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 2 

ABSTRACT 1 

• Background and Aims   2 

Most gymnosperms produce an ovular secretion during reproduction, the pollination drop.  Once 3 

thought to be a mere landing site for pollen, the secretion is now known to contain a suite of ions 4 

and compounds, including proteins.  These components provide nutrition for the developing 5 

pollen and play diverse roles during pollination. Proteins have been identified in the drops of 6 

species of Chamaecyparis, Juniperus, Taxus, Pseudotsuga, Ephedra, and Welwitschia, and are 7 

likely involved in the conversion of sugars, defense against pathogens, and pollen growth and 8 

development. 9 

• Methods    10 

Here, we use mass spectrometry to identify proteins in the pollination drops of Cephalotaxus 11 

sinensis and C. koreana.  We also document the transcripts present in the ovules of C. sinensis at 12 

the time of pollination drop production 13 

• Key Results   14 

Several identified proteins in Cephalotaxus have been reported previously in the drops of other 15 

gymnosperms and likely function in defense, polysaccharide metabolism, and pollen tube growth 16 

and guidance.  Other proteins appear to be unique to Cephalotaxus, and their putative functions 17 

include starch and callose degradation, among others.  Identified transcripts spanned a range of 18 

functional categories and some may be involved in drop formation, ovule development, and 19 

conspecific pollen recognition.  20 

• Conclusions   21 

The pollination drop proteome expands our understanding of the function of the pollination drop 22 

during Cephalotaxus reproduction, and provides insight into how pollination drop proteins vary 23 
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among species of Cephalotaxus.  The transcriptome data provide a framework for understanding 1 

multiple metabolic processes that occur within the ovule and the pollination drop just before 2 

fertilization.  This is the first published transcriptome of any gymnosperm ovule. 3 

keywords: Cephalotaxus, proteome, transcriptome, development, gymnosperm, pollen selection 4 
 5 

INTRODUCTION 6 

In most extant gymnosperms, pollination relies on the wind-mediated transfer of pollen to ovulate 7 

cones.  In many taxa, an ovular secretion, the pollination drop, extends beyond the micropyle and 8 

forms a liquid surface that serves as a landing site for pollen. Subsequently, the drop withdraws 9 

and transports pollen grains into the ovule where they germinate, form pollen tubes, and 10 

ultimately release sperm that fertilize eggs (Singh, 1978, Doyle and O' Leary, 1935).  The sole 11 

function of the pollination drop was once thought to be transport of pollen into the ovule. We 12 

now know, however, that these ovular secretions contain a suite of organic and inorganic 13 

compounds including sugars, amino acids, organic acids, calcium, and proteins (Ziegler, 1959, 14 

Seridi-Benkaddour and Chesnoy, 1988, Carafa et al., 1992). The proteins that have been 15 

discovered in the drops suggest that in addition to nourishing the developing pollen, they play 16 

diverse roles in the pollination process (Gelbart and von Aderkas, 2002, Nepi et al., 2009, Coulter 17 

et al., 2012).    18 

Proteomic studies of pollination drops have been performed in Pseudotsuga menziesii 19 

(Poulis et al., 2005), Taxus × media (O'Leary et al., 2007), Juniperus communis, Juniperus 20 

oxycedrus, and Chamaecyparis lawsoniana, one gnetophyte, Welwitschia mirabilis (Carafa et al., 21 

1992, Wagner et al., 2007), and several species of Ephedra (von Aderkas et al., 2015). 22 

Thaumatin-like proteins, chitinases, invertase, galactosidase, peroxide, and subtilisin-like 23 

protease, among others, have been detected (Table 1).  Arabinogalactan proteins were 24 
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documented in Taxus x media using immunological methods (O'Leary et al., 2004), and acid 1 

phosphatase was identified in Welwitschia mirabilis (Carafa et al., 1992). Putative functions of 2 

the proteins include the conversion of sugars, cleavage of polysaccharides, defense against 3 

pathogens, and a variety of roles associated with the expansion and growth of pollen tubes (Table 4 

1) (Gelbart and von Aderkas, 2002, Poulis et al., 2005, Wagner et al., 2007).  Chitinases in 5 

Pseudotsuga menziesii have antifungal activity (Coulter et al., 2012).  Some of these proteins are 6 

conserved among taxa, such as chitinase and glucosidase, while others, such as galactosidase, 7 

have been observed in only a single species (to date).   8 

Developmental studies suggest that pollen selection conceivably could occur within 9 

pollination drops.  In the ovules of several species of Pinaceae, differences in pollen germination 10 

and pollen tube growth and development were observed, depending on whether the pollen was 11 

conspecific, heterospecific (McWilliam, 1959, Fernando et al., 2005), or heterogeneric (von 12 

Aderkas et al., 2012) with respect to the ovule.   The underlying mechanisms controlling these 13 

differential responses of pollen and pollen tubes are unknown, however.  It is possible that 14 

nutritional requirements differ for each type of male gametophyte, leading some to thrive in 15 

certain pollination drops while others languish or die (Gelbart and von Aderkas, 2002).  16 

Alternatively, a protein-protein interaction may occur between the pollen and the ovule, 17 

beginning with pollen recognition and culminating in the destruction or inhibition of the growth 18 

of certain pollen types.  Protein-protein interactions between pollen and/or pollen tubes and 19 

ovules, have been well documented in angiosperms, including those of the incompatibility 20 

reactions of S-locus proteins.  Self-incompatibility (SI) systems are found in at least 100 21 

angiosperm families (Igic et al., 2008), and comprise diverse molecular mechanisms, the most 22 

well characterized of which are the sporophytic self-incompatibilty system (SSI) found in 23 

members of the Brassicaceae, and the gametopythic Si systems (GSI) found in the Papaveraceae, 24 
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Solanaceae, Plantaginaceae, and Rosaceae [(for reviews, see (Iwano and Takayama, 2012, 1 

Takayama and Isogai, 2005, Franklin-Tong, 2008)].  2 

Proteomic studies are needed in additional gymnosperms to better understand pollination 3 

drop composition and function throughout conifers, cycads, Ginkgo, and gnetophytes.  Here, we 4 

documented the proteins present in the pollination drops of Cephalotaxus, for which no data were 5 

previously available.  Cephalotaxus, or “plum yew” (Figure 1), is native to southern and eastern 6 

Asia and includes 8-11 species (Bassett et al., 2005).  It is the sole genus in Cephalotaxaceae, 7 

although some taxonomic treatments do not recognize Cephalotaxaceae, but consider 8 

Cephalotaxus to be a divergent genus within the Taxaceae (Rai et al., 2008).  Regardless, the 9 

divergence of Cephalotaxus from Taxaceae sensu stricto is ancient, having occurred about 150 10 

Ma (Leslie et al., 2012).  We focused on Cephalotaxus sinensis Rehder and Wilson and C. 11 

koreana Nakai. We also generated RNA-Seq data to document the transcripts present in ovules of 12 

C. sinensis at the time of pollination drop production and to provide additional insight on ovule 13 

metabolic processes and pollination drop functions.  This is the first transcriptome assembled 14 

from a Cephalotaxus ovule at the time of pollination drop production, and the first transcriptome 15 

of any gymnosperm ovule.  16 

MATERIALS AND METHODS 17 

Pollination Drop and Ovule Collection   18 

Pollination drops and ovules were collected from species of Cephalotaxus at the Arnold 19 

Arboretum of Harvard University (Boston, MA). Pollination drops were collected from each of 20 

C. koreana and C. sinensis using a flame-drawn capillary tube in April 2011.  Drops were pooled 21 

to obtain a minimum of 100 µl per species and were stored at -20°C until analysis.  These are 22 

referred to as “outdoor” samples in the remainder of the paper.  Additionally, branches of 23 

approximately 20 cm in length were cut from C. koreana plants, transferred to cups of water, and 24 
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maintained in greenhouses of the Arnold Arboretum.  Temperatures were kept at 12-13°C during 1 

the day and 4°C at night to mimic outdoor temperatures.  At the time of pollination drop 2 

production, drops were collected and pooled as above.  These are referred to as “indoor” samples. 3 

In April 2012, cones were collected from C. sinensis at the time of pollination drop production 4 

and were frozen immediately in liquid nitrogen. 5 

Protein Preparation, Electrophoresis, Mass spectrometry, and Data Analysis 6 

Sample preparation, electrophoresis, and protein sequencing followed previous methods (Prior et 7 

al., 2013).  In brief, 1-D SDS-PAGE was performed, and gels were stained with Coomassie blue.  8 

Bands were excised from gels, digested with trypsin, and analyzed at the University of Victoria 9 

Genome BC Proteomics Center via HPLC-MS/MS.  HPLC was performed on a RP nano-10 

analytical column Magic C-18AQ (Michrom BioResources Inc, Auburn, CA).  The 11 

chromatography system was coupled on-line with an LTQ Orbitrap Velos mass spectrometer 12 

equipped with a Nanospray II source (Thermo Fisher Scientific). 13 

 The raw data files were searched using Thermo Scientific Proteome Discoverer software 14 

version 1.2 (Thermo Fisher Scientific) with Mascot version 2.2.1 (Matrix Science, Boston, 15 

Massachusetts, USA) and PEAKS Studio v. 6 (Bioinformatics Solutions Inc., Ontario, Canada) 16 

against the UniProt-SwissProt and Uniprot-Trembl databases.  Several post-translational 17 

modifications were tested for during searches.  These included the fixed carbamidomethylation of 18 

cysteines when iodoacetamide was used in sample processing, oxidation of methionine, and 19 

deamidation (N, Q).  Due to the paucity of gymnosperm data available in these databases, de 20 

novo discovery of peptides was also performed using PEAKS Studio.  SPIDER homology 21 

searches implemented in PEAKS Studio were also performed to compensate for sequencing 22 

errors and mutations which may otherwise inhibit the correct identification of peptides (Han et 23 

al., 2005).  PEAKS “In Chorus” was used to summarize the various search results. In both 24 
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MASCOT and PEAKS, peptides were accepted as correctly identified if their scores had values 1 

of at least p < 0.01.  The false discovery rate, as determined by a decoy database search, was kept 2 

below 1%.  Proteins were considered as correctly identified if they contained at least one unique 3 

peptide that fulfilled the above criteria.  We did not include “uncharacterized protein” hits in this 4 

report.   5 

RNA-Seq 6 

Ovules, including the nucellus and integuments, were dissected from cones on ice and pooled into 7 

a single sample.  RNA was extracted using a modified version of a previous protocol (Chang et 8 

al., 1993).   Library preparation and sequencing was performed by the FAS Center for Systems 9 

Biology (Harvard University).  In brief, RNA was amplified using the PrepX SPIA RNA-Seq 10 

Library Kit (Nugen), sheared, and made into 200 bp insert libraries using the PrepX ILM DNA 11 

Library Preparation kit (IntengenX, Pleasanton, CA).  Samples were sequenced on an Illumina 12 

HiSeq 2000. 13 

 Quality of sequences was assessed using FastQC (Andrews).  Adapters were removed 14 

using CutAdapt (Martin, 2011), and low quality sequences were trimmed using Sickle (Joshi and 15 

Fass, 2011) and Trimmomatic (Lohse et al., 2012).  Trimmed sequences were assembled using 16 

Trinity (Grabherr et al., 2011) with default parameters.  Similarity searches were performed using 17 

BLASTx against the NCBI non-redundant database (nr) and Uniprot (SwissProt and TReMBL) 18 

databases.  Annotation was performed using blast2go (Conesa et al., 2005) against the Gene 19 

Ontology (GO) database.  20 

RESULTS 21 

Proteome 22 

Proteins ranged in MW from approximately 7 to 50 kDa.  Six bands from C. koreana indoor and 23 

outdoor samples, and eight bands from C. sinensis were sequenced (Figure 2).  A total of 30 24 
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proteins from C. sinensis (outdoor), 32 from C. koreana (outdoor), and 18 from C. koreana 1 

(indoor) were identified (Table 2).  Peptides can be found in Supplementary Table 1 2 

[Supplementary Information].  Six of these proteins were detected in all three samples: 3 

chitinase IV, peroxidase, thaumatin-like protein (TLP), pollen allergen CJP-38, alpha-4 

galactosidase, and luminal binding protein (BiP).  Acidic endochitinase and neutral ceramidase 5 

were shared by both C. koreana indoor and outdoor samples, while an additional seven proteins 6 

were shared between C. sinensis outdoor and C. koreana outdoor (Table 2).  7 

Transcriptome 8 

Paired end sequencing yielded 314,781,368 paired-end reads from a 200 bp insert library, 9 

encompassing 21.8 GB of data.  After stringent quality filtering, only reads of QV higher than 20 10 

were accepted (mean QV=37).  Sequences have been deposited in the NCBI SRA database under 11 

the accession numbers SRP058054. 12 

Using the Trinity de novo assembly program, 402,215 transcripts were assembled with 13 

N50 = 390, with 56,370 transcripts above 500 bp and 17,201 transcripts above 1000 bp (Figure 14 

3). To identify putative homologues in other species, transcripts were searched against the NCBI 15 

non-redundant database (nr) and the combined Swissprot (SP) and TREMBL (TR) Uniprot 16 

databases using BLASTx and an e-value cutoff of 10-5.  49,277 transcripts had significant 17 

matches against the nr database, 27,837 against SP, and 47,558 against TR [Supplementary 18 

Information].  In total, 49,769 transcripts were matched to putative homologues using this 19 

approach.   20 

BLAST searches depend on several factors that impose limits on interpretations.  Short 21 

reads are rarely matched to known genes.  For example, only 7.8% of all transcripts less than 500 22 

bp in length had blast hits against the nr database, but 36.0% of transcripts sized 500 bp or greater 23 
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had hits.  Also, the paucity of gymnosperm data available in the databases limits the overall 1 

number of BLAST hits.    2 

 Transcripts with BLAST matches against nr were annotated using Gene ontology (GO) 3 

terms to predict transcript function.  9,644 transcripts were annotated [Supplementary 4 

Information].  Gene ontology (GO) annotations classify the function of transcripts into three 5 

categories: biological processes (bp), cellular components (cc) and molecular functions (mf).  6 

Within these categories, the greatest numbers of transcripts were assigned to the sub-categories 7 

“binding” and “catalytic” (molecular processes), “cellular process” and “metabolic process” 8 

(biological processes) and “cell” and “cell part” (cellular component) (Figure 4). 9 

DISCUSSION 10 

Proteome of the pollination drops of C. koreana and C. sinensis 11 

We found a diversity of proteins in the pollination drops of C. koreana and C. sinensis, with 12 

potential roles in defending nutrient-rich pollination drops from pathogens, promoting and 13 

supporting pollen tube growth, metabolism during drop production, and response to stress. Some 14 

of these proteins likely are actively secreted into the pollination drop (O'Leary et al., 2007), while 15 

others may enter the drop as a result of nucellar breakdown (von Aderkas et al., 2015).  As 16 

pollination drops form in Cephalotaxus and in some other gymnosperms, the most micropylar 17 

cells of the nucellus break down (C.Pirone-Davies, unpubl.res.)(O'Leary et al., 2004).  Thus, we 18 

expect that some of the proteins detected here are by-products of this degradation.  19 

Several of the proteins we detected in Cephalotaxus are found in the pollination drops of 20 

other gymnosperms, while others are reported here for the first time (Table 2).  Defensive 21 

proteins are conserved across all species examined to date.  Chitinases have been detected 22 

previously in two species of Juniperus, Ephedra foeminea, E. trifurca, and Welwitschia mirabilis 23 

(Wagner et al., 2007), TLPs have been detected in species of Juniperus, E. minuta, and Taxus x 24 



 10 

media (O'Leary et al., 2007), peroxidase in Pseudotsuga menziesii, E. compacta, E. likiangensis, 1 

and E. trifurca, and galactosidase in E. minuta, E. compacta, E. trifurca, and P. menziesii (Poulis 2 

et al., 2005).  Three of the six proteins shared among all three samples are pathogenesis-related 3 

(PR) proteins, i.e., they are induced in the presence of a pathogen.  PR-proteins are classified into 4 

diverse families, including chitinases (PR-3), thaumatin-like proteins (TLPs) (PR-5), and 5 

peroxidases (PR-9) (van Loon et al., 2006).  In addition to defensive functions, these proteins are 6 

involved in various physiological processes.   7 

Peroxidases are involved in auxin metabolism, lignin and suberin formation, and the 8 

linking of cell wall components (Passardi et al., 2005), while TLPs accumulate in tissue in 9 

response to some environmental stresses and developmental cues (Liu et al., 2010).  Some TLPs 10 

can inhibit the formation of ice crystals (Hon et al., 1995).  Chitinases break down various 11 

polymers, particularly chitin, and are involved in growth and developmental processes (Grover, 12 

2012).  Chitin is the primary component of fungal cell walls, and thus chitinases often function as 13 

antifungals, as has been shown in the pollination drops of Pseudotsuga menziesii (Coulter et al., 14 

2012).   In Cephalotaxus and other conifers, and Welwitschia, it is likely that one function of 15 

some or all of these proteins is to defend the nutrient rich drop from pathogens (Gelbart and von 16 

Aderkas, 2002).   17 

Galactosidase enzymes are present in various plant tissues where they metabolize a 18 

variety of polysaccharides and are involved in fruit ripening, growth, and the hydrolysis of 19 

lactose.  In flowering plants, galactosidases are observed in both the stigma exudate and in the 20 

pollen, and are hypothesized to loosen the cell wall components of the intine and assist in pollen 21 

germination and elongation (Hruba et al., 2005, Rejon et al., 2013).  It has been suggested that 22 

galactosidase and xylosidase present in the pollination drops of Pseudotsuga menziesii may also 23 
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help loosen the cell walls of pollen via degradation of xyloglucan support chains of the pollen 1 

intine, thus promoting pollen tube growth (Poulis et al., 2005).  2 

Pollen allergen CJP-38 is homologous to β-1,3-glucanase, which degrades β-1,3-glucan, 3 

or callose.  Functions of β-1,3-glucanase are diverse, and include the regulation of 4 

plasmodesmata (Levy et al., 2007), hydrolysis of β-1,3-glucan in fungal cell walls and pollen 5 

tube growth in angiosperms (Kotake et al., 2000, Sela-Buurlage et al., 1993).  In the pollination 6 

drops of Cephalotaxus, CJP-38 may have anti-fungal activity, or, if it originates from nucellar 7 

cells, it may regulate plasmodesmata, and thus cell-cell communication within the ovule.  It is 8 

unclear whether CJP-38 may be involved in pollen tube growth in Cephalotaxus as it is in 9 

angiosperms.  Callose is present in the pollen tubes of some gymnosperms (Yatomi et al., 2002), 10 

but it is not ubiquitous, and its distribution within the tube varies depending on species and 11 

developmental stage [for review, see (Fernando et al., 2010)].  In contrast, the angiosperm tube 12 

wall is composed predominantly of callose, and callose septae, or plugs, are formed throughout 13 

the tube as it grows (Abercrombie et al., 2011).  14 

The luminal binding protein (BiP) is located in the endoplasmic reticulum (ER) lumen, 15 

where it assists in the proper folding of proteins (Boston et al., 1996, Galili et al., 1998).  Based 16 

on its subcellular location, BiP likely is present in the drop as a result of nucellar breakdown.  It is 17 

conserved across all three samples, suggesting that it may have an important metabolic role at the 18 

time of pollination drop production.  BiP activity increases during biotic and abiotic stress 19 

responses to pathogens, nutrient deficiency, temperature changes, and water stress (Alvim et al., 20 

2001). It has been proposed that increased BiP production is needed to support an increase in the 21 

synthesis of PR proteins (Jelitto-Van Dooren et al., 1999).  Numerous PR proteins are present in 22 

the pollination drop, thus it is possible that BiP could support their synthesis.   23 
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Other proteins were present in both the outdoor samples of C. koreana and C. sinensis, 1 

but not the indoor C. sinensis sample (Table 2). Cupa3, Cup s, and Jun r are pollen allergens 2 

known from Cupressus arizonica, Cupressus sempervirens, and Juniperus rigida, respectively 3 

(Cortegano et al., 2004, Breiteneder and Mills, 2005), and are members of the PR-5 protein 4 

family.  These proteins may play a role in defense.  Alpha amylase hydrolyzes starch, thus 5 

mobilizing energy for growth and development (Huang et al., 1992).  Starch has been observed to 6 

accumulate in the nucellar cells of some gymnosperms just before drop formation (Carafa et al., 7 

1992, Takaso and Owens, 1995), and in some species, it decreases at the time of pollination drop 8 

production (Owens and Simmons, 1987).  9 

In both the indoor and outdoor samples of C. koreana, we detected acidic endochitinase, 10 

another defensive protein. Neutral ceramidase also was detected in these samples. Little is known 11 

about the function of ceramidase in plants, but it may be involved in cell signaling and 12 

development (Pata et al., 2010).  Other proteins were detected in only one of the samples 13 

examined (Table 2), although technical replicates are needed to verify that they were not present 14 

in other samples (Elias et al., 2005, Ham et al., 2008).  Many of these other proteins are involved 15 

in cellular metabolic processes, and may have been released from nucellar cells. Several of these 16 

proteins were recently detected in pollination drops of seven species of Ephedra (von Aderkas et 17 

al., 2015).  18 

The transcriptome of C. sinensis at the time of pollination drop production 19 

In our RNA-Seq data, we also detected transcripts with potential roles in pollination drop and 20 

ovule processes including pollen recognition, pollination drop formation, and ovule development. 21 

There was a degree of correlation between the identity of transcripts and the proteins detected by 22 

MS-MS [Supplementary Information], but we do not expect a one to one correlation between 23 

transcripts and proteins for several reasons.  The pollination drop proteome represents portions of 24 
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both the pollen and ovule proteomes, and includes just a fraction of the total ovule proteome.  1 

Also, the synthesis and degradation of mRNA and protein are differently affected by various 2 

factors including numerous post-transcription regulatory processes that affect mRNA stability, 3 

the timing of protein synthesis, and rates of protein turnover [for review, see (Vogel and 4 

Marcotte, 2012)]. 5 

Pollen Recognition 6 

We detected several transcripts that may be involved in pollen recognition, based on blast results 7 

and GO annotations (Supplementary Table 5).  Surprisingly, these included two S-locus lectin 8 

protein kinases, one g-type lectin S-receptor-like serine threonine-protein kinase, and two 9 

predicted proteins with a GO annotation of “”.  S-locus proteins determine the specificity of 10 

pollen rejection in angiosperm self-incompatibility systems (SI) (Takayama and Isogai, 2005), 11 

and the S-receptor kinase gene (SRK) is the female determinant of the SI system in Brassica 12 

(Stein et al., 1991).  SRK belongs to the diverse receptor-like kinase protein family (RLK) (Shiu 13 

and Bleeker, 2001), and is the best characterized member of the subfamily S-domain RLK 14 

(SRLK) (Shiu and Bleecker, 2003, Xing et al., 2013).  This subfamily is differentiated based on 15 

the presence of an extracellular S-domain composed of 3 sub-domains, B_Lectin, SLG, and 16 

PAN_APPLE, one of which, SLG, is responsible for binding the male determinant during SI 17 

reactions (Kemp and Doughty, 2007).  Apart from SRK, the functions of SRLK members are 18 

unknown, but based on their presence in non-reproductive tissues and self-fertilizing species, are 19 

predicted to be involved in roles other than pollen recognition, including development and 20 

defense (Bassett et al., 2005, Dwyer et al., 1994).  Further studies are needed to determine the 21 

function of these four transcripts in C. sinensis.  However, the possibility that they may be 22 

involved in self-incompatibility reactions or other forms of pollen recognition is intriguing.   23 
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Self-incompatibility is widespread in angiosperms, and some authors have suggested that 1 

SI also occurs in gymnosperms (Kormatuk, 1999, Runions and Owens, 1998, Owens et al., 2 

1990).  It is well established that self-pollinated conifers have lower rates of seed set than those 3 

that are cross-pollinated.  This trend is generally accepted to be the result of embryo inviability 4 

due to lethal recessive genes or competition between outcrossed and selfed embryos in seeds with 5 

multiple fertilization products (simple polyembryony).  However, in species of Larix (Kosinski, 6 

1986), Abies (Kormatuk, 1999), Picea (Runions and Owens, 1998), and Thuja (Owens et al., 7 

1990), low seed set in selfed individuals was sometimes correlated not with embryo abortion, but 8 

with the failure of pollen tube growth in the nucellus or archegonium, suggesting the occurrence 9 

of SI.  However, in all studies, pollen tube growth varied greatly both between ovules of the same 10 

individual and also between individuals, and some selfed ovules progressed as normal to result in 11 

viable seed.  Furthermore, observations were made on a small number of ovules and in some 12 

cases it was unclear how frequently aborted growth occurred.  Strong evidence does support the 13 

occurrence of interspecific pollen selection in the pollination drop.  In several cross-pollination 14 

studies, conspecific pollen germinated and grew better in the pollination drop than heterospecific 15 

or heterogeneric pollen (McWilliam, 1959, von Aderkas et al., 2012, Fernando et al., 2005).  16 

However, these studies do not distinguish whether this was because nutritional needs were better 17 

met by conspecific pollination drop, or whether signaling among pollen and ovule might be 18 

occurring, or both. 19 

Interestingly, observations during various other stages of reproduction suggest that 20 

signaling can occur between the pollen and ovule.  These include the dependence of ovule 21 

development on the germination and growth of the pollen tube in species of Pinus and Tsuga 22 

(Owens et al., 2005, Dogra, 1967, Owens and Blake, 1983), and the retraction of the pollination 23 

drop in the presence of conspecific, but not heterospecific pollen in Juniperus communis 24 
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(Mugnaini et al., 2007).  Although Cephalotaxus is dioecious, the presence of S-locus transcripts 1 

suggests a possible molecular basis for the recognition of pollen.  SI systems help promote 2 

outcrossing and are often cited as a unique feature of angiosperms that contributes to reproductive 3 

isolation and speciation (Stebbins, 1957, Jain, 1976). The presence of similar systems in 4 

gymnosperms would require a revision of this hypothesis. 5 

Pollination Drop Formation 6 

We also detected candidate transcripts that may help explain the unknown mechanisms of 7 

pollination drop formation and retraction.  The pollination drop originates in the nucellus, as 8 

shown by immunolocalization studies of pollination drop proteins (Poulis et al., 2005), and then 9 

passes through the micropyle to form a droplet.  Ultimately, it retracts, bringing pollen into the 10 

ovule.  In Cephalotaxus, drop production and retraction follow a diurnal cycle, with drops 11 

produced in the early morning and slowly retracting throughout the day.  This has also been 12 

observed in other gymnosperms (Tomlinson et al., 1991).  Drop retraction is also induced when 13 

pollen enters the drop (C Pirone-Davies, The Arnold Arboretum of Harvard University, pers. 14 

comm.), as has been noted in other species (Doyle and O' Leary, 1935, Tomlinson et al., 1997, 15 

Mugnaini et al., 2007).  How the movement of water is regulated is not well understood.  Conifer 16 

ovules are not vascularized, and thus water associated with pollination drop formation and 17 

retraction is not associated with the osmotic potential of the xylem.   Pollination drop formation 18 

must therefore be controlled by water dynamics within the ovule or cone (O`Leary and von 19 

Aderkas, 2005).   One explanation is that changes in the osmotic potential of the drop facilitate 20 

the movement of water (Coulter et al., 2012, Ziegler, 1959).  Sugar is a likely osmotic regulator, 21 

as various sugars are present in the pollination drop (Seridi-Benkaddour and Chesnoy, 1988, Nepi 22 

et al., 2009), and sugars are proposed to regulate water movement during nectar secretion.   We 23 

detected several transcripts involved in the transport of sugars [Supplementary Information],  24 
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including several members of the SWEETS protein family, a superfamily of sugar transporters 1 

(Xuan et al., 2013), some of which are involved in nectar secretion (Lin et al., 2014).  We also 2 

detected transcripts of β-glucosidase and P-loop containing nucleoside triphosphate hydrolases, 3 

proteins that have also been shown to be involved in nectar production (Bender et al., 2012).  The 4 

pollination drop, like nectar, is a liquid secretion from reproductive tissue, and it is possible that 5 

the mechanisms controlling secretion in these systems may be similar.   6 

Ovule Development 7 

Finally, we detected several transcripts that are similar to angiosperm genes involved in the 8 

development of reproductive organs, and that may be useful for exploring the genetic basis of 9 

ovule development.  These include ULTRAPETALA (ULT1), MADS-box transcription factors, 10 

AP2-related, CLAVATA (CLV), WUSCHEL (WUS), JOINTLESS, and LEAFY (LFY) 11 

(Supplementary Table 5). The roles of several of these loci are understood in angiosperms, but 12 

fewer data are available for gymnosperms (for review, see (Mathews and Kramer, 2012).  For 13 

example, the transcription factor WUS, a member of the WUSCHEL-related homeobox domain 14 

(WOX) family, interacts with the ligand CLAVATA3 (CLV3) and other members of the CLV 15 

signaling pathway to maintain the floral meristem and the central zone activity of the shoot apical 16 

meristem (SAM) (Laux et al., 1996). The expression of WUS in Arabidopsis ovules, where it is 17 

critical for initiation of the integuments, is consistent with the origin of the nucellus of the ovule 18 

from a shoot apical meristem (Gross-Hardt et al., 2002, Mathews and Kramer, 2012), however, 19 

consistent with their determinate nature, CLV3 is not expressed in Arabidopsis ovules. It is thus 20 

interesting that we detected CLV transcripts in the dissected ovules of C. sinensis. This could 21 

point to the presence of stem cell niche, maintained by the signaling of WUS and CLV, and the 22 

presence of WUS in the ovules of Gnetum (Nardmann et al., 2009) and C. sinensis suggests that 23 

the role of WUS during integument formation may be conserved across the seed plants.  24 
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MADS-box genes are transcription factors that contain a MADS DNA binding domain, 1 

which is conserved across eukaryotes and metazoans (Gramzow et al., 2014).  MADS-domain 2 

proteins are subdivided into Type 1, or serum response factor (SRF)-like proteins, and Type 2, or 3 

myocyte enhancer factor (MEF)-like proteins.  Few Type-1 genes have been functionally 4 

characterized, but Type-1 genes in Arabidopsis are involved in female gametophyte, embryo sac, 5 

and seed development [for review, see (Gramzow and Theissen, 2010)]. Type-1 genes were 6 

detected in several members of the Pinaceae as well as Sciadopitys verticillata.  However, 7 

detection of transcripts is infrequent and is limited to shoot, bud, male cone, and embryo tissues 8 

(Gramzow et al., 2014).  The functions of these transcripts are unknown.  Our dataset contains a 9 

single Type-1 MADS box transcript. 10 

Type 2 MADS box genes, in contrast, have been extensively studied in angiosperms, 11 

where they are best known for their roles in floral organ identity.  They are involved in diverse 12 

developmental processes in fruits, seeds, embryos, roots, and leaves [for reviews, see (Becker, 13 

2003, Theissen, 2001)].  Determination of organ identity in flowers is described by the ABCDE 14 

model, with A class genes specifying sepals, A+B+E class petals, B+C+E class stamens, C class 15 

carpels, and D class ovules [for review, see (Causier et al., 2010)], and MADS-Box genes 16 

comprise most of these classes.  In gymnosperms, B and C class genes appear to be involved in 17 

the specification of reproductive structures and the differentiation of male and female cones 18 

(Melzer et al., 2010).  Using BLAST searches, we detected several transcripts that showed 19 

greatest similarity to Type 2 MADS-Box genes, including B-class and B-sister (Bs) transcripts, 20 

AGAMOUS (AG) and AG-like (C class), TM8, and DEFICIENS AGAMOUS-LIKE 10 21 

(DAL10).  We verified via phylogenetic analyses (S Mathews, E Kramer, C Pirone-Davies, 22 

CSIRO, Canberra, Australia, Harvard University, Cambridge, USA, The Arnold Arboretum of 23 
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Harvard University, Boston, USA, unpeel. res.) that among the BLAST hits are single homologs 1 

of B-class, Bs, and AG transcripts.    2 

B-class genes have been detected in some conifers, Ginkgo and Gnetum gnemon 3 

(Mouradov et al., 1999, Sundstrom et al., 1999, Gramzow et al., 2014).  Expression of B-class 4 

genes is largely restricted to male cones, and it appears that the role of these genes in the 5 

development of pollen bearing structures is conserved across seed plants (Sundstrom and 6 

Engstrom, 2002, Theissen and Becker, 2004).  However, a recent study also detected B-class 7 

transcripts in mixed shoot tissue as well as in the female cones of Picea abies (Gramzow et al., 8 

2014).  Thus, the authors suggest a broad role for B-class genes in gymnosperms, but also 9 

concede that the detection of these transcripts could be due to transcriptional noise.  Our detection 10 

of B-class and Bs transcripts in the ovules of C. sinensis, suggests that B-class genes are indeed 11 

involved in a role beyond male reproductive development.  Since we collected ovules from 12 

outdoor sites where pollen was likely present, we cannot rule out completely the possibility that 13 

we detected transcripts from the pollen.   However, it is unclear whether B-class transcripts are 14 

expected in mature pollen.  In situ data indicate their presence in various pollen cone tissues, but 15 

no transcripts were detected in the pollen mother cells, and mature pollen was not analyzed 16 

(Sundstrom and Engstrom, 2002). The expression of one or more B gene homologs in ovules is 17 

not uncommon in angiosperms [for review, see (Kramer and Irish, 2000)], so it may be that this 18 

pattern is similarly common among gymnosperms. 19 

Homologs of the C class gene AG have been identified in all major gymnosperm lineages 20 

(Tandre et al., 1998, Rutledge et al., 1998, Kramer et al., 2003, Winter et al., 1999), and 21 

expression of AG and AG-like has been observed in the female cones of four cycads and several 22 

conifers, the male cones of Cryptomeria, the shoots of Gnetum gnemon, non-reproductive tissues 23 

of Picea abies, and in the nucellus of Taxus globoso (Englund et al., 2011, Gramzow et al., 24 
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2014), a close relative of C. sinensis. Thus, the presence of these homologues in C. sinensis is not 1 

surprising.  In flowering plants, AG is involved in stamen and carpel identity and in establishing 2 

determinancy of the floral meristem (Bowman et al., 1989).  In gymnosperms, AG genes are 3 

generally involved in the development of both male and female cones (Melzer et al., 2010), and 4 

may be involved in the development of ovuliferous scales (Tandre et al., 1998) and in the 5 

transition from vegetative to reproductive identity (Carlsbecker et al., 2013).    6 

We also detected several TM8 transcripts as well as DAL10. TM8 expression occurs in 7 

reproductive and non-reproductive tissues of diverse gymnosperms (Gramzow et al., 2014), 8 

including the ovules of Taxus baccata and G. biloba (Lovisetto et al., 2012).  Although the 9 

function of TM8 remains poorly understood, in tomato, it may be involved in controlling A class 10 

expression (Daminato et al., 2014).  Given the diversity of TM8 expression patterns across seed 11 

plants, further research into its function is needed. DAL10 has also been found in numerous 12 

gymnosperm species and tissues, but is absent from angiosperm lineages (Carlsbecker et al., 13 

2003).  Similar to TM8, little is known about the function of this gene, although it appears to be 14 

involved in the shift from vegetative to reproductive buds, and its presence in developing seed 15 

and pollen cones is similar to B and C class genes (Carlsbecker et al., 2003, Carlsbecker et al., 16 

2013).  Both TM8 and DAL10 are present in a large clade sister to the C-class genes (Melzer et 17 

al., 2010). 18 

MADS Box genes from the A class have not been detected in any gymnosperm (Melzer et 19 

al., 2010).  However, the A class gene AP2 from the AP2/ERF family of transcription factors has 20 

been detected in several conifers [e.g. (Nilsson et al., 2007)].  In Arabidopsis, AP2 specifies the 21 

identity of sepals and petals, regulates C class genes, is involved in seed development, and may 22 

play a role in development of non-floral organs (Jofuku et al., 1994).  Homologues of AP2 from 23 

Picea likely control diverse developmental events, but also share features of their angiosperm 24 
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counterparts, as PiAP2 has the capacity to substitute for an A class gene in Arabidopsis (Nilsson 1 

et al., 2007).  We detected one AP2-related transcript.  2 

We also detected transcripts similar to LFY and ULT1.  In angiosperms LFY enables the 3 

transition from vegetative to floral meristems (Weigel et al., 1992), and also activates floral 4 

homeotic genes (Weigel and Meyerowitz, 1994).  Members of the LFY lineage have been 5 

detected in non-reproductive and reproductive tissues of diverse non-flowering plants (Moyroud 6 

et al., 2010), including the nucellus of Picea (Carlsbecker et al., 2013). LFY acts in early female 7 

and male cone development (Vasquez-Lobo et al., 2007), and may regulate some ABC-type 8 

MADS-box proteins as it does in angiosperms (Moyroud et al., 2010).  In flowering plants, ULT1 9 

controls shoot and floral meristem cell accumulation (Fletcher, 2001), and also positively 10 

regulates floral meristem determinacy, possibly through the AG pathway (Prunet et al., 2008).  To 11 

our knowledge, ULT1 has not been detected in gymnosperms.   12 

Finally, we detected JOINTLESS, a MADS-Box gene involved in the formation of the 13 

abscission zone in tomato (Mao et al., 2000).  JOINTLESS works at least in part via the 14 

regulation of phytohormones, transcription factors involved in meristem identity, and genes 15 

involved in cell wall formation and lipid metabolism (Nakano et al., 2012).  It will be interesting 16 

to explore the role of JOINTLESS, as well as other transcripts discussed here, in Cephalotaxus.  17 

Our data support previous studies indicating that PD proteins are important in defense, 18 

polysaccharide metabolism, and pollen tube growth and guidance.  We also detected several 19 

novel proteins that are likely involved in defense (Cup a3, Cup s, Jun r), starch degradation (alpha 20 

amylase), and callose degradation (pollen allergen CJP-38), while others are likely by-products of 21 

nucellar degradation (luminal binding protein, ceramidase, and others).  The implications of the 22 

latter in PD function, if any, are unclear.  Examination of the transcriptome revealed several 23 

transcripts that may be important in pollen-ovule recognition, pollination drop formation and 24 
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retraction, and reproductive and developmental processes within the ovule.   Together, these 1 

proteomic and transcriptomic data provide a foundation to better understand the complexities of 2 

gymnosperm reproduction and ultimately, to gain insight into seed plant evolution.  3 
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 33 

TABLES 34 

Table 1. Proteins previously identified in the pollination drops of gymnosperms (adapted from 35 
Coulter et al., 2012 and von Aderkas et al., 2015).  Plant names are abbreviated as follows:  Chae. 36 
laws.= Chaemecyparis lawsonia; Jun. com. = Juniperus communis; Jun. oxy = Juniperus 37 
oxycedrus; Pseud. menz. = Pseudotsuga menziesii, Tax. X med. = Taxus X media; Wel. mir. = 38 
Welwitschia mirabilis; Eph. com = Ephedra communis; Eph. foe. = Ephedra foeminea; Eph. min. 39 
= Ephedra minuta; Eph. tri. = Ephedra trifurca; Eph. lik. = Ephedra likiangensis; Eph. mon. = 40 
Ephedra monosperma; Eph. com. = Ephedra compacta. 41 
 42 
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β-D-glucan 
exohydrolase 

x             

glucan 1,3-β-
glucosidase (or 
precursor) 

x x        x  x  

subtilisin-like 
proteinase  

x             

glycosyl 
hydrolase 

 x            

subtilisin-like 
proteinase  

 x            

glucanase-like 
protein  

  x           

chitinase   x   x  x  x    

thaumatin-like 
protein 

x x x      x     

xylosidase    x   x x x x   x 

galactosidase    x   x  x x   x 

peroxidase    x   x   x x  x 

invertase    x          

aspartyl 
protease 

   x   x   x x  x 

serine 
carboxypeptida
se (-like) 
protein  

   x    x  x  x  

arabinogalacta
n protein 

    x         

malate 
dehydrogenase 

         x    

peptidase           x   

superoxide 
dismutase 

      x       

 1 
 2 
 3 
 4 
Table 2.  Proteins identified in the pollination drops of C. koreana (outdoor), C. sinensis (indoor) 5 
and C. sinensis (outdoor).   Orange indicates proteins identified in all three samples, green 6 
indicates proteins identified in C. koreana (outdoor) and C. sinensis (outdoor), and pink indicates 7 
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proteins identified in C. koreana (indoor) and C. koreana (outdoor).  Bold indicates proteins that 1 
were detected in previous studies. 2 
 3 
C. sinensis (outdoor) C. koreana (outdoor) C. koreana (indoor) 
Class IV chitinase  Class IV chitinase  Class IV chitinase  
Luminal-binding protein (BiP) Luminal-binding protein (BiP) Luminal-binding protein (BiP) 
Peroxidase  Peroxidase Peroxidase 
Pollen allergen CJP38  Pollen allergen CJP38  Pollen allergen CJP38 
Thaumatin-like protein   Thaumatin-like protein  Thaumatin-like protein   
Alpha-galactosidase Alpha-galactosidase  Acidic endochitinase 
Alpha-amylase type B isozyme   Alpha-amylase type B isozyme  Neutral ceramidase  
Beta-galactosidase  Beta-galactosidase  Alkaline leaf peroxidase  
Putative class I chitinase   Class I chitinase Alpha-galactosidase  
Cup a 3 protein   Cup a 3 protein  Beta-1_3-glucanase_ basic  
Pathogenesis-related protein  Pathogenesis-related protein Chitinase 5  
PR5 allergen Cup s  PR5 allergen Jun r  Class III peroxidase  
Alpha-1_4-glucan-protein synthase  Acidic endochitinase  Class IV endochitinase  
Alpha-amylase isozyme  Neutral ceramidase  Endo-beta-1 3-glucanase  
Ascorbate peroxidase  Acidic thaumatin-like protein  Endochitinase  
Aspartate aminotransferase  Allergen Ara h 1 Glycoside hydrolase family  
Calmodulin Allergen Arah3/Arah4  Mannosylglycoprotein endo-beta-

mannosidase  
Cytosolic glyceraldehyde-3-phosphate 
dehydrogenase   

Alpha-amylase  Secretory peroxidase  

Elongation factor 1-alpha  Ara h 1 allergen  Serine carboxypeptidase-like  
Elongation factor  Arachin   
Enolase  Conarachin   
Eukaryotic translation elongation factor Endo-beta-mannanase   
Glutathione-S-transferase  Glucan 1_3-beta-glucosidase   
Glyceraldehyde 3-phosphate 
dehydrogenase  

Glucan endo-1_3-beta-glucosidase  

Heat shock protein 70  Glutathione reductase   
Histone H2A variant 1 Gly1   
Isocitrate dehydrogenase [NADP]  Glycinin   
Monodehydroascorbate reductase  Iso-Ara h3   
Probable histone H2A variant 1  Malate dehydrogenase   
Triosephosphate isomerase  Polygalacturonase   
UDP-glucose:protein transglucosylase-like 
protein SlUPTG 

Storage protein   

 Zinc finger protein_ putative  
 4 
 5 
Supplementary Table 1.  Peptides and proteins identified in the pollination drops of C. koreana 6 
(outdoor), C. sinensis (indoor) and C. sinensis (outdoor).   7 
 8 
Supplementary Table 2. BLAST results (nr, SwissProt, and trEMBL) for the ovule transcriptome 9 
of C. sinensis. 10 
 11 
Supplementary Table 3.  Blast2go annotations for the ovule transcriptome of C. sinensis. 12 
 13 
Supplementary Table 4. List of transcripts and proteins found in both the transcriptome and 14 
proteome datasets. 15 
 16 
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Supplementary Table 5. Transcripts identified in the ovules of C. sinensis with the putative 1 
functions of sugar transport, pollen-ovule interactions, and development. 2 
 3 
Figure 1. Cephalotaxus koreana A. Branch with male cones before pollen shedding. B. Female 4 
cones with pollination drops.   5 
 6 
Figure 2. SDS-PAGE of pollination drops from C. koreana (outdoor), C. sinensis (indoor) and C. 7 
sinensis (outdoor).   8 
 9 
Figure 3. Histogram of Trinity-assembled transcript sizes. 10 
 11 
Figure 4. Histogram of Gene Ontology classifications, subdivided into biological processes, 12 
cellular components, and molecular functions. The right y-axis = number of genes in a category. 13 
The left y-axis = the percentage of genes in a category.   14 
 15 



A
B

Text Box
Figure 1



C. koreana
outdoor

C. koreana
indoor

C. sinensis
outdoor

175
8058483025177kDa

Text Box
Figure 2



H
istogram

 of Transcript Length

Length (bp)

Frequency

500
1000

1500
2000

0 10000 20000 30000 40000 50000 60000 70000

Text Box
Figure 3



 

   

Text Box
Figure 4


	PironeDavies_Cary_AnnBot_2016_figures.pdf
	Slide Number 1
	PironeDavies_Cary_AnnBot_2016_fig2.pdf
	Slide Number 1


	PironeDavies_Cary_AnnBot_2016_figures.pdf
	Slide Number 1
	PironeDavies_Cary_AnnBot_2016_fig2.pdf
	Slide Number 1





