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Abstract  
 

During fertilization, the male gametes are delivered by pollen tubes to receptive ovules, deeply 

embedded in the sporophytic tissues of the pistil. Arabinogalactan glycoproteins (AGPs) are a 

diverse family of highly glycosylated, secreted proteins which have been widely implicated in 

plant reproduction, particularly within the pistil. Though tomato (Solanum lycopersicum) is an 

important crop requiring successful fertilization for production, the molecular basis of this event 

remains understudied. Here we explore the spatiotemporal localization of AGPs in the mature 

tomato pistil before and after fertilization. Using histological techniques to detect AGP sugar 

moieties we found that accumulation of AGPs correlated with the maturation of the stigma and 

we identified an AGP subpopulation restricted to the micropyle that was no longer visible upon 

fertilization. To identify candidate pistil AGP genes, we used an RNA-sequencing approach to 

catalog gene expression in functionally distinct subsections of the mature tomato pistil (the 

stigma, apical and basal style and ovary) as well as pollen and pollen tubes. Of 161 predicted 

AGP and AGP-like proteins encoded in the tomato genome, we identified four genes with 

specifically enriched expression in reproductive tissues. We further validated expression of two 

of these, a Fasciclin-like AGP (SlyFLA9, Solyc07g065540.1) and a novel hybrid AGP (SlyHAE, 

Solyc09g075580.1). Using in situ hybridization, we also found SlyFLA9 was expressed in the 

integuments of the ovule and the pericarp. Additionally, differential expression analyses of the 

pistil transcriptome revealed previously unreported genes with enriched expression in each 

subsection of the mature pistil, setting the foundation for future functional studies.  
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Key message: Pistil AGPs display dynamic localization patterns in response to fertilization in 

tomato. SlyFLA9 (Solyc07g065540.1), is a chimeric Fasciclin-like AGP with enriched expression 

in the ovary, suggesting a potential function during pollen pistil-interaction.  
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Introduction  
 
Angiosperms constitute the vast majority of our economically important crops and the 

production of many of their seeds and fruits depends on sexual reproduction. Fertilization 

involves the delivery of the male gametes to receptive ovules, deeply embedded in the 

sporophytic tissues of the pistil. During this process, pollen tubes, carriers of the sperm cells, 

penetrate and elongate through the pistil tissues, establishing a number of interactions with 

distinct cell types along their journey (Palanivelu and Tsukamoto, 2012). To date, a number of 

ions and molecules including water, lipids, hormones, peptides and glycoproteins, derived from 

the pistil and controlling pollen germination and growth have been identified in different species 

(Cheung et al, 1995; Coimbra et al., 2007; Lush et al., 2000; Okuda et al., 2009; Pereira et al., 

2016; Vogler et al., 2014; Wolters-Arts et al., 1998; Zheng et al., 2019).  

 

Pollen behavior is modulated by the sporophytic tissues of the pistil, the stigma and style (pre-

ovular guidance) and once the pollen tubes reach the ovary, they are further guided by signaling 

cues secreted by the female gametophyte or embryo sac (ovular guidance) (Higashiyama and 

Takeuchi, 2015). In the stigma and style, pre-ovular guidance is known to play an important role 

in maintaining interspecific barriers and, when the pollination is compatible, the stigma and style 

support pollen adhesion, hydration and germination, pollen tube elongation and directional 

growth, in addition to rendering pollen tubes competent to recognize ovular signals 

(Dresselhaus and Franklin-Tong, 2013; Kandasamy et al., 1994 ; Smith et al., 2013; Takeuchi 

and Higashiyama, 2011).  

 

Reports across species have revealed that a family of highly glycosylated proteins, known as 

Arabinogalactan proteins (AGPs), play an important role during reproduction both in pre-ovular 

and ovular guidance. In the stigma, secretion of AGPs has been correlated to pistil maturity 

(apple – Losada and Herrero, 2012; magnolia – Losada et al., 2014; Trithuria- Costa et al., 

2013; Quercus- Lopes et al., 2016) while in the style, members of this family such as the class 

III Pistil Extensin-like protein (PELPIII) and Transmitting Tract Specific (TTS) in tobacco promote 

pollen tube growth (Cheung et al., 1995; de Graaf et al., 2003,). In Torenia fourneri, an ovule 

derived arabinogalactan sugar (AMOR), likely derived from AGPs, is necessary to induce pollen 

tube competency to respond to ovule cues (Mizukami et al, 2016). In the ovary of Arabidopsis, a 

group of chimeric AGPs known as Early Nodulation-like proteins (ENODLs 11-15) are highly 

expressed in the embryo sac and the loss of function disrupts signaling necessary for bursting 

of the pollen tube upon penetration (Hou et al., 2016). Furthermore, an ovule expressed 
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classical AGP, AGP4/JAGGER is involved in promoting degeneration of the synergid cell post-

fertilization and thus, blocking further pollen tube attraction (Pereira et al., 2016).   

 

The structures and molecules involved in sexual reproduction tend to evolve rapidly (Edlund et 

al., 2004). This is likely true for the AGP family, as evidenced by the versatility of their functions 

in pollen guidance and the existence of lineage-specific members (e.g. PELPIII stylar proteins in 

Nicotiana spp.; Noyszewski et al., 2017). Therefore, in order to deepen our understanding of the 

extent of evolutionary conservation and/or emergence of novel AGP functions during sexual 

reproduction, it is necessary to broaden the spectrum of species studied. The study of species 

with relevance for agriculture, which, in many cases, remains understudied, is of particular 

importance due to increasing food demand and the yield sensitivity of crops to increasing global 

temperatures (Challinor et al., 2014). Tomato is an economically important crop and an 

emerging model system with structural features that other plant models lack (e.g. compound 

leaves, fleshy fruits, sympodial growth) (Kimura and Sinha, 2008). The tomato genome is 

publicly available (Sato et al., 2012) and the use of high throughput technologies to study its 

development, in addition to conventional cellular and genetics techniques, have shown to be 

extremely useful for identification of new molecular elements involved in floral meristem 

induction and fruit development/ripening (MacAlister et al., 2012; Pattison et al., 2016; Zhang et 

al., 2016). Regarding its reproductive biology, most efforts have been directed towards the study 

of fruit development and ripening, leaving a considerable gap of knowledge in our 

understanding of fertilization.  

 

To date, despite the evidence pointing to a role for the AGP family in fertilization, their function 

in tomato reproductive biology prior to fruit development remains elusive. In this study, we 

explore the role of the AGP family during pollen-pistil interaction. First, using a series of probes 

for in situ AGP glycan detection, we characterize the spatiotemporal distribution of AGPs in 

pistils pre- and post-fertilization. Second, through transcriptome analyses, we evaluate the 

expression of predicted members of the AGP family in RNA-seq libraries derived from mature 

tomato pistils. Our search revealed a previously unidentified candidate of the AGP family with 

potential functions in pollen ovular guidance, setting the basis for future functional studies.  

Materials and methods  
 

Plant growth conditions  
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Tomato plants cv. Micro-Tom were maintained in a growth chamber under standard conditions 

(16 h light/18 h dark) until flowering. To avoid self-pollination in mature pistil samples, pre-

anthesis flowers (7 mm length) were emasculated and allowed to further mature for 24 h. For 

pollen samples, the anthers of open flowers were dissected and placed in a microfuge tube with 

sterile dH2O, and vortexed vigorously to release mature pollen, anther debris was removed with 

forceps, spun down and water removed.  

 

In situ β-Yariv staining  
 
To evaluate accumulation of AGPs in the stigmas of tomato pistils through development, two 

sets of five flowers in five different developmental stages (defined by flower bud length) were 

collected and sepals, petal and anthers removed under a dissecting microscope (Olympus, 

SZ61). The individual pistils were placed in a 0.2 mL tube upside down and the stigmas 

immersed in a solution containing 1mg/ml of β-Yariv or α-Yariv and incubated for 5 h at room 

temperature. The stigmas were then washed with 1x PBS and observed under the dissecting 

microscope to document accumulation of AGPs visualized as red-brown precipitates. For pistil 

cryosections, mature pistils were embedded in OCT medium (Tissue-Tek; Sakura Finetek USA) 

and flash frozen. Samples were sectioned 10 μm thick using a cryostat (Leica 3040S Cryostat) 

at -20°C. Sectioned samples were stained with 1mg/ml of β-Yariv or α-Yariv for 5 h and washed 

with 1x PBS. The samples were imaged using light microscopy (Leica, model DM5500B; 

camera Leica, model DFC365FX).   

 

Pistil Aniline Blue staining 
 
Unpollinated pistils and manually pollinated pistils collected after 24 h (five pistils per stage) 

were harvested and vacuum infiltrated with fixative (Acetic acid: EtOH, 1:3) for 24 h followed by 

5 M NaOH overnight. The following day, the samples were washed for 10 min with dH2O five 

times. Finally, the samples were incubated overnight with 0.001 mg/ml Aniline Blue 

Fluorochrome (Biosupplies Australia, 100-1) dissolved in 0.1 M K2HPO4 pH 10, mounted on an 

imaging chamber with Vectashield (Vector Laboratories, H-1400) and observed under an 

epifluorescence microscope (Leica, DM5500B) using the DAPI filter (355/455 nm) equipped with 

a Leica camera (DFC365FX).   

 

AGP immunostaining 
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For immunolocalization of AGPs in semi-thin sections, we followed the protocol described by 

Costa et al., 2017. Briefly, unpollinated pistils and pistils 24 h after manual pollination (eight 

pistils per stage) were vacuum infiltrated with fixative (2% (w/v) Formaldehyde, 2.5% (w/v) 

Glutaraldehyde, 0.025 M PIPES buffer (pH 7.2) and 0.001% (v/v) Tween 20) for 2 h, the fixative 

was replaced with fresh solution and incubated overnight at 4°C. The samples were washed 

with 0.25M PIPES buffer pH 7.2 and dehydrated in ethanol series (25%, 35%, 50%, 70%, 80%, 

90% and 3x 100%). After dehydration, sample embedding was performed by incubating the 

samples for 24 h in increasing concentrations of LR white (EMS, #14381) according to the 

manufacturer’s recommendations. Following microtome sectioning to 200 nm, sections were 

incubated with blocking solution (filtered 5% non-fat skim milk in 1x PBS) for 10 min, washed 

with 1x PBS for 10 min and incubated with the primary antibody (JIM8, JIM13 or MAC207 1:5 

hybridoma supernatant in blocking buffer) for 2 h at room temperature followed by an overnight 

incubation at 4°C. Sections were then washed with 1x PBS for 10 min and incubated with the 

secondary antibody (anti-rat-FITC, Sigma, F6258; 1:100 in blocking buffer) in the dark. The 

samples were then washed with 1x PBS, followed by a dH20 wash. Calcofluor white was used 

as a counter stain. Slides were mounted with Vectashield (Vector Laboratories, H-1400) and 

observed under an epifluorescence microscope (Leica, DM5500B) equipped with a Leica 

camera (DFC365FX). Calcofluor white staining was visualized using the DAPI filter (355/455 

nm) while FITC was observed using the 470/525 nm filter. False colored images were obtained 

with the Leica Application Suite (LASX) software.  

 

For whole mount immunostaining of ovules, we followed the protocol described by Pasternak et 

al. (2015). Ovaries dissected from unpollinated pistils and pistils 24 h after manual pollination 

were fixed in vacuum with 2% formaldehyde in 1x Microtubule Stabilizing Buffer (MTSB; 50 mM 

PIPES, 5 mM MgSO4, 5 mM EGTA pH 6.9) supplemented with 0.1% Triton x-100 pH 7, followed 

by a dH20 wash. Samples were cleared by incubation with methanol at 60°C for 1 h. The 

concentration of methanol was gradually decreased by adding water to the samples every 5 min 

until the concentration of methanol was 20%, followed by a dH20 wash. The samples were after 

incubated for 30 min at 37°C with 0.2% driselase and 0.15% macerozyme in 2 mM MES pH 5 to 

partially digest the cell walls of the samples and facilitate antibody binding. After cell wall digest, 

the samples were permeabilized with 3% IGEPAL and 10% DMSO in 1x MTSB. The samples 

were later incubated for 20 min with blocking buffer (2% BSA in 1x MSTB), followed by 

incubation with the primary antibody, MAC207 (1:5 in blocking buffer) for 2 h at 37°C. The 

samples were later washed three times with 1x MTSB and incubated with anti-rat-FITC (1:100 in 
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blocking buffer) for 2 h at 37°C. The samples were washed again three times with 1x MTSB, co-

stained with Calcofluor white and finally mounted in an imaging chamber for confocal 

microscopy. Imaging was performed using a Leica Sp5 laser-scanning confocal microscope with 

63x magnification. For FITC, the 488 nm excitation laser was used with a the RSP500 dichroic 

beam splitter and PMT detectors were set to capture light at a wavelength range of 495 to 

554nm. For Calcofluor white, we used the 405 nm laser with the Substrat dichroic beam splitter, 

and PMT detectors were set at 414-474 nm wavelength. Z-slices were automatically optimized, 

and maximum intensity projections were generated using the LASX software. 

 

mRNA sequencing 
 

Mature pistils were fixed in ice cold acetone using a vacuum chamber followed by subdivision 

into four sections: stigma (n=35), apical style (1-1.6 mm below the distal end, n=35), basal style 

(3-3.5 mm from base, n=35) and ovary (n=35).  For pollen samples, dry pollen was collected 

from mature open flowers and, immediately frozen with liquid nitrogen or incubated in liquid 

germination medium (PGM, recipe based on Covey et al. (2010), 24% w/v PEG 4000, 0.01% 

Boric acid, 2% Sucrose, 0.02% HEPES buffer, 0.003% Ca(NO3)·4H2O, 0.02% MgSO4·7H2O and 

0.01% KNO3) for ~10 h, when the pollen tubes reached the tri-cellular stage (corroborated by 

DAPI staining in a small subsample). After incubation, the pollen tubes were spun down at 500 x 

g for 1 min, the PGM removed and the tubes immediately frozen with liquid nitrogen for RNA 

extraction. We performed a power analysis to determine the required number of biological 

replicates and sequencing depth to identify differentially expressed genes with at least a 2-fold 

difference and a p-value <0.01 (Busby et al., 2013) and data from tomato meristems (MacAlister 

et al., 2012) and pilot data from mature pollen grains. Four biological replicates of each sample 

were ground to a fine powder using a Tissue Lyser II (Qiagen, Cat. No. 85300). Total RNA was 

extracted using the RNeasy Plant kit (Qiagen, Cat. No. 74904) and treated in column with 

DNAse (Qiagen, Cat. No. 79254) according manufacturer’s instructions. After total RNA 

isolation, the integrity of the samples was analyzed using a NanoDrop (Thermo Scientific) and 

TapeStation (Agilent). All samples except one stigma replicate passed quality control with 

A260/280 between 1.8-2.1, A260/230 >1.5 and RIN value ≥ 7.6, and were used for library 

preparation. 

 

Stranded, poly-A enriched mRNA libraries were prepared by the University of Michigan 

Sequencing Core using the TruSeq mRNA stranded library prep kit (Illumina, Cat. No. 
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20020594). The samples were multiplexed and 50 bp, single-end sequencing was performed in 

the Illumina HiSeq4000 platform. We performed quality control of the de-multiplexed reads 

using FastQC (Wingett and Andrews, 2018). The reads were filtered based on quality and 

trimmed (Trimmomatic, Bolger et al., 2014) of any adapter contamination. Transcript abundance 

was quantified using kallisto (Bray et al., 2016) pseudoalignment, using the transcriptome of the 

tomato cv. Heinz 1706, ITAG 3.2 version to build the index (Sol Genomics Network; Sato et al., 

2012; supplemental table 1).  

  

Data mining and exploratory analyses 
 

To complement our data, we compiled publicly available datasets from different sources 

including Ezura et al. (2017). The samples correspond to a variety of vegetative tissues 

collected from tomato cv. Micro-Tom plants, including cotyledon, young, mature and old leaves, 

7 days old and mature root and stems. Additionally, datasets corresponding to dissected 

anthers in three different stages, sepal, petals, and green and red fruits. Additionally, we 

included in our analysis datasets of mature leaf (2 biological replicates), root (2 replicates) and 

flower bud (2 replicates) from the cv. Heinz; deposited in the SolGenomics Network (SGN) 

website (Sato et al., 2012). The raw reads from the aforementioned samples were downloaded 

from the NCBI database and processed as above. The data was filtered based on their TPM 

values with genes with TPM higher or equal to 0.1 considered as expressed. After filtering, the 

data was transformed by the Variance Stabilizing Transformation method (VST) using the vst 

function of the DEseq2 package (Love et al., 2014). The Principal Component Analysis (PCA) 

was carried out in R studio using the plotPCA function of DEseq2. To determine transcriptome 

complexity (Carnici et al., 2000), the average expression of each gene across biological 

replicates from the same tissue was calculated. The contribution of each gene to the overall 

transcriptional load of each tissue (Total Transcriptional Output, TTO) was calculated by sorting 

the data from highest to lowest expression value and dividing each value by the sum of all 

average expression values. The cumulative distribution of the transcriptional contribution of 

each gene and standard deviation was plotted. 

 

Tissue exclusivity and preferential expression  
 

Genes with preferential expression across reproductive tissues were determined using DEseq2 

(Love et al., 2014) by performing pair-wise comparisons of the normalized data between each 
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tissue versus the rest of the tissues. For the differential expression analysis, we used the 

datasets from SGN with their respective biological replicates (leaf, root and flower bud). From 

the datasets of the study of Ezura et al. (2017), we only included the datasets from other floral 

whorls but pistil (sepal, petal and anther). Genes with False Discovery Rate (FDR) q-value < 

0.05 and Log Fold Change (LFC) > 2 were considered as preferentially expressed. Next we 

looked for overlap of the resulting list of genes among tissues and retained the unique elements 

to each tissue/structure for further analyses. To predict the subcellular localization of the 

enriched genes, we used DeepLoc-01 (Almagro Armenteros et al., 2017) and the amino acid 

sequences of the enriched genes.  

 

AGP expression, quantitative RT-PCR and in situ hybridization 
 
 
ITAG identifiers of predicted AGP members (161 genes), including canonical AGPs, chimeric 

and hybrid AGPs were compiled from previously published reports (Ma et al., 2017; Johnson et 

al., 2017, Showalter et al., 2010). A matrix of the log2 of the mean TPM values per gene was 

plotted as a heatmap using the pheatmap R package. Genes were clustered based on their 

expression patterns through calculation of Euclidean distances. Out of the initial list, 60 AGP 

genes were represented in our transcriptomes and the published vegetative transcriptomes. We 

then selected genes with a high expression in pistil tissues compared to the rest of the tissues 

for independent validation by quantitative RT-PCR (qRT-PCR). Total RNA was isolated as 

above from mature leaves, sepals, petals, flower buds (2 mm length), anthers, pollen, ovaries, 

basal and apical style and stigmas. DNA-free total RNA (200 ng) was used for cDNA synthesis 

using the SuperScript® III First-Strand Synthesis System (Invitrogen, 18080051) following 

manufacturer’s instructions. Serial tenfold dilutions of pooled cDNA from the different tissues 

were used to determine primer efficiency curves. Quantitative PCR was performed using the 

Applied Biosystems® SYBR® Green PCR Master Mix in a StepOnePlus™ Real-Time PCR 

System according to the manufacturer’s manual. Three independent biological replicates were 

analyzed per sample per gene using the primers in supplemental table 2. Actin and ubiquitin 

were used as reference genes and the obtained data was normalized using the Livak 

calculation method (Livak and Schmittgen, 2001). For in situ hybridization of mature pistil 

sections, we followed the protocol published by Javelle et al. (2011) using sense or antisense 

DIG-labeled RNA probe generated from the full SlyFLA9 cDNA sequence amplified with the 

primers in supplemental table 2.  
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Sequence homology search and phylogenetic analysis  
 

The Basic Local Alignment Search Tool (BLAST) available in the SolGenomics Network (SGN; 

https://solgenomics.net/tools/blast/) website or The Arabidopsis Information Resource (TAIR) 

was used to identify homologous sequences (supplemental table 3). Multiple sequence 

alignment was performed using Clustal Omega.  The phylogeny of Arabidopsis and tomato 

GALT/HPGTs was generated with Phylip using the neighbor joining method with 200 bootstrap 

replicates; the consensus tree was calculated by the extended majority rule.  

Results  
 

Arabinogalactan glycoproteins accumulate in mature tomato pistils  
 

Secretion of AGPs to the stigmatic surface correlates with pistil receptivity in several species 

with wet stigmas (Gell et al., 1986; Losada and Herrero, 2012; Losada et al., 2014; Losada et 

al., 2017; Lord and Heslop-Harrison, 1984). We asked whether this observation also holds true 

in tomato pistils, another species that possess a ‘wet’ stigma upon maturation (Heslop-Harrison 

and Shivanna, 1977). The stigmas of pistils from five different developmental stages (defined by 

the size of the flower bud) up to anthesis were submerged briefly in a solution containing the 

AGP-specific synthetic dye, β-Yariv (Yariv et al., 1962). As a negative control, we used the non 

AGP-reactive isoform α-Yariv in pistils of the same developmental stages. As shown in Fig. 1A, 

a progressive accumulation of the β-Yariv-AGP complex precipitates in the stigma as the pistil 

reaches maturity, while the negative control does not display any visible staining. Our 

observations support the hypothesis that pistil receptivity correlates with secretion of AGPs in 

the stigma of the tomato pistil. We then asked whether AGPs reactive to the β-Yariv reagent are 

also present in the style and ovary. The transmitting tract of the style is a specialized secretory 

tissue rich in carbohydrates, flavanols, glycoproteins and lipids (Lennon et al., 1998), while the 

ovary contains the radially arranged ovules which are attached to the placenta (Figs. 1B, 2). 

Frozen sections of mature pistils were stained with β-Yariv and α-Yariv and observed under the 

microscope. Compared to the negative control, clear β-Yariv staining was observed in the 

transmitting tract of the pistil and ovules, indicating that AGPs are produced by different cell 

types along the pistil (Fig. 1B).   

 

To expand our observations with the β-Yariv reagent, we generated semi-thin sections of 

tomato pistils and probed them with anti-AGP glycan antibodies: JIM8 (unknown epitope 



11 
 

structure), JIM13 and MAC207 (described epitope for both antibodies: β-GlcA1 → 3-α-

GalA1→2-Rha) (Knox et al., 1991; Pennell et al. 1991; Yates et al., 1996). Even though all of 

these antibodies bind to AGP glycan moieties, they display differential binding and 

developmental patterning (Knox, 1995). Several studies have also shown AGP localization to be 

responsive to various physiological and developmental events such as biotic and abiotic stress 

(Wu et al., 2017), and during male and female gametophytic development (Acosta-García and 

Vielle-Calzada, 2004; Coimbra et al., 2007). Particularly in tomato, reports of AGP redistribution 

during fruit ripening and softening (Leszczuk et al., 2020) and during fruit development under 

abiotic stress (Fragkostefanakis et al., 2012; Mareri et al., 2016), support the hypothesis of 

dynamic spatiotemporal regulation in response to stimulus in tomato. We, therefore, focused on 

detecting AGP localization changes during pollen-pistil interaction by collecting pistils before 

and after fertilization. To determine an appropriate post-fertilization time point, we used aniline 

blue staining to visualize the position of pollen tubes within the pistil tissues. We found that at 24 

h post pollination, pollen tubes had entered the ovary and successfully reached several ovules 

(Sup. Fig. 1). In contrast to our observations with β-Yariv staining, unpollinated pistils displayed 

weak labeling with all three antibodies (Sup. Fig. 2), suggesting that these structures produce 

AGPs which are not recognized by, or with weak affinity to the tested antibodies, though it is 

also possible that the antibody epitopes may be present, but masked in these samples (Rydahl 

et al., 2018). Papillae in the stigma and cells along the transmitting tract are highly secretory 

and the complexity of their extracellular matrices might limit the accessibility of the antibodies to 

their epitopes. Weak immunolabeling with the antibodies in the stigma cells and style was also 

observed in samples at several stages during pollen-pistil interaction while strong labeling was 

observed in pollen grains attached to the papillae cells (Sup. Fig. 2C, MAC207 antibody). In 

ovary sections, on the other hand, unpollinated pistils displayed a punctate, intracellular labeling 

in the ovules when stained with JIM8 and JIM13 (Fig. 2A and B). In tomato pistils, due to the 

size of their ovules, obtaining sections of the ovary that preserve the embryo sac intact is 

challenging. We were able, however, to observe strong signal in a restricted area towards the 

micropylar pole of the ovule when staining with MAC207 (Fig. 2C); potentially labeling the 

synergid cells (Fig. 3C). After pollination, all three antibodies strongly labeled the cell walls of 

the inner cell layer of the integuments, surrounding the embryo sac (Fig. 2D to F).  

 

To have a better visualization of the ovule surface and expand our characterization of the ovular 

AGP patterning, we performed whole mount immunolocalization with MAC207. Whole mount 

immunostaining was performed in ovules from the same time points (unpollinated and 24 hap) 
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as above. Our results show that, in ovules from unpollinated pistils, a subset of MAC207-

reactive AGPs were restricted to the micropyle (Fig. 3A). Interestingly, the signal visible in the 

micropyle of unpollinated ovules was no longer visible at 24 h after pollination (Fig. 3B). AGP 

labeling by the MAC207 antibody was also present in the pollen tube (Fig. 3B).  

 

Identification of genes with enriched expression in tomato reproductive tissues  
 

In tomato, a number of studies have focused on identifying sets of genes with potential function 

during fruit development (Pattison et al., 2015; Ezura et al., 2017; Zhang et al., 2016); however, 

a significant gap of knowledge still exists in earlier stages of sexual reproduction, particularly in 

understanding the molecular basis of pistil receptivity. The pistil is a complex collection of 

tissues that can be subdivided in three functionally distinct parts: the stigma, the style and the 

ovary (Fig. 1). Therefore, we next focused on determining the transcriptional profiles of these 

regions to identify differences in gene expression that might contribute to their function. 

Gradients of gene expression throughout the pistil have been previously documented. For 

example, the transcript of STIGMA-SPECIFIC PROTEIN1 (STIG1), a small Cys-rich protein that 

promotes pollen tube growth, is expressed only in the stigma and upper style (Huang et al., 

2014). A similar expression pattern was reported for the transcript of MON9612 (Pitto et al., 

2001). Based on this information and the visible morphological differences between the apical 

and basal portion of the style (particularly the presence trichomes in the basal portion), we 

decided to explore possible differences in gene expression between these subsections. Mature 

pistils were dissected as shown in Fig. 4A. To precisely identify female-specific or female-

enriched genes, we included datasets representing male reproductive samples. We generated 

libraries from mature pollen grains in the bicellular stage (vegetative and generative cells 

present) and pollen tubes in the tricellular stage (vegetative and sperm cells present, after 

germination in vitro and incubation for 10 h). To accurately account for biological variability in 

our study when determining preferential gene expression, we generated four biological 

replicates per sample, with the exception of the stigma samples where three samples passed 

the RNA quality requirements (A260/280 between 1.8-2.1, A260/230 >1.5 and RIN value ≥ 7.6). 

We additionally included single-replicate transcriptomes from a range of Micro-Tom vegetative 

tissues and floral whorls published by Ezura et al., 2017, as well as transcriptomes from leaf, 

root and flower bud from the cultivar Heinz, deposited in the SolGenomics Network website (2 

biological replicates each, Sato et al., 2012). Raw read quality was analyzed, overall the quality 

of our libraries was high (Phred score > 30). Sequencing adapter contamination was removed 

from the libraries if necessary. Transcript abundance was expressed in Transcripts per Million 
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(TPM) and, a gene was considered as expressed when TPM ≥ 0.1. After filtering based on this 

criterion, the pistil subsection samples retained ~70% of genes while pollen and pollen tube 

samples retained only 35-37% of genes. The latter observation is consistent with previous 

reports of a drastic reduction of the number of expressed genes in mature pollen in other 

species (Arabidopsis, rice; Honys and Twell, 2003; Wei et al, 2010).  

 

The complexity of a transcriptome is determined by the number of genes contributing to the total 

bulk of transcription or total transcriptional output (TTO) (Carnici et al., 2000; Melé et al., 2015). 

In tissues with a low transcriptome complexity, few genes will account for the majority of the 

transcriptional output. We determined the fraction of the TTO for each gene in our datasets and 

found that pollen and pollen tubes have lower complexity transcriptomes relative to the pistil 

subsections with 51 and 44 genes accounting for ~50% of the TTO, respectively (Fig. 4B). In 

both cases, the functions of many of the highest expressed genes are related to cell wall 

metabolism (Sup. Table 4 and 5). Among the pistil samples, stigma had the lowest complexity 

with 473 genes accounting for half of the TTO. In this case, functions associated with the top 

expressed genes are lipid metabolism, defense and signal responses (Sup. Table 6). In the 

apical subsection of the style, 479 genes account for ~50% of the TTO; the basal portion of the 

style 526 genes and the same number of genes account for half of the bulk of transcription in 

the ovary (Fig. 4B). In the style and ovary subsections of the pistil the highest expressed gene 

belongs to the Defensin-like protein family (Sup. Table 7-9).  

 

We then conducted a Principal Component Analysis (PCA) to visualize the variability amongst 

samples from different tissues (Fig. 4C). In our analysis, Principal Component 1 (PC1) and PC2 

together explained 98% of the variation of gene expression among datasets, with 96% of 

variation explained by the first component (PC1). As expected from samples generated from the 

same tissue, our replicate samples displayed high similarity with respect to the two principal 

components. On the other hand, separation of the datasets along PC1 shows that the major 

differences in transcriptional makeup exist between male/female reproductive tissues. Pistil 

subsections are clustered together and in close distance with other floral whorls (sepal and 

petal) excluding anther, with the latter being closer to the cluster formed by the male 

gametophyte. In addition, distribution along PC2 shows a distinction between reproductive and 

vegetative tissues as previously reported (Ezura et al., 2017) (Fig. 4C).  
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Once we validated the quality of our transcriptomes, we identified genes with enriched 

expression in the pistil subsections and pollen and pollen tubes. Previous efforts have been 

done to identify ovary specific genes in tomato (Ezura et al., 2017; Pattison et al, 2015); 

however, to our knowledge, our study is the first effort to characterize the transcriptional profiles 

of subsections of the mature pistil. We performed a Differential Expression Analysis (DEA) by 

comparing each sample to the rest of the tissues, including libraries from other floral whorls 

(anther, sepal, petal) and vegetative tissues (leaf, root and flower bud). After DEA, we filtered 

the data and retained only genes with Log Fold Change (LFC) ≥ 2 and Q-value ≤ 0.05. We then 

looked for overlapping genes between the obtained lists to narrow down the number of genes 

with preferential expression per tissue/structure. After the second filtering, pollen grains had the 

greatest number of preferentially expressed genes (1229, Sup. Table 10), followed by pollen 

tubes (1126, Sup. Table 11). Within subsections of the pistil, the ovary displayed the highest 

number of differentially expressed genes (448, Sup. Table 15), followed by the stigma (411, 

Sup. Table 12), the apical portion of the style (57, Sup. Table 13) and lastly, the basal portion of 

the style (29, Sup. Table 14) (Fig. 4D).  

 

In order to gain more insight on the functions of the genes identified in this study, we predicted 

the subcellular localization of the proteins they encode. Using a prediction tool based on 

machine learning (DeepLoc-01, Almagro Almenteros et al., 2017), we determined that in all 

tissues, the highest percent of genes were predicted to be nuclear or cytoplasmic (ranging from 

16 to 26% for cytoplasmic and 17-30% for nuclear proteins, Sup. Fig. 3). Consistent with the 

highly secretory nature of the transmitting tract of Solanaceae species (Lush et al., 2000), the 

third most abundant localization in the apical (17%) and basal style (33%) is extracellular (Fig. 

4E). Interestingly, in pollen and pollen tubes the third most abundantly predicted compartment is 

mitochondria. Although a direct relationship cannot be established solely on transcriptomic data, 

our findings are consistent with reports of a higher content of mitochondria in pollen relative to 

vegetative tissues in some species (Lee and Warmke, 1979) that presumably supports, at least 

in part, the highly energy-demanding process of pollen tube elongation (Selinski and Scheibe, 

2014).  

 

 

Characterization of expression profiles of the AGP family in tomato reproductive structures 
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In tomato, only a handful of AGPs had been characterized. To date, LeAGP1, a ubiquitously 

expressed classical AGP, is the biochemically and genetically best studied AGP (Showalter et 

al., 2000; Gao and Showalter et al., 2000; Sun et al., 2004). In addition, the study of 

Fragkostefanakis et al. (2012), identified 34 putative genes encoding AGPs, and further 

characterized the expression dynamics of SlAGP2 (Solyc04g074730.1) and SlAGP4 

(Solyc04g074730.1) during fruit ripening and in response to wounding and hypoxia. Our 

immunological studies suggest an important role for AGPs in tomato reproduction, prior to fruit 

development (Figs. 2-3). Therefore, we were interested in investigating the expression of genes 

encoding AGPs in our datasets.  

 

The AGP family is a highly diverse, multigenic group. They are highly glycosylated (up to 90% of 

their total weight corresponds to carbohydrates) and possess a high content of (hydroxy)proline 

(Hyp), alanine, serine and threonine in their sequences. AGP glycosylation occurs on 

hydroxyproline residues within clustered dipeptide motifs Ala-Hyp, Ser-Hyp, Val-Hyp, Gly-Hyp 

and Thr-Hyp (Ellis et al., 2010). Depending on the structure of their protein backbones, AGPs 

can be further divided into subgroups: classical AGPs, small AG-peptides, lysine-rich AGPs, 

hybrid AGPs (with glycosylation motifs belonging to different classes of Hydroxyproline-Rich 

Glycoproteins – HRGPs) and chimeric AGPs (with functionally and phylogenetically unrelated 

domains). Due to their biased amino acid composition and repetitive nature, several 

bioinformatics pipelines to predict the number of genes encoding AGPs have been developed 

(Schultz et al.,2002; Ma et al., 2017; Johnson et al., 2017, Showalter et al., 2010). In general, 

the available tools make use of different features in order to categorize a gene as member of 

the AGP family; for example, the percent of Pro, Ala, Ser and Thr present in the protein 

backbone, presence of a GPI anchor and signal peptide, sequence homology to known AGP 

genes, the presence of known chimeric domains in the sequence (e.g. Fasciclin-like domains, 

phytocyanin-like domains, xylogen-like domains, non-specific lipid transfer protein-like domains, 

early nodulin-like domains, etc.) or the presence and type of other glycosylation motifs for hybrid 

AGPs. As a consequence, the estimated number of sequences encoding for AGPs for a species 

varies depending on the prediction pipeline used. Thus, we compiled the ITAG identifiers of 

predicted sequences encoding for AGPs from three previously published reports (Ma et al., 

2017; Johnson et al., 2017, Showalter et al., 2010). We then searched expression profiles 

among tomato tissues, with special interest in those displaying higher expression levels in our 

reproductive datasets (pistil subsections, pollen grains and tubes). 
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Out of the 161 presumed AGP genes in the tomato genome, 60 had detectable expression in 

our datasets and the vegetative datasets analyzed (Sup. Fig. 4). Among the genes represented 

in our analysis, the majority are classified as classical AGPs (16/60), followed by chimeric AGPs 

with Fasciclin-like domains (FLAs, 11/60). As anticipated, AGPs were expressed in a broad 

spectrum of tissues, both vegetative (especially root) and reproductive. Using hierarchical 

clustering of the AGP gene expression across tissues, we identified a cluster with enriched 

expression in reproductive tissues (Fig. 5A, Sup. Fig. 4, Sup. Fig. 5). This cluster included three 

genes with high expression in the pistil: a hybrid AGP-Extensin (Solyc09g075580.1, recently 

annotated as a short Extensin, SlEXT14  by Ding et al., 2020), a Lysine-rich AGP (Lys-AGP, 

Solyc07g052680.1, annotated by Leszczuk et al., 2020 as AGP19) and a chimeric AGP with two 

Fasciclin-like domains (Solyc07g065540.1, annotated as SlyFLA9 by Fragkostefanakis et al. 

2012). The pistil expressed AGPs are represented in the Tomato Expression Atlas (TEA) in 

samples taken from dissected ovaries and in some cases through fruit development, although 

the expression levels reported are relatively low (Sup. Fig. 6A). In this cluster we also observed 

a classical AGP, Solyc05g049890.1, expressed in male reproductive structures (pollen grains 

and tubes). This AGP was represented in the Plant eFP data, as expressed in unopened 

flowers, possibly due to the lack of more refined datasets for floral parts other than ovaries (Sup. 

Fig. 6B). Since the data we analyzed was derived from both the Micro-Tom and Heinz 1706 

cultivars, we compared the coding sequences of the reproductive AGPs in these two 

backgrounds and found that the predicted coding sequences were identical except for 

Solyc09g075580.1 which possessed two amino acid substitutions (F15V, L66S) and an indel 

mutation resulting in an additional proline residue within an extensin S(P)3-5 motif in the Micro-

Tom sequence (Sup. Fig. 7). As a complement to the identification of AGPs, we also searched 

for tomato genes encoding hydroxyproline galactosyltransferases (hyp-GALT and HPGT) 

proteins. These enzymes are required for the initiation of AGP glycosylation and their presence 

in the tomato genome is predicted by the detection of AGP glycans (Basu et al., 2013; Ogawa-

Ohnishi and Matsubayashi, 2015). We identified six tomato homologues of the Arabidopsis 

GALT and HPGT sequences and found they were broadly expressed in the pistil and vegetative 

tissue with relatively weaker expression in the pollen samples (Sup. Fig. 8). 

 

From the pistil expressed AGPs, we selected those genes with the highest expression values 

(mean TPM) for further validation with an independent approach. The expression patterns of 

Solyc09g075580.1 (hereafter SlyHAE) and SlyFLA9 were confirmed by quantitative RT-PCR. 

SlyHAE displayed a higher level of expression in the basal portion of the style (Fig. 5C). The 
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protein sequence encoded by SlyHAE has relatively high content of Pro (28%), six predicted 

AGP glycomodules and two glycosylation motifs found in a different class of HRGPs, Extensins 

(Fig. 5B). AGP-EXT hybrids like the class III Pistil Extensin-like Protein (PELPIII) have been 

reported in other members of the Solanaceae family like tobacco (Eberle et al., 2013; de Graaf 

et al., 2003); however, SlyHAE shares poor sequence similarity to this gene family (< 12% 

sequence similarity to N. tobaccum PELPIII). Likewise, alignment of SlyHAE to other AGPs in 

tobacco known to be involved in reproduction (TTS, 120 KDa) displayed poor sequence 

similarity (supplemental table 16). Two genes encoded in the genomes of Nicotiana 

benthamiana (Niben101Scf01623g08001.1) and Solanum melongena 

(SMEL_009g330490.1.01) displayed high sequence similarity to SlyHAE (61.48% and 85.61%, 

respectively) (Sup. Fig. 9). No known functions for these genes in tobacco or eggplant have 

been reported. Outside of the Solanaceae family, no homologs of SlyHAE were identified.  

 

SlyFLA9, displayed a high level of expression in the ovary (Fig. 5C). SlyFLA9 is a chimeric AGP 

with two predicted Fasciclin domains (FAS), a C-terminus GPI anchor and 20 putative AGP 

glycomodules (Fig. 5B). The FAS domains are conserved in Eukarya and are predicted to 

participate in cell-cell adhesion by an unknown mechanism (Seifert, 2018). Sequence alignment 

of SlyFLA9 produces significant hits to FLA1 in Arabidopsis thaliana, which also possesses 2 

FAS domains (72.9% similarity). The loss of function of FLA1 in Arabidopsis displayed shoot 

regeneration defects and, based on its expression pattern, is presumed to participate during 

embryogenesis and seed development (Johnson et al., 2011).  

 

Based on the high expression level of SlyFLA9 observed in the ovary (Fig. 5B), we 

hypothesized it may contribute to the AGP glycan signals we observed in this organ (Fig. 1B, 

Fig. 2 and Fig. 3). To evaluate the spatial distribution of SlyFLA9 transcripts, we generated DIG-

labeled RNA probes for in situ detection in ovaries dissected from mature, unpollinated pistils. 

We observed high accumulation of the SlyFLA9 transcript in the pericarp of the ovary and the 

outer integuments of individual ovules (Fig. 5D). Based on the protein structure of SlyFLA9 and 

its expression pattern, our results suggest a role during ovary maturation and ovule receptivity.  

 

Discussion  
 
The interaction between pollen and pistil is an ephemeral event during a plant’s life cycle, yet 

the proper establishment of their molecular dialogue is crucial for successful fertilization. The 
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AGP family has been implicated in virtually all steps of pollen-pistil interaction, paving the 

pathway along the sporophytic tissues of the pistil towards a receptive ovule (Dresselhaus and 

Franklin-Tong, 2013; Su and Higashiyama, 2018). Here, we report the distribution of AG 

glycans throughout pistil development and following fertilization (Figs. 1, 2 and 3). Our results 

show that AGPs progressively accumulate in the stigmatic surface of the pistil, consistent with 

reports in other species with wet stigmas (Losada and Herrero, 2012; Costa et al., 2013; Gell et 

al., 1986) and suggesting that AGPs present in stigmatic exudates play a role for the earlier 

stages of pollen-pistil interaction.   

 

After pollen tubes penetrate the stigmatic cells, they elongate through the intercellular spaces of 

the transmitting tract in species with solid styles (Gotelli et al., 2017). Once in the style, 

directional pollen tube growth is thought to be regulated by chemical cues (Cheung et al. 1995) 

in combination with mechanical forces (Reinmann et al., 2020). AGPs in the transmitting tract of 

solanaceous species have been implicated in stylar guidance: in tobacco, TTS, a member of the 

AGP family, displays a basipetal glycosylation gradient along the style of tobacco pistils, where 

it acts as a pollen tube attractant and as a source of nutrients upon glycan hydrolysis (Wu et al., 

1995). Interestingly, genetic studies in the same species demonstrated that, in contrast to 

species with dry stigmas where incompatible pollination blockage occurs in the papillae (Fujii et 

al., 2019), the transmitting tract in the style acts as pre-zygotic barrier for interspecific pollination 

(Goldman et al., 1994). Several studies have highlighted the importance of the hybrid Extensin-

AGP, PELPIII, during interspecies incompatibility in tobacco. PELPIII accumulates in the 

transmitting tract of the style and, after pollination, is translocated to the cell wall of the growing 

pollen tubes (de Graaf et al., 2003), inhibiting interspecific pollen tube growth (Alves et al., 

2019). Our histological studies showed that β-Yariv reactive AGPs accumulate in the 

transmitting tract of the style of mature pistils (Fig. 1B), potentially implicating AGPs in stylar 

guidance.   

 

Due to the thickness and size of the pistil of solanaceous species, little information is available 

regarding the passage of pollen tubes from the transmitting tract to the ovary and how exactly 

pollen tubes respond to ovular cues once inside. In a study performed by Lush et al. (2000) in 

Nicotiana alata ovaries, which enclose ~400 ovules, pollen tubes expressing a GUS reporter 

appear to fertilize ovules in a random fashion. In addition, they reported pollen tube 

‘meandering’ within the ovary, where pollen tubes exited the placental surface, bypassing 

ovules and growing through their external surface in a disorganized manner. We also observed 
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this behavior in tomato ovaries 24 h after pollination when we removed the pericarp to expose 

the ovules and growing pollen tubes (Sup. Fig. 1). Despite this seemingly random pollen tube 

behavior, they are capable of finding receptive ovules and fertilizing them, suggesting that a 

guidance mechanism indeed exists in this species. The micropyle, formed by the integuments 

that surround the embryo sac, is the pollen tube’s entry point to the ovule. The study of mutants 

with anomalous integuments revealed partial defects in pollen tube ovule targeting, suggesting 

a role for the micropyle in guidance (Lora et al., 2018). Although how the micropyle participates 

in pollen guidance is still unknown, the accumulation of AGPs in this region (Fig. 3; Coimbra et 

al., 2018; Hou et al., 2016; Losada and Herrero, 2019) suggest potential functions in this 

process. Additional evidence of AGP involvement in ovular pollen guidance comes from the 

discovery of AMOR, an arabinogalactan derived sugar produced by the sporophytic tissue of the 

ovule that renders pollen tubes responsive to synergid signaling peptides (Mizukami et al., 

2016). Whether a pollen receptor that binds to AMOR exists, remains to be determined. It has 

been suggested that given the importance of Ca2+ dynamics for pollen tube growth and the 

ability of AGPs to bind Ca2+ in a pH-dependent manner, AGPs might influence cell growth by 

acting as a periplasmic Ca2+reservoir (Lamport and Várnai, 2013) or in the case of AMOR, a 

diffusible Ca2+ carrier (Lamport et al., 2018).  

 

AGPs had been implicated in additional developmental processes, here we also report a 

reorganization of the AGP epitopes in the ovules after fertilization (Fig. 2, 3), implicating AGPs 

in latter steps of embryo and/or fruit development. The latter has been reported for fruit ripening 

and softening (Leszczuk et al., 2019).  

 

Immunological studies have proven useful to determining spatial regulation of AGPs in a 

number of species; however, for the most part, the identity of their protein backbones remains to 

be characterized. Several efforts combining amino acid bias quantification, prediction of signal 

peptides and homology searches have predicted members of the AGP family in different 

species (Ma et al., 2017; Johnson et al., 2017; Showalter et al., 2010). We compiled the tomato 

AGP sequences from these datasets; these included sequences corresponding to classical 

AGPs, hybrid and chimeric AGPs and small peptides (Fig. 5 and Sup. Fig. 4). To evaluate their 

expression profiles across reproductive tissues, we first generated a set of RNA-seq libraries 

derived from subsections of the mature pistil and pollen grains and tubes (Fig. 4). From the 

original gene list of 161, we detected expression of 60 genes. Consistent with comprehensive 

studies in other species like Arabidopsis (Pereira et al., 2014), the AGP family displays different 
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levels of expression across plant organs. Classical AGPs and FLAs were the most abundantly 

expressed subclasses of AGPs in tomato tissues (sup. Fig. 4). We identified and validated 

expression of two AGPs: a hybrid AGP-Extensin, SlyHAE (Solyc09g075580.1) with no 

homologs outside the Solanaceae family and with high expression in the style (Fig. 5) and a 

Fasciclin-like AGP, SlyFLA9 (Solyc07g065540.1) with high expression levels in the ovary, 

particularly in the outer cell layer of the integuments and the pericarp (Fig. 5C and D). Fasciclin-

like AGPs have been implicated in the development of pollen in Arabidopsis (Li et al., 2010) and 

fiber development in cotton (Huang et al., 2013). The exact mechanism of action of FLAs is 

poorly understood. It has been hypothesized that due to the presence of the Fas1 domain in 

their protein backbones, plant FLAs might function like those reported in metazoans. Drosophila 

Fas1 proteins function as cell-cell adhesion molecules during neuronal development (Zhong and 

Shanley, 1995). The structure of the Fas1 domain has been crystallized; however, the 

mechanism of action remains to be elucidated (Twarda-Clapa et al., 2018). The majority of 

FLAs have predicted GPI-anchors and it has been hypothesized that they can act as diffusible 

signaling molecules upon phospholipase mediated cleavage (Schultz et al., 1998). Cell-cell 

adhesion mediated translocation has been proposed as a mode of pollen tube guidance inside 

the ovary (Lush et al., 2000). The expression pattern of SlyFLA9 makes it an interesting 

candidate for future genetic studies to evaluate its role during pollen-pistil interaction.  

 

Although efforts to identify pistil-expressed genes have been published elsewhere (Ezura et al., 

2017), our experimental design allowed us to identify the transcriptional profiles corresponding 

to stigma, apical and basal style and ovary. After differential expression analyses, careful 

inspection of the identified genes highlighted the potential for widespread usage of our datasets 

as tools for further characterization of genes upregulated in each pistil subsection. For example, 

in the stigma libraries, we found significant enrichment of genes related to lipid metabolism 

(Sup. Tables 2 and 3). Chemical composition studies of stigma exudate in other members of the 

Solanaceae family, like tobacco and petunia, revealed that it is lipid-rich. These lipids play an 

important role in pollen hydration, germination and directing pollen growth towards the aqueous 

phase underneath the hydrophobic exudate (Lush et al., 2000; Konar and Linskens, 1966; 

Wolters-Arts et al., 1998). Several WSD1-like O-acyltransferases genes (Solyc03g083385.1, 

Solyc03g083380.3, Solyc01g095930.3 and Solyc10g009430.3) had enriched expression in the 

stigma (LFC > 3). WSD1 genes in Arabidopsis are involved in cuticle biosynthesis (Li et al., 

2008). The presence of a cuticle layer in species with wet stigma has been documented either 
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as a continuous layer (in Vitis vinifera, Ciampolini et al., 1996) or as a discontinuous layer, 

ruptured by the secretion of exudates (in Petunia hybrida, Konar and Linskens, 1966).  

 

In both portions of the style, genes with predicted extracellular localization were the third most 

enriched category (Fig. 4D). Consistent with the literature, our apical style library detected 

enriched expression of genes annotated as STIG1 proteins (Solyc03g120960.1 and 

Solyc03g120955.1) and the MON9612 transcript (Solyc02g093580.3; Huang et al., 2014; Pitto 

et al., 2001).  In this subsection, we also identified several enriched genes with predicted 

activities related to carbohydrate metabolism and cell wall polymer remodeling such as cell wall 

invertases (Solyc01g088590.4, Solyc03g121680.2), glycosyltransferases (Solyc08g077080.1, 

Solyc05g012670.1), pectinesterase (Solyc01g099960.3), polygalacturonase 

(Solyc12g019180.2) and α/ β-hydrolases (Solyc08g083190.3). Both, carbohydrate metabolism 

and pectin remodeling have recently been implicated in pollen-pistil interaction. In tomato pistils, 

cell wall invertases (CWIN) and hexose transporters are upregulated in response to pollination, 

in the style briefly after pollination to presumably support pollen tube growth, and in the ovary 

two days after pollination, potentially induced after fertilization (Shen et al., 2019). Pistil 

expressed polygalacturonases (PGs) are pectin hydrolytic enzymes that have been recently 

implicated in interspecific incompatibility in tobacco, where in vitro and semi-in vivo assays 

showed that PG activity inhibits pollen tube growth (Liao et al., 2020).  

 

In our study we identified several genes encoding peroxidases, with expression in the stigma 

(Solyc10g075120.2), four genes in the basal style (Solyc10g047110.2, Solyc05g052280.3, 

Solyc03g025380.3, Solyc05g046020.3) and four genes in the ovary (Solyc10g078890.2, 

Solyc09g072700.3, Solyc01g104860.3, Solyc02g084790.3). Peroxidase activity is commonly 

used as a test for stigmatic receptivity (Dafni and Maués, 1998). Peroxidase activity and 

accumulation of Reactive Oxygen Species (ROS, specifically H2O2) has been described in the 

stigmas of several species (McInnis et al., 2017). In tobacco, peroxidase activity measured 

along the pistil is distributed as a gradient, with the highest activity in the stigma, decreasing 

activity in the style and a slight increase of activity in the ovary with distinct peroxidase isozymes 

in each subsection (Bredemeijer, 1984). ROS signaling has been linked to pollen germination 

and hydration in the stigma, to pollen tube elongation in the transmitting tract and to ovular 

guidance in the ovary (Zhang et al., 2020).  

 



22 
 

Small secreted Cysteine-rich proteins (CRPs) play an important role during ovular guidance. 

CRPs are subclassified into three groups: Defense-like proteins (DEFL), Early Culture Abundant 

1 proteins (ECA1) and nonspecific Lipid Transfer proteins (Sprunk et al., 2014). DEFL genes 

encode small peptides, some of which have species-specific pollen attractant functions (LURE 

peptides; Takeuchi and Higashiyama, 2012; Higashiyama and Yang, 2017). In Arabidopsis a 

member of the ECA1 subgroup, Egg Cell 1 (EC1) accumulates in the egg cell and promotes 

sperm cell fusion during fertilization (Sprunk et al., 2012). In our analysis, we identified several 

CRPs highly expressed in the ovary: four predicted ECA1 genes (Solyc05g010190.1, 

Solyc06g048400.1, Solyc11g008725.1 and Solyc07g006210.1, LFC > 4.7, the first gene was 

also identified by the study of Ezura et al., 2017) and three predicted DEFL genes 

(Solyc09g074440.3, Solyc06g075200.1 and Solyc07g017570.2; LFC >3.3). 

 

Our study identified, in addition to pistil expressed AGPs, a number of genes with potential 

functions in the establishment of a receptive pistil in tomato. The predicted functions of the 

identified genes cover a broad spectrum: from cell wall modifying enzymes to small secreted 

signaling peptides. Functional characterization of these genes will allow us to further understand 

the basis of pistil receptivity and by performing comparative studies, understand how these 

genes involved in sexual reproduction evolved.   
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Figure legends 
 
 

 
Figure 1. Arabinogalactan glycoproteins accumulate in the mature tomato pistil. A) Pistil 

in different developmental stages (top) were dissected and stained with ⍺ (middle) or β-Yariv 

(bottom). AGPs react with the β-Yariv reagent, visible by the accumulation of a brown-red 

precipitate. ⍺-Yariv stained samples serve as negative control, as ⍺-Yariv does not react with 

AGPs. B) In cryosections of mature pistils, β-Yariv reactive AGPs accumulated in the 

transmitting tract in the style (longitudinal section) and in the ovary (cross-section), visible 

staining is present in the embryo sac and placenta. 
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Figure 2. Arabinogalactan glycoproteins in the ovule display a distinctive pattern pre- 

and post-fertilization. Representative micrographs of semi-thin sections labeled with anti-AGP 

glycan antibodies (green) and calcofluor white as a counterstain for the cell wall (magenta). 

Pictures A to C correspond to samples sectioned from unpollinated pistils, from D to F, samples 

sectioned from manually pollinated pistils, collected 24 h after pollination. The arrow indicates 

the signal detected when labeling with MAC207; Stars mark the embryo sac. Scale bar 50 µm. 

Pistil schematic on C represents section orientation. Note that the embryo sac is difficult to 

capture in sectioned material due to its large size. 
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Figure 3. Arabinogalactan glycoproteins in the micropyle surface is not detectable post-

fertilization. Confocal laser microscopy of whole mount immunofluorescence of ovules from 

unpollinated pistils (A) or 24 h after pollination (B, 24 hap). MAC207 reactive AGPs 

accumulated in the micropyle (arrowhead) in ovules from unpollinated pistils. After a pollen 

tube (PT) had fertilized the ovule, the diffuse micropylar AGP signal was no longer detectable. 

MAC207 also bound to AGPs present in the pollen tube. Magenta channel corresponds to 

calcofluor white, staining the cell wall for contrast. (C) DIC micrograph of cleared ovules to 

better appreciate the ovule anatomy; bottom, schematic of the tomato ovule.  ES: Embryo sac, 

Syn: synergids. 
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Figure 4.  Exploratory analysis of transcriptomes from reproductive tissue of tomato. A) 

Pipeline for library generation showing subsections of the tomato pistil used to generate 

libraries. Pistils of pre-anthesis flowers were emasculated, covered and allowed to mature for 24 

h before dissection into the four subsections comprising the stigma, the apical style, the basal 

style and the ovary. B) Transcriptome complexity of tomato reproductive tissues. Cumulative 

distribution of the mean fraction of total transcription per tissue, contributed by genes sorted 

from highest expressed to lowest expressed (X axis, log10 scale). Per tissue, the lines 

represent the mean expression values across biological replicates, divided by the sum of all 

mean expression values from the tissue (Fraction of Total Transcriptional Output, Y axis). The 

shaded area surrounding each line represents the dispersion of the data, calculated by dividing 

the standard deviation by the cumulative sum of all mean expression values. The red line 

indicates half of the Total Transcriptional Output to facilitate comparison. C) Principal 

Component Analysis (PCA) of generated datasets (bold letters) and published transcriptomes 

form vegetative tissues and other floral parts (stars). Major clusters in gray dashed circles. 

Published transcriptomes taken from (Ezura et al., 2017). RF: Red Fruit, GF: Green Fruit, YL: 

Young Leaf, ML: Mature Leaf, OL: Old Leaf, PTs: Pollen tubes in the tri-cellular stage. D) 

Preferentially expressed genes identified by differential gene expression analysis. Each sample 
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was compared to the rest of the tissues and non-overlapping genes were considered as 

preferentially expressed. E) Percentage of preferentially expressed genes per sample with 

predicted plasma membrane or extracellular (secreted) localization.   

 

 
Figure 5. Expression profiles of pistil AGPs in tomato. A) Expression profiles of pistil AGPs 

represented in our datasets. The heatmap corresponds to a subcluster taken from Sup. Fig. 4, 

where AGP genes had higher expression in reproductive tissues compared to the rest of the 

tissues. Color code on the left represents distinct classes of AGPs. Blue: AGP-Extensin hybrid; 

purple: classical AGP; green: Fasciclin-like AGP; yellow: Lysine-rich AGP. B) Protein 

architecture of Fasciclin-like AGP (SlyFLA9, Solyc07g065540.1) and hybrid AGP-Extensin 

(SlyHAE, Solyc09g075580.1). C) Quantitative RT-PCR of SlyFLA9 and SlyHAE across tomato 

tissues. Expression values were normalized using SlyACT (Solyc00g017210.1) and SlyUBI 

(Solyc01g056940.2) as references. FB: 2 mm flower buds. D) In situ detection of the SlyFLA9 

transcript in a sagittal section of the ovary, dissected from an unpollinated pistil. Left: schematic 

of the pistil sections shown for reference, middle: antisense probe, right: sense probe; es: 

embryo sac, se: septum, pl: placenta, ov: ovule, pr: pericarp. Scale bar 50 µm. 
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Supplemental Figure 1. Pollen tubes reach ovules and fertilize them after 24 h post manual 

pollination. Unpollinated pistils (left) or 24 h after pollination (middle) were harvested, fixed and 

stained with aniline blue fluorochrome to visualize pollen tubes growing through pistil tissues. In 

unpollinated pistils, vascular bundles were visible post-staining. Intact pollen tubes targeting 

ovules were visualized by dissecting the pericarp of 24 hap pistils (right). Stg: stigma, Sty: style, 

v: vasculature, PGs: pollen grains, PTs: pollen tubes, Ov: ovule. Scale bar in middle and right 

panel corresponds to 500 μm.   
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Supplemental Figure 2. Representative images of immunolocalization of AGPs in the stigma 

and style during pollen pistil-interaction. In the style, punctate signal in the papillae was 

observed in unpollinated pistils when staining with MAC207 (A). Punctate signal in the papillae 

was not observed post pollination, whereas strong signal was detected in pollen grains adhered 

to them (B-D). In the style, punctate signal in the cells surrounding the secretory cells of the 

transmitting tract were observed when staining with JIM8 in unpollinated pistils (B). After 

pollination, only weak signal was detected (F-H). Scale bar in A is 20 μm; scale bar in E is 50 

μm.  
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Supplemental Figure 3. Predicted subcellular localization of preferentially expressed genes 

from pistil subsection and pollen grains/tubes. Subcellular localization was predicted using 

DeepLoc-01 (Almagro Armenteros et al., 2017).  
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Supplemental Figure 4. A) Hierarchical clustering of AGPs gene expression across tomato 

tissues. Colors next to the dendrogram, represent the classification color coded as in B. The 

heatmap represents the expression patterns observed for the 60 putative AGP genes across 

tomato tissues. The color scale in the heatmap represents the log2 mean TPM value per gene. 

B) Classification of the AGP genes in A. The majority of genes identified belong to the classical 

AGP group, followed by Fasciclin-like AGPs (FLA). PAG: phytocyanin-like AGPs; DUF: Domain 

of Unknown Function AGPs; XYLP: Xylogen-like Protein AGPs; PKc: Protein Kinase-like AGPs; 

PRP-bias: Proline-rich protein bias AGP; AGP-EXT: AGP Extensin hybrid. C) Protein 

architecture of the reproductive AGP cluster which includes Solyc09g075580.1, 

Solyc07g065540.1 and Solyc07g052680.1 expressed in the pistil and Solyc05g049890.1, 

expressed in pollen grains and tubes.  



52 
 

 

Supplemental Figure 5. Predicted protein sequences of the reproductively expressed AGPs 

with key regions marked.  
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Supplemental Figure 6. A) Expression of pistil AGPs (from Transcriptome Expression Atlas -- 

TEA from SolGenomics Network) and B) Pollen and pollen tube expressed AGP (from Tomato 

eFP browser).  

 

Supplemental Figure 7. SlyHAE (Solyc09g07558.1) reported polymorphisms in the coding 

region between the Micro-tom (top) and Heinz 1706 (bottom) cultivars. Indicated in bold letters 

are the corresponding amino acids for each sequence., The polymorphisms in the Micro-tom 

SlyHAE sequence were confirmed by Sanger sequencing.  
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Supplemental Figure 8. A) Neighbor joining phylogenetic tree of hydroxyproline 
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galactosyltransferases (hyp-GALT and HPGT) proteins from Arabidopsis (At) and tomato 

(Solyc). Values in each node represent bootstrap values. B) Gene expression of tomato 

GALT/HPGTs across tissues. HPGTs and GALTs are highlighted in blue and green 

respectively. The color scale in the heatmap represents the log2 mean TPM value per gene. 

 

Supplemental Figure 9. A) Alignment of the SlyHAE (Solyc09g07558.1) with homologs in 

eggplant (SMEL_009g33490.1.01) and N. benthamiana (Niben101Scf01623g08001.1).  B) 

Protein sequence alignment between SlyHAE and tobacco PELPIII (PEXLP_TOBAC). 

 

 
 
 
 


