proteins in PTs once they are internalized. Of all of the 

14-3-3 family OSPs, only the secretion of OSP23 is upregulated at anthesis, suggesting 

that it may be involved in reproductive-related processes. 

3.4.4 ES Developmental Stage Influences Secretion Status of 44% of the 

Ovule Secretome 

The developmental stage of the ES between FG6 and FG7 stages influenced the secretion 

of 44% of total OSPs. Thus, the late transition from an ES that has unfused polar nuclei, 

immature filiform apparatus and not fully degenerated antipodal cells to a fully mature 

ES leads to a drastic change in protein secretion. Since ovules at 2DBA are defective in 

PT attraction (Figure 3.2), these 128 OSPs could be involved in PT directional growth 

and guidance and thus provided a candidate pool for the study of isolating PT attractants. 

These OSPs may be directly secreted from the ES or secreted from the sporophytic tissue 

of the ovule, mainly the integument. Of major interest, this comparative analysis between 

mature and immature ovules revealed that, during the last maturation step of ES 

development, 106 of the 128 upregulated proteins are not regulated at the mRNA level 

(Figures 3.6 and 3.7), suggesting a late translation of the mRNAs that had accumulated at 

the 2DBA stage and/or the selective secretion of already-made proteins at anthesis stage, 

emphasizing the importance of post-transcriptional regulation in reproductive 

development. 
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3.5 Conclusion  

The study of ovule secretome in S. chacoense reveals that various ovular signals are 

secreted to the ovarian locules, which form an active microenvironment to interact with 

approaching PTs. Comparative proteomic analysis allowed us to identify 128 secreted 

proteins potentially involved in pollen−ovule interactions, including PT guidance 

processes that are closely associated with the ES transition from the penultimate stage 

onward. Of these 128 upregulated OSPs from anthesis stage ovules, the majority was 

found to be unregulated at the mRNA level. This lack of correlation in gene expression 

and protein secretion suggests a strict regulation exerted from the ES over ovular signal 

secretion, vindicating this novel approach in the study of pollen–pistil interactions as a 

robust alternative to transcriptomic studies. 
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3.6 Supplementary data 

Figure S3.1 Protein identification using customized protein database derived from RNA-

seq data and its optimization through contig curation protocol. Ovule RNAs were 

sequenced in parallel using 454 and Illumina next-generation sequencing platforms. Two 

de novo assembled ovule transcriptome were generated, comprising 100662 sequences in 

total. MS/MS spectra obtained from ovule exudations were searched against six-frame 

translations of the concatenated database. Contig curation was applied to the initially 

identified 363 proteins to fix frameshifts and chimera stemming from RNA-seq or 

assembly (module contig curation). Protein sequences in the ovule secretome were 

deduced after curation (module protein prediction). 
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Figure S3.2 Reproducibility of label-free quantification of ovule secretome based on 

three biological replicates. (A) Peptide intensity coefficient of variation (CV) vs. the 

number of relative peptides in the reference condition (anthesis). (B) Protein intensity CV 

vs. the number of relative proteins. Dotted lines mark 50% of the peptide and protein 

population, respectively. 
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Figure S3.3 GO classification of ovule secretome in S. chacoense. (A) A pie chart 

showing GO classification under biological process. (B) A bar plot displaying the 

proportion of sequences associated with each GO-term under biological process. (C) A 

pie chart showing GO classification under molecular function. (D) A bar plot displaying 

the proportion of sequences associated with each GO-term under molecular function. 
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The supplementary tables are available on the ACS Publications website at DOI: 

10.1021/acs.jproteome.5b00618. 

Table S3.1 Main characteristics of ovule secretome in S. chacoense.  

Table S3.2 PFAM domain and family annotation associated with each secreted protein in 

ovule secretome.  

Table S3.3 Determination of OSP specificity by comparison of ovule secretome to other 

secretomic datasets.  

Table S3.4 Ortholog survey of novel ScCRPs detected from the ovule secretome against 

other solaneceous species.  
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Abstract 

In previous chapters, comparative transcriptomic and secretomic approaches were used to 

identify ovular signals involved in PT guidance of S. chacoense, using PT attracting ovules 

(anthesis) vs. nonattracting ovules (slightly immature ovules at 2DBA and ES-devoid mutant 

frk1). Differentially regulated molecules include CRP family proteins, which are small secreted 

signaling peptides that have been reported to be abundantly expressed in the ES and participate 

in a vast array of pollen–pistil interactions, including self-incompatibility, PT adhesion to the 

stylar matrix, intracellular signaling in PT growth, PT guidance and gamete fusion. This study 

focuses on the evaluation of these CRPs for their possible involvement in S. chacoense ovular 

guidance. To this end, 28 ovular-expressed CRPs were selected based on strict criteria. Of these, 

18 CRPs have been previously identified in an initial comparative transcriptomic analysis using 

individual 454 and Illumina assemblies. These candidates were expressed in a bacterial 

expression system, purified, refolded and tested for their attraction activity toward semi in vivo 

grown PTs. The other 10 CRPs were most recently acquired upon transcriptome curation of the 

hybrid 454/Illumina assembly (Chapter II) and from the ovule secretome study (Chapter III), and 

are not included in the current screening. As a positive control for PT attraction functional assay 

(bead assay), anthesis ovule exudates were collected and were shown to induce chemotactic 

behavior of semi in vivo PTs (43%). However, purified candidate proteins did not show 

attraction activity. In order to overcome the difficulties during protein refolding and to achieve a 

bioactive form of recombinant proteins, both an Agrobacterium rhizogene-mediated plant 

expression system using S. chacoense roots and a Pichia pastoris yeast expression system 

intended for expressing secreted proteins with possible glycosylation modification were 

proposed to express new candidates. Meanwhile, to optimize PT behavior in the functional assay, 

the growth medium for S. chacoense PTs can be improved to sustain longer PT elongation after 

exiting the style, which will allow sufficient time for PTs to become competent before 

encountering purified candidates.  

Keywords: pollen tube guidance, chemoattractant, cysteine-rich peptide, differential gene 

expression analysis, protein refolding, semi in vivo assay 
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4.1 Introduction 

In flowering plants, double fertilization relies on successful pollen–pistil interactions for precise 

delivery of sperm cells to the ovule. To date, various small secreted peptides have been reported 

to play pivotal roles in cell-cell communication of pollen–pistil interactions, such as self-pollen 

recognition and rejection during self-incompatibility, PT growth stimulation, PT guidance, PT 

growth cessation and discharge (Higashiyama 2010).  

For example, phytosulfokine (PSK), a disulfated pentapeptide which was first reported to be 

functioning as a growth factor in roots and shoots in Asparagus officinalis (Matsubayashi and 

Sakagami 1996), was also recently reported to be involved in sexual reproduction in Arabidopsis 

(Sauter 2015, Stuhrwohldt, Dahlke et al. 2015). Indeed, the knockout of two PSK receptors in a 

pskr1-3 pskr2-1 double mutant causes a significant reduction of seed production. That reduced 

seed set was traced back to both maternal and paternal defects in PSK signaling which resulted in 

20% of ovules that failed to attract a PT. Tyrosine sulfation of PSK, which is carried out by 

tyrosylprotein transferase (TPST) in Arabidopsis (Komori, Amano et al. 2009), was 

demonstrated to be required for its activity as a growth factor, also seems to be necessary for its 

function in sexual reproduction, as the TPST knockout mutant tpst-1 displays a phenotype 

similar to the pskr1-3 pskr2-1 double mutant. 

Apart from PSK, a large number of reports have addressed the major involvement of CRPs in 

pollen–pistil interactions (Chae and Lord 2011, Marshall, Costa et al. 2011). CRPs constitute a 

large protein family that shares certain characteristics, i.e. small size (less than 160 amino acid 

residues), the presence of a signal peptide at the N-terminus and a divergent charged or polar 

mature peptide with conserved 4-16 cysteine residues (Silverstein, Moskal et al. 2007, Marshall, 

Costa et al. 2011). Based on a motif study of CRP family proteins, Silverstein, Moskal Jr. et al. 

identified 825 CRPs in Arabidopsis and 598 in rice, which was estimated to account for 2 to 3% 

of the total number of genes in each species (Silverstein, Moskal et al. 2007).  

Within the CRP super family, the three largest subgroups are the defensin and defensin-like 

(DEFL) proteins, the lipid transfer proteins (LTP) and the early culture abundant 1 (ECA1) 

gametogenesis-related proteins (Zhou, Silverstein et al. 2013). Their specific involvement in 

various stages of pollen–pistil interactions has been well characterized.  
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Of the DEFL subgroup, S-locus cysteine-rich (SCR) peptide is the male determinant of 

sporophytic self-incompatibility in the Brassicaceae (Takayama, Shiba et al. 2000). LURE-type 

peptides are micropylar PT chemoattractants in Torenia (Okuda, Tsutsui et al. 2009, Kanaoka, 

Kawano et al. 2011) and Arabidopsis (Takeuchi and Higashiyama 2012), while Zea mays 

embryo sac 4 (ZmES4) peptide mediates PT burst in maize (Amien, Kliwer et al. 2010). 

Of the LTP subgroup, the stigma/stylar cysteine-rich adhesion (SCA) protein is required for 

adhesion of PTs to the stylar transmitting tract epidermis in the hollow style of lily (Park, Jauh et 

al. 2000). SCA is secreted from both the pollen and the transmitting tract tissues. Positively 

charged SCA interacts with negatively charged pectin in the transmitting tract of the pistil to 

create an active extracellular matrix for the PT to attach (Mollet, Park et al. 2000).  

The study of SCA attracted the attention to LTPs in flowering plants. Twelve SCA-like LTPs 

were found in Arabidopsis (Chae, Gonong et al. 2010). These LTPs are expressed diversely in 

different floral reproductive tissues, indicating that these SCA-like LTPs may have evolved 

different roles in plant growth and reproduction as extracellular signaling molecules, instead of 

the conventional intracellular lipid transfer function. For example, SCA-like LTP5  (At3g51600) 

is expressed in both PT and the pistil transmitting tract tissues (Chae, Gonong et al. 2010). The 

ltp5-1 T-DNA insertion line exhibited delayed PT growth and decreased fertilization. Reciprocal 

crosses revealed that this mutant resulted in partial sterility in both male and female organs. In 

addition to LTP5, LTP3 (At5g59320) and LTP6 (At3g08770) are also SCA-like proteins. Both 

LTP3 and LTP6 are expressed specifically in the ovule, suggestive of a potential role in 

reproductive processes.  

Lastly, 119 ECA1 members were found in Arabidopsis and many are preferentially expressed in 

the synergid cell of the ovule (Sprunck, Hackenberg et al. 2014). Although their functions 

remain largely unexplored, a subclade of ECA1, the egg cell-secreted EC1 peptides were shown 

to trigger sperm cell activation in Arabidopsis by redistributing the potential gamete fusogen 

HAPLESS 2/GENERATIVE CELL SPECIFIC 1 to the sperm cell surface (Sprunck, 

Rademacher et al. 2012).  

In the quest for isolating ovular guidance cues from S. chacoense, we focused on investigating 

the role of ovule-expressed CRPs, based on prior knowledge of the involvement of CRPs in a 
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vast array of pollen–pistil interactions, and especially, in micropylar PT guidance in Torenia 

(Okuda, Tsutsui et al. 2009, Kanaoka, Kawano et al. 2011) and Arabidopsis (Takeuchi and 

Higashiyama 2012). 

Previous research on the S. chacoense ovule transcriptome (Liu, Joly et al. in preparation) and 

secretome (Liu, Joly et al. 2015) identified a total of 59 CRPs in this reproductive organ, all of 

which showed ovule-enriched expression as compared to leaf (5X cut-off, p-value ≤ 0.05; Table 

S2.7 and S3.1). On the basis of this gene list, candidate chemoattractants involved in ovule PT 

guidance of S. chacoense was selected. Here, a candidate selection strategy is described, together 

with their expression, purification, and the functional assays to validate their role in PT guidance. 

Meanwhile, the pitfalls incurred during the screening are analyzed and future perspectives of this 

ongoing project were discussed. 

4.2 Material and Methods 

4.2.1 RT-PCR 

Total RNAs from three ovule conditions (anthesis, 2DBA and frk1) and leaf was extracted using 

the TRIzol reagent (Life technologies). The ovary pericarp was removed before the extraction 

step. RT-PCR was performed using 70 ng of total RNAs from these samples using the M-MLV 

reverse transcriptase kit (Invitrogen). Twenty-six cycles were conducted to amplify candidate 

genes and UBIQUITIN using Crimson Taq polymerase (NEB). RT-PCR products were 

visualized using a 2% agarose gel. Primer sequences used in RT-PCR are listed in Table S4.1. 

Similarly, total RNAs from infiltrated leaves (see below) were extracted and RT-PCR was 

performed using 200 ng of total RNAs amplified for 30 PCR cycles. 

4.2.2 Transient Expression by Agro-Infiltration of Nicotiana benthamiana 
Leaves  

The binary vector pGWB8 was used to overexpress recombinant proteins with a polyhistidine 

tag at the C-terminus (Nakagawa, Kurose et al. 2007). Agrobacterium-mediated transient 

expression in Nicotiana benthamiana was performed using Agrobacterium tumefaciens strain 

EHA105 following a protocol as described (Kane, Agharbaoui et al. 2007), with modifications. 

The p19 suppressor for post-transcriptional gene silencing was used to enhance transient 
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expression of recombinant proteins (Voinnet, Rivas et al. 2003). In brief, the constructs and the 

p19 vector were transformed into EHA105 strain individually using electroporation. 

Agrobacteria carrying the gene constructs were grown in LB medium supplemented with 50 µg 

ml−1 kanamycin and 50 µg ml−1 rifampicin. Agrobacteria carrying the p19 vector were cultured in 

LB medium containing 5 µg ml−1 tetracycline and 50 µg ml−1 rifampicin. The agrobacteria 

culture was placed immediately on ice when the OD600 reached 0.7. Equal volume of the 

construct suspension and p19 suspension were mixed. To sediment agrobacteria, the mixture was 

centrifuged at 4,000 g for 15 min and then resuspended in equal volume of MMA infiltration 

medium containing 10 mM MgCl2, 10 mM MES (pH 5.6) and 200 µM acetosyringone (freshly 

added). This suspension was incubated at room temperature for 3 h. Infiltration was done on the 

lower side of N. benthamiana leaves of 3 to 4 weeks old plants with a 1 ml syringe. After 

infiltration, plants were kept in dark condition for 24 h. Infiltrated leaves were harvested 2 d after 

infiltration.  

4.2.3 Protein Extraction and Western Blot 

Western blots were performed to confirm protein expression in N. benthamiana leaves. Two 

leaves were ground in liquid nitrogen and solubilized with 1 ml extraction buffer containing 50 

mM Tris·HCl (pH 8.0), 500 mM NaCl and 20 mM imidazole supplied with protease inhibitor 

cocktail tablets (Roche). Protein extracts were swirled gently at 4 °C for 30 min and then 

centrifuged at 14,400 rpm for 30 min at 4 °C to remove cell debris. The supernatant (20 µg) was 

used for western blot. SDS-PAGE analysis was performed on 15% acrylamide gels. Proteins 

were transferred onto a nitrocellulose membrane at 90 V for 45 min at 4 °C. Membranes were 

incubated with an anti-polyhistidine antibody (1/10,000 dilution) for 3 h at room temperature 

(Life Technology). Proteins were detected using goat anti-mouse IgG secondary antibodies 

(1/5,000 dilution) conjugated with horseradish peroxidase (HRP) (Life Technology). The 

reaction was visualized using HRP substrate of luminol reagent catalyzed by peroxide solution 

(Millipore). 

4.2.4 Expression and Purification of Recombinant Peptides in E. coli 

Candidate genes were cloned in the expression vector pET28b carrying a polyhistidine tag at the 

C-terminus. Recombinant peptides were expressed in Escherichia coli Rosetta-gami 2 strain or 
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BL21 strain. The expression was induced by 1 mM isopropyl β-D-1-thiogalactopyranoside 

(IPTG) for 5 h at 28 °C. The protein purification strategy was adapted from the LURE-type CRP 

purification protocol (Okuda, Suzuki et al. 2013). 

For recombinant denatured proteins that aggregated as inclusion bodies, 1000 ml of E. coli 

culture was centrifuged and resuspended in 30 ml suspension buffer containing 50 mM Tris·HCl 

(pH 8.0), 50 mM NaCl and 1 mM ethylenediaminetetraacetic acid (EDTA). A French press was 

used to lyse bacterial cells. The inclusion bodies were collected by centrifugation at 14,000 rpm 

for 30 min at 4 °C. The inclusion bodies were washed twice in a solution containing 0.5% Triton 

X-100 (V/V) and 1 mM EDTA, and in 1 M NaCl to remove genomic DNA released from the 

breakdown of remaining cells. The inclusion bodies were solubilized in a solution containing 6 

M guanidine hydrochloride (Gnd·HCl), 50 mM Tris·HCl (pH 8.0), 500 mM NaCl, 20 mM 

imidazole and 1 mM freshly added β‑mercaptoethanol (BME) at room temperature for 3 h 

without shaking. Solubilized proteins were centrifuged at 20,000 rpm for 30 min at 4°C and 

ultra-filtrated (pore size 0.22 µm) to remove precipitates. 

Proteins were purified on HisTrap FF columns (GE Healthcare). On-column refolding was 

performed using a linear gradient of 6 − 0 M Gnd·HCl buffer containing 50 mM Tris·HCl (pH 

8.0), 500 mM NaCl, 20mM imidazole and 1 mM BME. Protease inhibitor cocktail tablets (Roche) 

were added to 0 M Gnd·HCl refolding buffer. Refolding was performed at a flow rate of 0.5 ml 

min−1 for a total of 800 min by fast protein liquid chromatography (FPLC) (ÄKTA Avant; GE 

Healthcare). Purified proteins were eluted in a solution containing 50 mM Tris·HCl (pH 8.0), 500 

mM NaCl, 500 mM imidazole and 1 mM BME supplied with protease inhibitors cocktail 

(Roche). After elution, 1 µl of eluate was taken from each fraction for verification on SDS-

PAGE. Fractions containing the desired protein were pooled and concentrated using Amicon 

ultra centrifugal filters at 3 K cut-off (Millipore). The concentrated 200−250 µl protein solutions 

were dialyzed against a redox buffer containing 100 mM L-arginine, 1 mM oxidized glutathione, 

10 mM reduced glutathione and 50 mM Tris·HCl (pH 8.0) at 4 °C for 3 d in order to properly 

fold the disulfide bonds. Finally, this redox buffer was exchanged into the final assay buffer 

containing 50 mM Tris·HCl (pH 8.0) using Amicon 3 K filters. Purified proteins were 

centrifuged at 14,400 rpm for 30 min at 4 °C to remove precipitates. For assay-ready purified 

proteins, the concentration was evaluated on a 2100 Bioanalyzer instrument (Agilent). 
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For recombinant proteins expressed as native protein from the supernatant, purification was 

performed by FPLC (ÄKTAxpress; GE Healthcare) at 4 °C. Similarly, 1000 ml of E. coli culture 

was centrifuged and resuspended in 30 ml suspension buffer containing 50 mM Tris·HCl (pH 

8.0), 500 mM NaCl and 20 mM imidazole supplied with protease inhibitors cocktail (Roche). 

Bacterial cells were lysed using pre-cooled French press. Cell lysate was centrifuged 

immediately at 14,400 rpm for 30 min at 4 °C to remove cell debris and impurities. Supernatants 

were loaded onto the HisTrap FF column, washed with the same suspension buffer and eluted in 

a buffer containing 50 mM Tris·HCl (pH 8.0), 500 mM NaCl and 500 mM imidazole supplied 

with protease inhibitor cocktail (Roche).  

4.2.5 Bead Assay 

PT attraction by candidate proteins was evaluated by the bead assay, following a protocol 

described by Okuda, Tsutsui et al (Okuda, Tsutsui et al. 2009). As indicated in this protocol, pre-

conditioned medium was prepared using 10 whole ovaries from S. chacoense flowers at anthesis 

stage submerged in 1 ml fresh BK liquid medium overnight. Guidance response of elongating 

PTs to purified proteins was observed in bright field with an Axio Observer.Z1 microscope 

equipped with an AxioCam HRm camera (Zeiss). 

4.3 Results 

4.3.1 Candidate Selection Strategy 

As described previously in Chapter II, RNA-seq of S. chacoense ovules identified 59 CRPs, all 

of which showed ovule-enriched expression as compared to leaf (5-fold cut-off, p-value ≤ 0.05) 

(Table S2.7). Of these, 24 CRPs were 2-fold more abundantly expressed (p-value ≤ 0.05) in 

attracting ovules (anthesis) vs. nonattracting ovules (frk1 and 2DBA), which provides a first pool 

of candidates.  

Another four CRPs (ScCRP3.1, 4.1, 6.1, 15.1) were detected in the ovule secretome through 

mass spectrometry (Chapter III). Of these, ScCRP4.1 was 2-fold more abundantly secreted (p-

value ≤ 0.05) from attracting ovules (anthesis) vs. nonattracting ovules (2DBA) (Table S3.1), 

whereas ScCRP3.1, 6.1 and 15.1 were not significantly regulated at the protein or RNA levels. 

Due to their presence in anthesis ovule exudates, a bioactive microenvironment in which PTs 
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were precisely targeted to the micropyle of the ovule, these four CRPs were added to the 

candidate list obtained from transcriptome analysis. Table 4.1 summarized the main 

characteristics of these 28 candidate CRPs. 

Of the 28 candidates, 18 genes were obtained through previous comparative transcriptomic 

studies of the same samples (A, 2DBA, and frk1 ovules), using the 454 and Illumina assemblies 

individually. The other 10 candidates were recently acquired through an optimized hybrid 

454/Illumina assembly from the transcriptomic study (Liu, Joly et al. in preparation), as well as 

through the ovule secretomic study (Liu, Joly et al. 2015). This chapter will focus on the 

expression, purification and functional assays of the primary 18 candidates. 
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a. NA indicates incomplete sequence  
b. Criterion 1. More abundantly expressed in attracting ovules (anthesis) vs. nonattracting ovules 
(frk1 and 2DBA) by 2-fold cut-off and p-value ≤ 0.05 (RNA-seq); Criterion 2. More abundantly 
secreted from attracting ovules (anthesis) vs. nonattracting ovules (2DBA) by 2-fold cut-off and 
p-value ≤ 0.05 (mass spectrometry, MS); Criterion 3. Present in anthesis ovule secretome (MS); 
Criterion 4. Ovule-enriched expression as compared to leaf by 5-fold cut-off, p-value ≤ 0.05) 
(RNA-seq). 
c. p-value ≤ 0.001*** ; p-value ≤ 0.01** ; p-value ≤ 0.1*; inf. refers to infinity values (division by 
zero) 

4.3.2 RT-PCR Confirmation of Candidate Genes Expression In Attracting 

Ovules With Low or Absent RNA Levels In Nonattracting Ovules 

Prior to expression and purification of the 18 candidate genes, RT-PCRs were performed to 

validate their relative abundance in attracting ovules (anthesis) vs. nonattracting ovules (2DBA 

and frk1). As shown in Figure 4.1, RT-PCR indicated that these selected genes were highly 

expressed in anthesis ovules, as opposed to low or zero expression in nonattracting ovules, 

consistent with the differential gene expression levels predicted by RNA-seq (Table S2.7). 

Therefore, gene expression and protein purification experiments were carried out for these 

validated candidates.  

 
 
 
 
 
 

  

Figure 4.1 RT-PCR validation of 18 candidate genes. Lane 1, wild-type ovules at anthesis stage 
(A); lane 2, immature ovules at 2DBA stage (2D); lane 3, frk1 mutant ovules at anthesis stage 
(F); lane 4, leaf (L). Ubiquitin (UBQ) was used as an internal control. 
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4.3.3 Candidate Protein Purification  

In order to obtain sufficient amount of candidate proteins, a bacterial expression protocol was 

followed. Except for ScCRP 4.2, which was not expressed using either pGWB8, pET28b or 

pGEX4T2 vectors in either E. coli Rosetta-gami 2 or BL21 strains, all ScCRPs were cloned into 

pET28b vector, expressed in Rosetta-gami 2 strain and purified by affinity chromatography. 

Among these, ScCRP1.2, ScCRP1.6 and ScCRP5.1 proteins went through a second separation 

step of gel filtration for impurity removal (possible multimers arising from intermolecular 

disulfide bond formation). Here the expression and purification of ScCRP5.1 is reported as an 

example. 

ScCRP5.1 expression was induced by 1mM of IPTG and was expressed in the supernatant in E. 

coli. After purification on the column, fractions were collected and loaded onto a 15% 

polyacrylamide gel. In Figure 4.2A, five tested fractions showed the desirable size of ScCRP5.1 

at 15 kDa. The expression of ScCRP5.1 was later confirmed by LC-MS/MS sequencing of the 

cut-band from this gel. In order to remove the impurities from ScCRP5.1, gel filtration 

chromatography was performed. As shown in Figure 4.2B, larger size impurities eluted first, 

leaving the fractions after fraction 3 with a single band for ScCRP5.1. These latter fractions were 

pooled, concentrated and dialyzed into 50 mM Tris·HCl (pH 8.0) for the bead assay.  
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Before testing guidance competency of ScCRP5.1, it was loaded onto a microfluidic chip 

performed on the 2100 Bioanalyzer (Agilent) to evaluate the concentration and purity of this 

recombinant protein. A simulated gel is shown in Figure 4.2C. The purity of ScCRP5.1 was 

reported to be 78% and the concentration of this ScCRP5.1 major band was 150 ng/µl. 

Considering the different size of each candidate protein, the weight concentration was converted 

to molar concentration. Following these procedures, the final concentration of each candidate 

used for the PT guidance functional assay, the bead assay, was calculated and summarized in 

Table 4.2. The newly found 10 candidates are also listed in Table 4.2 in gray color. 

 

Figure 4.2 Protein purification of ScCRP5.1 by FPLC. (A) After affinity chromatography on a 
nickel column, polyhistidine-tagged ScCRP5.1 were collected and detected in fractions 1-5 on a 
15% SDS-PAGE gel. (B) Gel filtration chromatography using the Superdex 200 column 
separated ScCRP5.1 at 15 kDa from impurities at 25 kDa after fraction 3. Multiple fractions 
were collected during gel filtration, while only four representative fractions (1-4) were shown in 
Figure 4.2B. (C) A simulated gel was constructed by the 2100 Bioanalyzer, showing a major 
band at ~15 kDa for ScCRP5.1, for the purpose of calculating protein concentration and purity of 
ScCRP5.1. 



 

 

130 

  
Ta

bl
e 

4.
2 

Su
m

m
ar

y 
of

 c
an

di
da

te
 p

ro
te

in
 e

xp
re

ss
io

n 
an

d 
pu

rif
ic

at
io

n 



 

 

131 

In parallel to the bacterial expression system, a plant-based expression system was also used to 

produce an active form of candidate proteins for PT attraction functional assays. 

Agroinfiltration-mediated transient expression in N. benthamiana was carried out for ScCRP1.4 

and ScCRP5.1 proteins. First, RT-PCR was performed to verify their gene expression in 

infiltrated leaves. Figure 4.3A showed that ScCRP1.4 and ScCRP5.1 were overexpressed in 

infiltrated leaves. Consistent with the transcriptional level, western blot analysis against the 

polyhistidine-tag confirmed their protein expression in infiltrated leaves (Figure 4.3B).  

 

Although ScCRP1.4 and ScCRP5.1 were expressed in this system, the purification of these two 

proteins from N. benthamiana leaves generated insufficient amount of proteins, which were 

undetectable on the SDS-PAGE. As a result, the bacterial expression system is used mainly for 

CRP candidate expression. 

 
 

 
 
 
 
 

Figure 4.3 Validation of candidate gene expression in N. benthamiana leaves. (A) RT-PCR 
verification of the transcription status of ScCRP1.4 and ScCRP5.1 in infiltrated leaves harvested 
two days after infiltration. (B) Western blot verification of protein expression of ScCRP1.4 and 
ScCRP5.1. For each lane, 20 µg of total proteins extracted from N. benthamiana leaves were 
loaded on the SDS-PAGE. 
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4.3.4 Guidance Competency of Candidate Proteins  

The guidance competency of candidate proteins was evaluated with the bead assay system, 

where highly purified proteins are encapsulated into a gelatinous matrix to form microbeads that 

can be precisely positioned along the path of a PT in order to determine their chemoattracting 

potential (Okuda, Tsutsui et al. 2009). 

Prior to the screening of 17 purified candidates, a positive control for the bead assay was sought. 

Since wild-type anthesis ovules attract semi in vivo grown PTs in S. chacoense, ovule exudates 

were collected as described (Liu, Joly et al. 2015) and tested for their guidance competency. 

Collection of high concentration of ovule exudates from ~200 ovaries did not induce chemotactic 

behavior of the PTs in the bead assay. Instead, repulsive response of the PTs to the beads was 

observed. This may be due to the phenolic compounds that are ubiquitous in plants being 

collected and placed in the beads in large quantities. As a result, exudates were obtained using 

lesser ovaries (here only 4 dissected ovaries). After overnight incubation on solid BK medium, 

exudates were freshly collected, as described previously (Liu, Joly et al. 2015), and used 

immediately in the bead assay. Figure 4.4 showed that ovule exudates prepared in this method 

induced chemotactic behavior of 43% of PTs (n = 28), which compares favorably with the 

percentage observed in the semi in vivo assays using mature ovules (59%) in S. chacoense 

(Lafleur, Kapfer et al. 2015). Therefore, mature ovule exudates can be used as a positive control 

in the candidate screening. The attraction response was observed within 5-10 min after placing 

the bead. In contrast, BK liquid medium alone in the beads did not attract PTs (0%, n =15).  

Seventeen purified candidates were tested in the bead assay, both individually and when all 

combined. However, PT guidance competency was not observed for current candidates, as 

summarized in Table 4.2. Examples were given in Figure 4.5. 
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Figure 4.2 Chemotropism of semi in vivo grown PTs toward ovule exudates collected from 
flowers at anthesis stage in S. chacoense. Four examples were shown. Pictures were taken 
immediately after placing the beads and marked as time zero on the left panel. The right panel 
shows PT behavior 4-8 min after placing the beads. Dotted lines define the position of the beads. 
Arrowhead indicates the position where PTs turn toward ovule exudates. Scale bar = 20 µm. 
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Figure 4.3 Purified candidates did not induce chemotactic behavior of semi in vivo grown PTs in 
the bead assay. The guidance competency of purified candidates were tested both individually 
and when all combined. Examples were given for candidates ScCRP2.1, ScCRP5.1, ScCRP9.1 
and ScCRP11.1. PTs continued growing after passing by the beads. Pictures were taken 
immediately after placing the beads and marked as time zero on the left panel. The right panel 
shows PT behavior 6-12 min after placing the beads. Scale bar = 20 µm. 
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4.4 Discussion 

4.4.1 Expression of Candidates In A Biologically Active Conformation For 

Functional Assay 

At the beginning of this project, two methods were tried in order to express candidates in an 

active form. First, a bacterial expression system using the expression vector pBAD/gIII 

(Invitrogen) was chosen to prevent protein aggregation into inclusion bodies by targeting 

recombinant proteins to the periplasmic space of E. coli. Nevertheless, all candidate genes were 

still expressed in the inclusion bodies (data not shown). Alternatively, Agrobacterium-mediated 

transient expression of ScCRP1.4 and ScCRP5.1 proteins in N. benthamiana leaves (Figure 4.3) 

did not generate sufficient amount of soluble proteins for the functional assays.  

Finally, all genes were cloned into the pET28b vector and expressed in E. coli strain Rosetta-

gami 2, which allows for enhanced disulfide bond formation for CRP candidates. As shown in 

Table 4.2, among expressed candidates, only four genes were expressed in the soluble fraction of 

E. coli. For the rest, refolding was required and conducted according to the LURE-type CRP 

refolding protocol (Okuda, Tsutsui et al. 2009, Takeuchi and Higashiyama 2012).  

Currently, no guidance activity has been detected for the 17 purified CRPs. This project is still 

ongoing, aiming to express the other 11 candidate CRPs listed in Table 4.1. However, one reason 

that hindered us from isolating the chemoattractants may lie in the limited activity of 

recombinant proteins, since the refolding protocol adapted from the LURE-type CRPs research 

may not be efficient to properly refold CRPs identified in S. chacoense, especially when certain 

cysteine motifs were found to be solanaceous-specific (Figure 2.4).  

To remedy this, our laboratory plans to work on producing biologically active proteins in 

transgenic S. chacoense roots transformed with Agrobacterium rhizogenes, following a protocol 

described previously (Rivoal and Hanson 1994). In this system, candidate genes will be 

constructed in the binary vector pGA643, followed by transformation into A. rhizogenes strain 

A4. Solanum chacoense petioles will be cut into 4 cm segments. Each segment will be inserted in 

MS solid medium (Murashige and Skoog 1962) at one end and infected with agrobacteria at the 

other end. After 10 d, roots will develop and be excised from the infection sites. RT-PCR 
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validated transgenic roots that carry candidate genes will be decontaminated using 100µg ml−1 

carbenicillin. Sterile roots will be treated with 2,4-D to obtain friable calli. The fine callus can be 

used directly to perform guidance test in the semi in vivo assay (Lafleur, Kapfer et al. 2015). 

Guidance competency can be determined if semi in vivo PTs grow toward the callus expressing 

secreted candidate proteins. Alternatively, the callus can be cultured in liquid medium, where 

secreted candidate proteins can be collected, lyophilized and tested in the bead assay. In either 

way, protein purification and refolding processes can be avoided and therefore a higher amount 

of recombinant proteins can be expected as compared to the N. benthamiana expression system. 

In parallel to this plant expression system, the yeast expression system using the pPICα vector in 

Pichia pastoris strain (X-33, SMD1168H, or KM71H) will also be used to express candidate 

genes. The pPICα vector allows for the expression of recombinant proteins as fusion proteins to 

an N-terminal peptide encoding the Saccharomyces cerevisiae α-factor secretion signal (Thermal 

Fisher Scientific). This will result in the sufficient secretion of CRP candidates into the culture 

medium. In addition, P. pastoris strongly prefers respiratory growth, which creates a great 

advantage to its culturing in high cell-density environment for high-yield protein production, as 

compared to fermentative yeast strains. At last, this strain is capable of many post-translational 

modifications performed by higher eukaryotic cells, such as folding, disulfide bond formation, 

and both N- and O-glycosylation.  

As shown in Figure 2.5 and Table 2.1, glycoprotein fractions purified through ConA column 

from anthesis ovule extracts enhanced PT attraction by 18%, as compared to total ovule extracts 

in S. chacoense, suggesting that the chemoattractants may be bearing N- or O-glycosylation 

modification. The use of Pichia yeast expression system will largely facilitate the expression of 

potentially glycosylated CRP candidates. 

4.4.2 Optimization of PT Growth Medium For the Bead Assay 

In Torenia, semi in vivo grown PTs become competent to react to micropylar chemoattractant 

LURE2 only when they travel a sufficient amount of time (7 h) after emerging on the growth 

medium. PTs that only freshly exit the bottom end of the style (1 h) do not respond to LURE2, 

which suggests that the additional PT elongation on the medium after exiting the style is 

important for the acquisition of LURE-binding activity (Okuda, Suzuki et al. 2013).  



 

 

137 

In S. chacoense, PT growth is supported by the BK medium (Brewbaker and Kwack 1963), 

which contains 0.1 mg/ml H3BO3, 0.3 mg/ml Ca(NO3)2, 0.1 mg/ml KNO3 and 0.2 mg/ml MgSO4, 

as supplied by 5% of sucrose. The pH of the medium is adjusted to 5.5.  

In the bead assay, with limited pollination to obtain individual tubes, semi in vivo PTs exit the 

style and can usually continue to grow on the BK solid medium for ~ 5 h before growth arrest or 

tube burst. To avoid using freshly exited PTs, PTs that elongated ~ 3 h after emerging from the 

style were used in the bead assay. It is possible that, at this time point, PTs are not competent 

enough to react to recombinant peptides, even though ovule exudates were used with success to 

guide PTs under the same condition, which is likely due to the signaling molecules involved in 

competency control of PTs that reside in the exudates. 

Following this rationale, the maximum 5 h of PT elongation on the medium after exiting the 

style may become a bottleneck for the functional assay. Therefore, optimization on different ion 

concentrations, sucrose concentration of the BK medium may be tried to support longer PT 

growth and to increase the chance of isolating the attractants in S. chacoense. 
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4.5 Supplementary data 

 
Table S4.1 Primer sequences used in RT-PCR of candidate proteins. 

 

Primer name Primer sequence 
ScCRP1.1_F CCCGGATCCGGTCCAAGGTTTCGGGCC 
ScCRP1.1_R CCCAAGCTTTTAATCTCCTTTATTTGCAAATGAAAA 
ScCRP1.2_F CCCGGATCCGCAATTACTCGAAGGAGGAAGA 
ScCRP1.2_R CCCAAGCTTTTAATTTTTCGTACTATCTTCATTCTTCAC 
ScCRP1.3_F CCCGGATCCGAGCGTCTCACAGTTACTCGG 
ScCRP1.3_R CCCAAGCTTTTAGTTCTTAATTTTGCGTACAATCTT 
ScCRP1.4_F CCCGGATCCGACCAACATGTCCAAAATTAAACC 
ScCRP1.4_R CCCAAGCTTCTACAGCGATTCAGGTGAAGG 
ScCRP1.5_F CCCGGATCCGACAATCACAAATTTAAGCCATGTT 
ScCRP1.5_R CCCAAGCTTTCACTCATTTATTATATCCAAATTAGG 
ScCRP1.6_F CCCGGATCCGCGACCTTTAATCACATTTAGTAGTGC 
ScCRP1.6_R CCCAAGCTTTTATGGAGCCAAATTAGGAGTTG 
ScCRP2.1_F CCCGGATCCGTATCCTCCAAGAATAGAAAGTATTTGT 
ScCRP2.1_R CCCAAGCTTTCACCCACTAATATAACCCCCA 
ScCRP2.2_F CCCGGATCCGTATCCTCCACGAATAGAAAGTGTTT 
ScCRP2.2_R CCCAAGCTTTCACCCACTAATATAACCCCCA 
ScCRP2.3_F CCCGGATCCGTATCCTCCATCAATAGAAGAAACTTGT 
ScCRP2.3_R CCCAAGCTTTTATGAGCCATGAGTCTCATCATATT 
ScCRP2.4_F CCCGGATCCGAATTGTAAAAAGTACCCTCCATCAA 
ScCRP2.4_R CCCAAGCTTTTACAAATTATCGGACCTTTTATATAGGTC 
ScCRP2.5_F CCCGGATCCGTGTACCCGATCTCCTTCATCA 
ScCRP2.5_R CCCAAGCTTTTATTCAAGATAACAATTAAATTCAAGAAG 
ScCRP4.2_F CCCGGATCCATGGCAAGACTCAATATCTTCTCAT 
ScCRP4.2_R CCCAAGCTTTTATGGTAGTATTGGAGGTGAAAAGG 
ScCRP5.1_F CCCGGATCCGAATAAATTTGTAGGTGGATTAGCATG 
ScCRP5.1_R CCCAAGCTTTCAGGATTTAGACTCTGTCGGTG 
ScCRP5.2_F CCCGGATCCGTATCCAAATGAATGCTTAAAAGATGA 
ScCRP5.2_R CCCAAGCTTTTAAGCATGAGATAAATTTGGATCATT 
ScCRP5.3_F CCCGGATCCGTTTGGAGATTGTTATCATGATGG 
ScCRP5.3_R CCCAAGCTTTTATAAATTTAGATTATCATCTGTATATGTAATACCAA 
ScCRP7.1_F CCCGGATCCGTATAATTGTAATATTCCTGATTTTCCAGTATG 
ScCRP7.1_R CCCAAGCTTTTATTGGGAATACATTTTATCACCTTTAAC 
ScCRP9.1_F CCCGGATCCGATGAGAATTGTACCAATGATATATGGA 
ScCRP9.1_R CCCAAGCTTTTACTTGCAACAATCTGTGCCAT 
ScCRP11.1_F CCCGGATCCGAGGAATTTGGAGAGGAAATG 
ScCRP11.1_R CCCAAGCTTTTAAACAAGAATACATCTATAAATACC 
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5. Conclusion and Perspectives 
The aim of this project was to study ES-expressed genes that play an important role in pollen–

pistil interactions, more specifically, in PT guidance processes. To this end, ovular signals were 

studied at both transcriptome and proteome levels. Comparative analyses were conducted on PT 

attracting ovules (anthesis) vs. PT nonattracting ovules (2DBA and frk1) to identify the 

chemoattractants. 

Chapter II provides an overview of ovule transcriptome profiling in S. chacoense. First, we de 

novo assembled the ovule transcriptome for S. chacoense and its two close relatives S. 

gandarillasii and S. tarijense. This part highlights the design of a data curation protocol that has 

the strength to detect and repair ~15000 frameshifted and chimeric contigs, accounting for 15% 

of total assembled sequences. This protocol allowed us to conduct transcriptome analyses on 

solid ground and can be readily adapted to the curation of transcriptome in other non-model 

species. Comparative analyses revealed 818 genes as ES-expressed candidates (anthesis vs. frk1) 

and 1355 genes involved in late stages of ovule maturation (anthesis vs. 2DBA). A subset of 284 

genes was found present in anthesis ovules and was low/absent in frk1 and 2DBA ovules. These 

genes are likely to assume an ES-localization and especially associated with late stages of ES 

maturation during the FG6 to FG7 transition. Meanwhile, since neither 2DBA nor frk1 ovules 

attract PTs in the semi in vivo assay, whereas anthesis ovules are fully functional in attracting 

PTs, these 284 genes constitute a candidate gene pool for ovular PT guidance in S. chacoense.  

Second, this study demonstrated that the glycoprotein fraction of ovule extracts enhanced PT 

guidance competency by 18%, as compared to total ovule extracts, suggestive of a positive 

regulation between the glycosylation status of ovular signals and PT guidance. Such relationship 

has only been observed in the pre-ovular guidance stage, where heavily glycosylated TTS 

proteins in the style attract semi in vivo grown PTs in tobacco and N. alata (Cheung, Wang et al. 

1995, Wu, Wong et al. 2000). During ovular guidance stage, identified micropylar 

chemoattractants lack this post-translational modification (Marton, Cordts et al. 2005, Okuda, 

Tsutsui et al. 2009, Kanaoka, Kawano et al. 2011, Takeuchi and Higashiyama 2012). 

Nevertheless, glycosylation can still be adopted in other guidance steps, i.e. funicular and long-

distance guidance, or in the same micropylar guidance step, which would be unique to Solanum 
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species. As a next step, it will be interesting to characterize the protein composition in the 

glycoprotein fraction of ovule extracts and to identify the active component that enhances PT 

guidance in S. chacoense. It is possible that this protein belongs to the CRP superfamily, since 

various CRPs are shown to play a role in pollen–pistil interactions, especially the micropylar 

guidance chemoattractants in Arabidopsis or Torenia are small secreted CRPs. Or it could also 

be a high molecular weight glycoprotein, like the stylar TTS (PT growth stimulant and attractant) 

(Cheung, Wang et al. 1995, Wu, Wong et al. 2000) and the stylar 120K glycoproteins (capable of 

binding S-RNase) (Cruz-Garcia, Nathan Hancock et al. 2005). To have a general idea of size of 

this protein, the glycoprotein faction of total ovule extracts in S. chacoense can be separated into 

low molecular weight (< 30 kDa) and high molecular weight fractions (> 100 kDa), using 

Amicon ultra centrifugal filters. Fractions containing low, medium and high molecular weight 

glycoproteins will be applied to the two-choice semi in vivo guidance assay individually, to 

narrow down the active component in enhancing PT guidance.  Then mass spectrometry 

sequencing will be used to study and identify this key molecule. 

So far, with 33852 CDS-containing contigs assembled for S. chacoense ovule transcriptome, 

Chapter II mainly focused on 818 ES-expressed genes, which accounts for 2.4% of the total 

transcriptome, leaving the vast majority of data open to future analyses. Two studies have been 

planned to carry on the ovule transcriptomic study in S. chacoense. According to differential 

gene expression analyses, 679 genes showed at least a 2-fold increased expression in frk1 ovules 

that entirely lack an ES, compared to anthesis ovules (Table S2.4). These genes are expressed in 

the sporophytic tissues of the ovule, whose expression is repressed by the presence of an ES. 

This special gene regulation suggests a gametophyte to sporophyte crosstalk, substantiating these 

genes in FG development and possibly in pollen–pistil interactions. Now that the micropylar 

guidance cues have been isolated from the synergid cells of Torenia and Arabidopsis and from 

the egg apparatus (egg cell and synergid cells) of maize, other signaling molecules involved in 

funicular guidance, long-distance guidance and the competency control of PT guidance are 

largely unexplored. Ovular sporophytic tissues may possibly possess these important key factors, 

which can be isolated through studying the 679 frk1-upregulated genes in S. chacoense. 

Another projected study is to analyze the transcription factors found in S. chacoense, focusing on 

the ones enriched in the reproductive tissues (ovules) relative to the sporophytic tissues (leaf), 
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using current differential gene expression analyses. During FG development, transcription 

factors play a pivotal regulatory role during female gamete differentiation. For example, in 

Arabidopsis, two paralogous R2R3-MYB transcription factors, namely FOUR LIPS and MYB88, 

affect ovule development and fertility by regulating the cell cycle entry into megasporogenesis 

(Makkena, Lee et al. 2012). During late stages of megagametogenesis, MYB98 is required for 

synergid cell differentiation (Kasahara, Portereiko et al. 2005) and regulates a subset of genes 

that are required during filiform apparatus formation and PT guidance (Punwani, Rabiger et al. 

2007, Punwani, Rabiger et al. 2008). In Arabidopsis, 1428 transcription factors were identified, 

and interestingly, 17 were confirmed for their specific expression in the FG using promoter 

fusion analysis (Wang, Zhang et al. 2010).  

From our preliminary results, Figure S2.2B reported that 624 genes were associated with 

“transcription factor activity” (GO: 0001071), which becomes the entry point for dissecting the 

regulatory networks in S. chacoense ovules. Of these, 124 genes showed ovule-enriched 

expression (≥ 5-fold more abundantly expressed in anthesis ovules than in leaf, p-value ≤ 0.05). 

These genes encoded MYB, MADS-box, HD-Zip and ARFs-type transcription factors. By 

comparing 2DBA and frk1 ovule transcriptome to anthesis one, a series of transcription factors 

that are specifically associated with late stages of ES maturation can be identified and 

characterized in future studies. 

Chapter III describes for the first time the secretome of the plant ovule during its last maturation 

stages, a period where it becomes competent to attract PTs. In this study, a novel tissue-free 

collection method was designed to gather ovule exudates that substantially reduced the cytosolic 

contamination to 0.79%, whereas the conventional collection methods typically show a cytosolic 

contamination of 1 to 3%. Secretome comparisons using ovules vs. other vegetative tissues (such 

as roots) revealed that among 305 identified ovule-secreted proteins (OSPs), 58% are ovule-

specific, indicating common factors are secreted into the extracellular matrix, regardless of the 

source tissues. Such factors include pathogenesis-related (PR) proteins, chitinase and β-1,3-

glucanase that are generally associated with plant defense against pathogen. Among the ovule-

specific secreted proteins (oOSPs), proteins potentially involved in pollen–pistil interactions 

were identified, including a S-RNase (self-incompatibility), GABA-T (PT growth and funicular 
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guidance), PELPIII (rejection of interspecific PTs), and four CRPs that are potential key 

signaling molecules in various pollen–pistil interactions. 

Comparative secretomic analysis revealed that 128 OSPs were upregulated in anthesis ovules 

relative to 2DBA ovules, and thus were defined as candidate proteins involved in ovule 

development and PT guidance. Of these 128 OSPs, differential gene expression analyses 

indicated that the majority (83%) were not regulated at the RNA level, which suggested that even 

though the RNAs were similarly produced at the 2DBA stage, their protein secretion was strictly 

regulated during ES development and the secretion status was critical to successful PT guidance. 

Hence, this research presents a secretomic view toward pollen–pistil interactions and PT 

guidance study. It demonstrated ovule secretome study as a robust complement to transcriptome 

studies. 

To date, genes that are remotely activated from the ovule upon pollination events have been 

identified in Solanum species (van Eldik, Ruiter et al. 1997). Considering the satisfying results 

obtained from ovule secretome study, another project has been planned to study the pollination-

induced effect by collecting ovule exudates from different ovule conditions, in which the style 

has been pollinated for 0, 24, 39, 42 and 48 h, where fertilization in S. chacoense takes place at ~ 

40 h after pollination. Through mass spectrometry sequencing and comparative secretomic 

analysis, secreted proteins that are induced upon pollination and fertilization events can be 

isolated. 

Chapter II and III together laid a solid foundation for studying PT guidance in solanaceous 

species. In fact, the subject of PT chemotropism has been studied for more than a century. In 

1893, Molisch observed in vitro PT chemotropism toward acids and secretions of the gynoecium, 

especially those of the stigma (Molisch 1893). In 1894, Miyoshi discovered that PT directional 

growth was controlled by sugars (Miyoshi 1984). Later on in 1962, external calcium ions were 

suggested as a potential PT attractant in Antirrhinum majus using the in vitro assays 

(Mascarenhas and Machlis 1962). Only until recent years, the semi in vivo assay system was 

developed (Higashiyama, Kuroiwa et al. 1998). Compared to the in vitro pollen germination and 

growth on the medium, the semi in vivo assay allows PTs to travel through the pistil and thus 

renders these PTs competent to react to the attractants (Qin, Leydon et al. 2009). Using this 
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system, it was demonstrated that Arabidopsis ovules emanate heat-liable, diffusible, 

developmentally regulated and species-specific PT attractants, pointing to a proteinaceous nature 

of the attractant (Palanivelu and Preuss 2006).  

So far, the chemoattractants in Arabidopsis and Torenia have been identified, which belong to 

the CRP superfamily. Through Chapter II and III, over 400 ovule-expressed genes were 

identified as potentially involved in PT guidance processes in S. chacoense. Chapter IV focused 

on the evaluation of CRPs as chemoattractants in PT guidance. Of the 28 CRP candidates that 

were significantly under-presented in PT nonattracting ovules (2DBA and frk1) vs. attracting 

ovules (anthesis) at the mRNA level and/or protein secretion level, 17 CRPs were expressed and 

purified in satisfying quantities. As compared to anthesis ovule exudates that induced PT 

chemotropism in the bead assay, purified candidates, mixed or individually, did not induce PT 

chemotropism.  

To carry on the last part of this project, recently identified CRPs candidates obtained through 

ovule transcriptome curation and secretome study will continue to be expressed in the bacterial 

expression system and tested for their guidance competency. At the same time, a few candidates 

can be expressed in the Agrobacterium rhizogene-mediated plant expression system to achieve 

active protein expression in transgenic calli, which can be co-incubated directly with semi in vivo 

grown PTs for guidance test, so as to avoid protein purification and refolding processes. Or 

alternatively, candidates can be expressed in Pichia pastoris yeast expression system, which has 

the advantage of generating secreted proteins with high-yield and is capable of many post-

translational modifications, such as protein refolding, disulfide bond formation, N- and O- 

glycosylation performed by higher eukaryotic cells. Since the chemoattractants in S. chacoense 

are potentially glycosylated proteins as demonstrated by the semi in vivo assays (Figure 2.5 and 

Table 2.1), the yeast expression system will largely contribute to the production of active CRP 

candidates with potential glycosylation modification. 

With the advantages of a 34X sequencing depth of the Illumina data obtained from S. chacoense 

ovules, with an optimized hybrid 454/Illumina assembly that identified more candidate CRPs 

recently, and with the possibility to perform guidance test using transgenic calli directly without 

protein purification and refolding steps, the chemoattractants in S. chacoense will eventually 
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come to light. At that cheerful moment, investigation on the sub-cellular localization of these 

attractants can be conducted by fusing the promoter fragment with GUS reporter gene to study 

their sub-cellular localizations at the RNA level, and by fusing the protein coding sequence with 

GUS reporter gene to study protein localization pattern after secretion.  

Second, the RNAi knockdown and overexpression lines can be generated to characterize the 

attractants, in terms of seed set and fruit size, ES integrity and positioning of female gametes, 

possible male defects, and the guidance defects of mutant ovules in vivo and in semi in vivo 

assays. Most interestingly, these examinations will clarify to which guidance step these 

attractants are specifically associated. 

Then orthologous chemoattractants in other solanaceous species can be identified, as facilitated 

by the available genome sequences and EST databases from several Solanum species, as well as 

by the S. gandarillasii and S. tarijense ovule transcriptome assembled in this study. The 

structure/function relationship of the chemoattractants can be studied using site-directed 

mutagenesis of substituted amino acids detected by sequence alignment. At last, Solanum species 

crosses that have shown breeding barriers in ovular guidance step can be genetically engineered 

to produce PT-attracting female signals in order to achieve a new seed, which promises the gene 

flow of reproductive isolated species, and to a broader view, the production of more seeds as 

food source in the world. 
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