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Abstract

Pollen germination represents the transition from mature to germinated pollen, which is a critical event in seed plant reproduction.
Cell wall-related processes represent many of the cellular activities during this transition but information on the genes involved is
limited, particularly in gymnosperms. Yeast secretion trap (YST) is employed in the current study to isolate cDNAs encoding
secretory proteins associated with in vitro germinated pollen of loblolly pine (Pinus taeda). YST is a functional screen and when
coupled with computational prediction provides insights on the diversity of populations, subcellular localizations, and functions
of the encoded proteins. Based on 100 confirmed YST clones, our results identified 21 known, 4 unknown, and 10 hypothetical
genes encoding secretory proteins, which are mostly predicted to be localized in the plasma membrane or extracellular space.
Based on the known sequences, pollen germination involves genes associated with cell wall degradation, biosynthesis and
remodeling, stress and defense responses, signaling, and protein processing. This study characterizes further 10 highly expressed
cDNAs based on their temporal (mature pollen vs germinated pollen) and spatial (germinated pollen, young stem, and needle
tissue) expression patterns, as well as sequence features such as the presence of transmembrane «-helix,
glycosylphosphatidylinositol anchor, and conserved domains. It appears that pine pollen germination involves genes with static
and dynamic expression profiles including those with germination-specific expressions. This study confirms the distinct expres-
sion profiles of mature and germinated pollen, and expands our understanding of the likely molecular players and processes

associated with pine pollen germination, particularly pollen tube wall formation.
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Introduction

The pollen grain is one of the innovations that played a major
role in the success of seed plants, particularly in the coloniza-
tion of dry lands. It represents the reduced male gamete-
producing phase of seed plants’ life cycle, which is well
adapted for long-distance dispersal. The evolution of the
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pollen grain allowed sexual reproduction to proceed without
the reliance on freestanding water for fertilization, and togeth-
er with at least the evolution of the ovule, these traits likely
propelled the domination of seed plants in most terrestrial
ecosystems since the Permian (Crane and Leslie 2014).
Gymnosperm pollen represents a different line of evolutionary
adaptation in seed plant reproduction which is characterized
by many structural, physiological, and developmental traits
including generally slow pollen germination and tube growth
(Fernando et al. 2010). These and other traits differentiate
them from the remarkably faster germination and tube growth
of angiosperm pollen, which has evolved under different evo-
lutionary time and environmental conditions (Williams 2012).

Gymnosperm pollen commonly lands on the pollination
drop at the tip of the naked ovule, and depending on its orien-
tation, the pollen usually floats on or sinks in the pollination
drop to arrive on the nucellus inside the ovule (Owens et al.
1998; Fernando et al. 2010). On the nucellus, the pollen
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germinates and in most species, becomes stationary or dor-
mant within a week, resumes pollen tube growth only after
several months, and then releases sperm for fertilization
(Fernando et al. 2010). In angiosperms, pollen lands on the
stigma, usually germinates within a few minutes or hours;
pollen tube grows through the style and enters the micropyle
of an ovule to accomplish fertilization (Lora et al. 2015).
Thus, interactions between pollen and female reproductive
structures also differ between these two major groups of seed
plants. Furthermore, pollination, pollen germination, pollen
tube growth, and fertilization all occur within the same season
in angiosperms (Williams 2012), whereas in gymnosperms,
pollination and pollen germination occur in one season while
pollen tube growth and fertilization occur in another season
(Fernando et al. 2010). Pollen germination is characterized by
increased in cellular metabolism, the establishment of polarity,
and cell wall formation. It is one of the critical developmental
events in seed plant reproduction but perhaps, even more so in
gymnosperms since they exhibit a long stationary phase that
makes them vulnerable to biotic and abiotic influences (Crane
and Leslie 2014; Fernando 2014). Our knowledge of the de-
velopmental and molecular mechanisms behind pollen forma-
tion, germination, and tube growth continues to advance at a
tremendous pace in angiosperms, particularly in Arabidopsis,
rice, maize, and tobacco (Rutley and Twell 2015; Zhang et al.
2017), while this area of research remains understudied in
gymnosperms.

Proteomic analyses that compared both mature and germi-
nated pollen in the same study have revealed several interest-
ing differentially expressed and pollen germination/tube
growth-specific proteins in gymnosperms (Fernando 2005;
Chen et al. 2006, 2012) and angiosperms (Dai et al. 2007,
Zou et al. 2009; Zhu et al. 2011). It is interesting to note that
only a few of the proteins identified in these studies are related
to pollen tube (or cell) wall formation and information on their
subcellular localization is lacking. To obtain a better under-
standing of proteins in germinating pollen, the identification
of genes encoding proteins associated with subcellular com-
partments such as plasma membrane (Han et al. 2010; Yang
and Wang 2017) or apoplast (Ge et al. 2011; Hafidh et al.
2016) has been done for angiosperms. These studies have
put forward interesting candidate proteins involved in pollen
germination, pollen tube growth, and pollen tube guidance
into the ovule. To date, no published information is available
on genes encoding proteins related to the secretory pathway
during pollen germination in gymnosperms.

The primary goal of this study is the isolation, identifica-
tion, and characterization of genes encoding secretory proteins
associated with germinated pine pollen to contribute to our
understanding of the mechanisms involved in pollen germina-
tion. Cell wall-related processes represent many of the cellu-
lar activities in germinating pollen, and the utilization of a
gene isolation approach designed for their capture is
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necessary. Yeast secretion trap (YST) is a gene cloning strat-
egy and a functional screen to identify secreted proteins based
on their subcellular destinations (Lee et al. 2006). This ap-
proach has been successfully used in the isolation of large
numbers of proteins from the plasma membrane, cell wall,
and apoplast from various plant tissues (Yamane et al. 2005;
Yeom et al. 2011; Lee et al. 2014).

This study aims to (1) isolate cDNAs encoding secretory
proteins from in vitro germinated pine pollen using the high-
throughput yeast secretion trap; (2) obtain insights on the di-
versity, subcellular localizations, functions, and amino acid
sequence characteristics through computational analysis; and
(3) determine spatio-temporal expression patterns of represen-
tative cDNAs through Real-Time PCR. This study highlights
representative genes encoding secreted proteins that are asso-
ciated with pollen germination and provides support to the
distinct expression profiles of mature (ungerminated) versus
germinated pollen. Overall, this study furthers our understand-
ing of the molecular components that likely constitute the
network of proteins involved in pollen germination in gymno-
sperms, with loblolly pine (Pinus taeda) pollen as the exper-
imental system. Loblolly pine is one of the most ecologically
and economically important forest tree species in the Eastern
United States. It is a significant biological resource not only
for the timber, pulp, and paper industries, but also as a non-
food lignocellulosic biofuel feedstock and in mitigating cli-
mate change through carbon sequestration (Daystar et al.
2014). Thus, an understanding of the mechanism behind pol-
len germination will help facilitate fertilization that may result
in increased seed production and creation of novel hybrids.

Materials and methods
Plant material and culture conditions

Pollen cones of loblolly pine (Pinus taeda) were obtained
from trees growing in the campus of North Carolina State
University, Raleigh, NC. Procedures for the extraction of ster-
ile (microbe contamination-free) mature pollen grains from
pollen cones, pollen storage, and culture conditions were
those of Fernando et al. (1997). Mature pollen is defined as
the stage of pollen at the time that they are released from the
male cone for dispersal, whereas germinated pollen is defined
as the stage when the pollen tube is about as long as the
diameter of the pollen grain. In conifers, germinated pollen
usually occurs at approximately 48 h under in vitro conditions
(Fernando et al. 1997). At this stage, the pollen tubes are
mostly only about as long as the diameter of the pollen grains
and no pollen tubes are more than twice the size of the pollen
grains (Fig. 1). Thus, the developmental stage examined in
this study represents a narrow window so as to increase the
chance of capturing more germination-related proteins.
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Fig. 1 Stage of pollen germination in loblolly pine (Pinus taeda)
examined in the study

Isolation of secretory proteins

The premise of the yeast secretion trap (YST) is that any yeast
cell transformed with a cDNA that encodes a secretory protein
has the potential to secrete such polypeptide as an invertase
fusion protein, which results in the reconstitution of the extra-
cellular invertase activity and thus, survival of the mutant
yeast (Lee et al. 2006). YST was utilized to isolate genes
encoding secreted proteins from germinated loblolly pine pol-
len following the protocol of Lee et al. (2006). Briefly, mRNA
was purified from total RNA extracted from in vitro grown
germinated loblolly pine pollen (48 h in culture) using
Oligotex mRNA Mini Kit (Qiagen, Valencia, CA). First- and
second-strand cDNAs were synthesized (from 5 pg purified
mRNA) using a linker-primer with Nofl site then ligated
EcoRI adapters to the blunted cDNAs and phosphorylated.
cDNAs were purified using QIAquick PCR Purification Kit
(Qiagen, Valencia, CA) and subjected to restriction digests
and fragments were gel fractionated using 1% agarose.
Fragments with sizes corresponding to 0.3 to 0.5 kb were
sliced out from the gel, purified using QIAquick Gel
Extraction Kit (Qiagen, Valencia, CA), and ligated into the
EcoRI and Nof sites of the YST vector. Quality and transfor-
mation efficiency of the cDNA library were assessed through
the transformation of TOP10 electrocompetent E.coli strain
(Invitrogen, Carlsbad, CA). A large quantity of stable cDNA
library was produced through pooling of cDNA library plas-
mids from Escherichia coli transformation. Quantity of the
library plasmid DNA was evaluated using ND-1000 spectro-
photometer and 50 pg was used for yeast (Saccharomyces
cerevisiae DBY x2445) transformation with sucrose as a sole
selection agent. As the transformants show up on the selection
medium, they were individually re-streaked on a freshly pre-
pared medium to verify the secretion of the clones under the
YST system. The first 100 verified YST clones were used for

further analysis. Plasmid DNAs were isolated from each of the
100 YST clones, resuspended in TE buffer and stored at —
80 °C until use. Each plasmid DNA was cloned in E. coli,
plasmid DNA was isolated and sent to the Biotechnology
Resource Center at Cornell University for sequencing using
the AHD1 promoter sequence primer of the YST vector (5'-
TCCTCGTCATTGTTCTCGTTCC-3").

Computational analysis of YST clones

Inserts within the plasmid DNAs were identified by locating the
EcoRI and Nod sites using the programs 4Peaks and EnzymeX
(www.mekentosj.com) followed by performing BLASTx
(www.blast.ncbi.nlm.nih.gov) search using default parameters.
ExPASY (www. expasy.org) was used to translate DNA
sequences into amino acid sequences and determine the
correct reading frame. The amino acid sequences were used as
inputs in SignalP 4.1 (www.cbs.dtu.dk/services/SignalP/) to
predict the presence of N-terminal signal peptides and their
cleavage sites. The cutoff value for the presence of signal pep-
tides was set to D = 0.5 instead of the default value of D =0.45
to increase the sensitivity of the predictions. The D score (degree
of confidence) instead of the C, S, or Y score in the previous
SignalP versions has been shown to be the more accurate in an
evaluation study of signal peptide predictors (Klee and FEllis
2005). BUSCA (Bologna Unified Subcellular Annotator) devel-
oped by Savojardo et al. (2018) was used to predict the subcel-
lular localizations of the proteins and re-checked of the presence
of signal peptides and other localization sequences. Data from
NCBI (www.ncbi.nlm.nih.gov), UniProt (www.uniprot.org),
and Gene Ontology (www.geneontology.org) were used to
classify the proteins into their various functional categories.

Computational analysis of representative secretory
proteins

SuperScript III Reverse Transcriptase (GeneRacer Kit,
Invitrogen, Grand Island, NY) was used to generate the tem-
plates from the 10 well-represented cDNAs to obtain full-
length sequences. Rapid amplifications of cDNA ends were
done using Taq PCR kit (New England Biolabs, Ipswich,
MA), gene-specific 5’ primers (Supplement 1), and
GeneRacer 3’ primer (5'-GCTGTCAACGATACGCTACG
TAACG-3"). Using full-length sequences, the presence of sig-
nal peptides and cleavage sites, subcellular localizations, and
protein homologies and functions were predicted using the
same programs described above. The BUSCA program in-
tegrates many different tools to predict localization-related
features including ENSEMBLE3.0 (recognition and topol-
ogy prediction of all x-membrane proteins; Martelli et al.
2003), PredGPI (prediction of GPI anchors in proteins,
Pierleoni et al. 2008), and TPpred3 (prediction of
organelle-targeting peptides, Savojardo et al. 2015).
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Thus, the availability of full-length sequences allowed the
prediction of the presence of transmembrane «-helixes
(TMH) and glycosylphosphatidylinositol (GPI) anchos. It
also allowed the identification of conserved structural
and/or functional domains using NCBI’s Conserved
Domain Database (CDD). Full-length cDNA sequences
from the 10 representative genes have been submitted to
GenBank (www.ncbi.nlm.nih.gov/WebSub/?tool=
genbank).

Temporal and spatial expression analysis

Total RNA was extracted using TRIzol Reagent (Life
technologies, Grant Island, NY) from three biological rep-
licates of mature and germinated loblolly pine pollen,
where each replicate set of mature and germinated pollen
was obtained from three different individual trees collect-
ed from the same location as described previously.
SuperScript III Reverse Transcriptase from GeneRacer
kit (Invitrogen, Grand Island, NY) was used to synthesize
cDNAs. Gene-specific 5’ primers (Supplement 2) for each
of the 10 representatives were designed from consensus
regions of cDNA sequences after homology search and
multiple alignments through NCBI. RACE-PCR was per-
formed using Taq PCR kit (New England Biolabs,
Ipswich, MA), and PCR products were purified using
Zymo DNA Clean & Concentrator kit (Irvine, CA).
Initial tests were conducted for all primers including the
reference gene 18s rRNA through PCR. The specificity of
the semi-qReal-Time PCR protocol and gene-specific
primers used in the expression study was evaluated
through melting curve analysis. Transcript expression
analyses were also done using cDNA templates generated
from young stems and needles of loblolly pine in tripli-
cates from the same three individuals as indicated above.
Significance of expression levels was determined using
the two-tailed ¢ test (Excel, Microsoft Corp).

Results
Sequence analysis of YST clones

The first step in the identification of encoded secreted proteins
from the 100 verified YST clones or sequences was based on
the presence of N-terminal signal peptides using SignalP
(Tables 1 and 2). Of the 100 YST sequences, 91 were predict-
ed to have signal peptides and most (i.e., 83) have D scores of
at least 0.5 (Tables 1 and 2), which indicates a high degree of
confidence for the presence of these signal peptides.
Prediction of the subcellular locations of the 91 sequences
based on BUSCA software indicates localization to the plas-
ma membrane (PM), extracellular space (ECS), chloroplast
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(CHL), mitochondria (MIT), and nucleus (NUC) (Tables 1
and 2). The eight sequences with signal peptide D score lower
than 0.5 were those predicted to be localized in CHL, MIT,
and NUC, but these sequences have D scores higher than 0.5
for their localizations (Table 2). PSORT (https://psort.hgc.jp/)
analysis indicates that none of the 91 sequences contained
KDEL/HDEL motifs for retention in the ER or Golgi appara-
tus and so overall, their sequence characteristics indicate that
they encode conventionally secreted proteins. Four of the 100
YST clones that did not contain signal peptides. Five of the
100 YST clones contained signal peptides, but the rest of the
encoded proteins were too short (only 3—5 amino acids long)
to be confidently identified and so they were not included for
further analysis.

Based on BLASTx sequence homology, the 91 se-
quences were represented by 21 known (homologous to
genes with known function), 4 unknown (homologous to
genes with no known function), and 10 hypothetical (no
sequence homology in the database) protein-encoding
genes (Tables 1 and 2). Overall, these numbers indicate a
total of 35 non-redundant nucleic acid sequences. Our re-
sults show that while some of these cDNAs were represent-
ed in our library by only one YST clone, others were rep-
resented by two to eight YST clones (Tables 1 and 2).
These results indicate redundancy in the cloned cDNAs,
but it also implies that these cDNAs are strongly expressed
(Link and Voegele 2008). Of the 21 known genes encoding
secreted proteins, 8 were represented by at least three YST
clones (Table 1) indicating their relative abundance in the
cDNA library from germinated pine pollen and thus, they
were chosen for further analysis. These eight genes
encoding secretory proteins include ALLW1950,
arabinogalactan protein, desiccation-related protein,
expansin A, extensin-like protein, CHALLAH-like2 like
protein, serine carboxypeptidase, and thaumatin-like pro-
tein. Sequences from seven YST clones matched with four
different unknown genes which were represented by one to
three YST clones (Table 2), and the most abundant se-
quence (represented by Yeast Colony # 24, 34, and 87)
was chosen as a representative for the set of unknown
genes for further analysis and we refer to this sequence as
YC24. Twenty-seven YST clones were represented by 10
different sequences that did not match with any gene in the
NCBI database. We also chose the sequence that is most
abundant (i.e., YC54) as a representative of the hypothet-
ical genes. In total, 10 genes encoding different secretory
proteins were chosen for further analysis and Table 3
shows their various sequence characteristics including the
presence of signal peptide cleavage sites. The gene
encoding thaumatin-like protein is the only one that has
no cleavage site among the 10 representatives (Table 3),
as well as among all the other known, unknown, and hy-
pothetical encoded proteins examined in this study.
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Table 2 Unknown and hypothetical genes encoding putative secretory proteins from germinated pine pollen (dash means not applicable)

No. of YST Clones Unknown proteins E-value Accession # Species SignalP D score BUSCA D score
(yeast colony #)

1 6e-08 XP_019176861.1  Ipomoea nil 0.893 ECS (0.97)

3 24 (YC24), 34, 87 0.025 ABK23092.1 Picea sitchensis 0.765 PM (0.96)

1 35 0.005 ABR16121.1 Picea sitchensis 0.872 ECS (0.97)

2 50, 83 0.071 GAU46823.1 Trifolium subterraneum  0.866 PM (0.95)

No. of YST clones  Hypothetical proteins E-value  Accession # Species SignalP D score BUSCA D score
(yeast colony #)

2 7,8 - - - 0.862 ECS (1.0)

1 10 - - - 0.252 CHL (1.0)

4 23,37,76,77 - - - 0.513 PM (0.6)

2 30, 63 - - - 0.383 NUC (1.0)

2 41,51 - - - 0.365 NUC (1.0)

2 49,79 - - - 0.669 CHL(0.90)

5 54 (YC54), 59, 62, 66, 68 — - - 0.883 ECS (0.95)

5 56, 58, 67, 93, 94 - - - 0.619 CHL (0.65)

1 80 - - - 0.662 CHL (0.83)

3 82, 88, 98 - - - 0.328 MIT (0.71)

Temporal and spatial expression analysis

Comparison of transcript expression levels of the 10 represen-
tative genes between mature and germinated pollen indicates
that in the latter, six cDNAs were significantly upregulated
and one was significantly downregulated (Fig. 2). Three of
these cDNAs showed no significant difference in expression
levels between mature and germinated pollen (Fig. 2). The
genes encoding secreted proteins with significantly increased
expressions in germinated pollen were arabinogalactan pro-
tein, desiccation-related protein, expansin A, extensin-like
protein, serine carboxypeptidase, and hypothetical protein
YC54. Expression of CHALLAH-like2 like protein was sig-
nificantly downregulated in germinated pollen. Expansin A

Table 3

and serine carboxypeptidase have the highest increase in ex-
pression in germinated pollen, whereas the lowest decrease
was observed in the expression of CHALLAH-like?2 like pro-
tein. Three highly expressed secretory proteins but whose ex-
pressions were not significant between mature and germinated
pollen were ALLW1950, thaumatin-like protein, and un-
known protein YC24 (Fig. 2).

Comparison of expression levels between germinated pol-
len and young stem and needle tissues from loblolly pine
indicated that expansin A, extensin-like protein, serine car-
boxypeptidase, and hypothetical protein YC54 were signifi-
cantly higher in germinated pollen than in either stem or nee-
dle tissues (Fig. 3). The expression levels of extensin-like
protein and hypothetical protein YC54 in the stem and needle

Sequence characteristics of 10 representative genes encoding secreted proteins based on various computational prediction programs (dash

indicates no feature detected, TMH is transmembrane o-helix, SA is signal anchor and GPI is glycosylphosphatidylinositol)

Representatives (putative GenBank Full-length ~ Signal peptide  Cleavage Cleavage Conserved domain identity (E-value)

identity of cDNAs) accession sequence length site position  site D score  (NCBI) and other sequence features
number (No. of aa)  (SignalP) (SignalP) (SignalP) (BUSCA)

ALLW1950 MK388869 84 1-26 26-27 0.781 -

Arabinogalactan MK388870 74 1-23 23-24 0.900 -

Desiccation-related protein MK388871 325 1-26 26-27 0.755 Ferritin 2 (5.13e-45)

Expansin A MK388872 269 1-27 27-28 0.888 Double-psi beta barrel (9.05e-114)

Extensin-like Protein MK388873 159 1-22 22-23 0.902 Pollen Ole e I (2.28e-15)

CHALLAH-like2 like protein ~ MK388874 118 1-28 28-29 0.717 Epidermal patterning factor (9.58e-14)

Serine Carboxypeptidase MK388875 232 121 21-22 0.512 Peptidase S10 (6.83e-39); TMH

Thaumatin-like protein MK388876 229 1-25 - 0.440 Thaumatin (9.46e-98); SA

Unknown YC24 MK388877 64 1-24 24-25 0.768 TMH; GPI

Hypothetical YC54 MK388878 74 1-22 22-23 0.843 GPI

@ Springer
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Fig. 2 qReal-Time PCR analysis 4.50
of the 10 representative genes *
encoding secretory proteins from 4.00
germinated pollen of loblolly pine
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tissues were at relatively low levels but nevertheless indicate
that they were likely not specific to germinated pollen. On the
other hand, expressions of expansin A and serine carboxypep-
tidase in the stem and needle tissues were at background levels
(Fig. 3) and so they are likely specific to germinated pollen.

Sequence characteristics of representative encoded
proteins

Computational analysis of the full-length amino acid se-
quences of the 10 representative cDNAs confirmed our initial
predictions of their respective identities and subcellular local-
izations. It also allowed the prediction of signal peptide
lengths and cleavage sites and the presence of conserved (or

Fig. 3 gReal-Time PCR analysis 700 3

of representative genes encoding
secretory proteins from
germinated pollen, stem, and
needle tissues of loblolly pine
(Pinus taeda) (significance
determined using two-tailed ¢ test,
p=<0.05, n=12, error bar = stan-
dard deviation)

Normalized Expression (AAC(t))

GP ST NT

Expansin A

Extensin-like protein

B MATURE POLLEN

* @ GERMINATED *

A A
& © ) & O 3 3
& O
_‘90 ) 2 X 2 & &
< S O *:\Q <~ © ©
N 3 ° & N N
Q Q N P
& N 2 @ » 5
'f-& & 0(' 5 < &
< R IS & 0,34- &
oy i &

functional) domains, transmembrane «-helices, and GPI an-
chors. Conserved domains were predicted for six of the rep-
resentative secretory proteins including desiccation-related
protein, expansin A, extensin-like protein, CHALLAH-like2
line protein, serine carboxypeptidase, and thaumatin-like pro-
tein (Table 3). In the full-length aa sequence of desiccation-
related protein, a ferritin 2 domain was detected and it spanned
from amino acid positions 65 to 231. The expansin A full-
length ¢cDNA revealed domain for double-psi beta barrel
(DPBB) that spanned from amino acid positions 47 to 264.
The full-length sequence of extensin-like protein possessed a
pollen Ole e 1 superfamily domain that spanned from the 30 to
110 amino acid positions. CHALLAH-like2 like protein ex-
hibits epidermal patterning factor domain spanning amino
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acids 65 to 118, whereas in serine carboxypeptidase, the pep-
tidase S10 superfamily domain spanned from 88 to 171 amino
acid positions. In thaumatin-like protein, the conserved do-
main for thaumatin spanned from the amino acids 30 to 229.
Based on the results from both BUSCA and TMHMM pro-
grams, three of the representative secreted proteins are consis-
tently predicted to have transmembrane o-helices (TMHs).
Serine carboxypeptidase and thaumatin-like protein are pre-
dicted to have one TMH each (amino acid positions 48 to 66
and 3 to 25, respectively), while unknown protein YC24 has
two TMHs (amino acid positions 4 to 26 and 38 to 60). The
TMH in thaumatin-like protein and the first TMH in unknown
protein YC24 are located at their N-terminus and so they
strongly overlap in position with their predicted signal pep-
tides (see Table 3). This result indicates that their signal pep-
tide sequences likely also functions as signal anchors.
Interestingly, in thaumatin-like protein, the D score (0.440)
for the probability of cleavage is below the cutoff value of
D =0.5, which indicates low confidence that it will be cleaved
and thus may represent a typical type Il transmembrane pro-
tein. In contrast, the other TMH in unknown protein YC24
and that of serine carboxypeptidase are positioned away and
differently from their cleavable signal peptides and thus may
represent as type I transmembrane proteins. GPI anchors are
attached to the C-terminus of polypeptide chains as one of the
forms of post-translational protein modifications. Proteins
with GPI anchors are found in the outer leaflet of the lipid
bilayer and thus, position the protein to face the extracellular
environment. Based on PredGPI software, unknown protein
YC24 and hypothetical protein YC54 were predicted to have
GPI anchors with specificity of 99.6% and 99.2%, respective-
ly. This result collaborates with the prediction of their plasma
membrane localizations. Their anchor cleavage sites were pre-
dicted at the glutamic acid residue (36st omega-site position)
and histidine residue (46th omega-site position), respectively.

Discussion

Pollen germination is characterized by increased in cellular
metabolism and the establishment of polarity and cell wall
formation. It is a critical developmental process in seed plant
reproduction, and our results provide valuable insights on the
diversity of populations, subcellular localizations, and func-
tions of genes encoding secreted proteins associated with pine
pollen germination under in vitro conditions. The YST ap-
proach has been successful in the isolation of larger numbers
of genes encoding cell wall-related proteins from germinating
pine pollen, particularly in comparison with our previous re-
port (Fernando 2005) and others (Chen et al. 2006, 2012) that
used gel-based proteomics on gymnosperms. Of the known
genes in the current study, most of the predicted functions
include cell wall degradation, biosynthesis, and remodeling
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(52%), followed by proteins involved in stress and defense
responses (19%), signaling (19%), and protein processing
(10%). Whereas the known and unknown proteins have either
plasma membrane or extracellular space predicted localiza-
tions, the hypothetical proteins show more varied predicted
localizations that include the chloroplast, mitochondria, and
nucleus. Known, unknown, and hypothetical proteins repre-
sent 60%, 11%, and 29% of the total proteins predicted in the
current study.

To gain further insights on the functions of genes encoding
secretory proteins associated with germinated pine pollen, the
current study further characterizes 10 predominant cDNAs as
representatives in terms of temporal and spatial expression
patterns, and sequence characteristics based on full-length se-
quences. Whereas most of the predicted secreted proteins in
germinated pine pollen (54%) appear to be localized to the
extracellular space (ECS), 7 of the 10 representatives also
have ECS localizations. This includes ALLW1950,
arabinogalactan protein, CHALLAH-like2 like protein,
desiccation-related protein, expansin A, extensin-like protein,
and hypothetical protein YC54. The ECS represents the struc-
ture that protects and supports the cell and in the case of
germinated pine pollen, it refers to the pollen tube wall. A
broader concept of ECS includes the intercellular spaces along
with the cell wall and referred to as apoplast which serves to
regulate the behavior of the cell. In pine pollen tube growing
in situ, the apoplast includes the intercellular spaces between
the growing pollen tube and the surrounding nucellar cells. In
germinated pollen under in vitro condition, the apoplast also
represents the outside of the pollen tube wall including what is
secreted into the culture medium. Considering that the current
study did not distinguish between these two subcellular loca-
tions (i.e., pollen tube wall and intercellular spaces), the pre-
dicted proteins that have ECS localizations may actually be
localized in the pollen tube wall itself, intercellular space, or
both. Thus, these proteins predicted to have ECS localizations
may have a role in pollen tube wall formation and/or pollen
tube-nucellus interactions, or in the case of the current study,
pollen tube and culture medium interactions. It remains to be
seen how drastic the difference are between these two growing
conditions for pine pollen germination and if the narrow win-
dow of the germination stage examined in this study helped
reduce this difference. The other three representatives are pre-
dicted to be localized in the plasma membrane and include
serine carboxypeptidase, thaumatin-like protein, and un-
known protein YC24.

Upregulated representative genes encoding secretory
proteins

Desiccation-related proteins (DRPs) are usually thought to be
involved in protecting spores, seeds, and pollen from the ad-
verse effects of cold stress and dehydration during their
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maturation stage, and these DRPs commonly belong to the
dehydrin (DHN) and late embryogenesis abundant (LEA) pro-
tein groups (Salmi et al. 2005; Yang et al. 2007). However,
some DRPs are structurally and functionally different from
DHN and LEA proteins since they are characterized by the
presence of ferritin or ferritin-like domain and considered to
be involved in plant defense against infection by pathogens
(Zha et al. 2013). Ferritin as a protein is thought to be involved
in iron storage and homeostasis (Andrews 2010), and that
plant hosts may use iron to increase local oxidative stress in
defense responses against pathogens (Anzar et al. 2015). In
the current study, a DRP is predicted to be localized in the
ECS and its transcripts are expressed in both mature and ger-
minated pine pollen but significantly highly expressed in the
latter, suggesting a greater role in pollen germination. Based
on the possession of a ferritin 2 domain, its function appears
more likely for defense against pathogens rather than cold or
dehydration responses. Pollen grains may catch bacterial and
fungal spores during their dispersal, which could grow while
the pollen grains germinate in the nucellus and thus defense
against pathogens at this stage is essential (Fernando 2005).
Expansins are produced by plants and bacteria and serve as
cell wall-loosening proteins that promote the extension of
primary cell walls without the hydrolysis of major structural
components. Plant expansins are classified by sequence-based
phylogeny into at least two major families, expansin A (EXPA
or x-expansin) and expansin B (EXPB or (3-expansin), and
both exhibit the double-psi beta barrel and pollen allergen 1
domains (Sampedro and Cosgrove 2005). EXPA is associated
with the induction of irreversible extension and enhancement
of stress relaxation of plant cell walls in a pH-dependent man-
ner (Cosgrove et al. 2002). EXPB includes the group-1 grass
pollen allergens, known to facilitate pollen tube penetration
into the stigma and style by dissolving the middle lamella in
these maternal tissues (Cosgrove et al. 1997). Although
expansins from plants and bacteria lack detectable lytic activ-
ity, they have been shown to cause paper weakening or cellu-
lose fiber disruption and thus, the mechanism by which they
loosen cell walls is likely through the disruption of
noncovalent binding between cellulose microfibrils
(Cosgrove 2015). An alternative model of cell wall formation
indicates that despite the microfibrils being mostly tethered
together by xyloglucan, they make direct contacts in a few
regions in the cell wall (Park and Cosgrove 2015). This lim-
ited contact regions may be the sites targeted by EXPA and
bacterial expansins to loosen walls through the mechanism
described above (Wang et al. 2013). EXPB, on the other hand,
as in the case of ZmEXPBI, has been shown to produce the
same loosening effect but through the solubilization of
arabinoxylans and homogalacturonan, a mode of action that
appears to be specific to grass cell walls (Tabuchi et al. 2011).
It seems that the unique grass cell wall composition has
evolved selectivity for loosening by EXPB (Sampedro et al.

2015). In the current study, an EXPA is expressed at a signif-
icantly higher level in germinated pine pollen, and in contrast,
at a background level in the mature pollen, implying that ex-
pression of EXPA is germination specific. The expression of
EXPA in young stem and needle tissues of loblolly pine are
also at background levels, strengthening its status as a
germination-specific protein. These results also suggest an
important role for EXPA in loblolly pine pollen germination.
Our previous report has also identified an EXPA in germinat-
ed pollen of Pinus strobus (Fernando 2005). Whereas no
expansin was reported from most studies that compared ma-
ture and germinated pollen in the same study (see Chen et al.
2006; Chen et al. 2012; Zou et al. 2009; Zhu et al. 2011), the
type of expansin reported from rice and maize pollen is EXPB
(Dai et al. 2007; Kapu and Cosgrove 2010).

Extensin-like protein was the first allergen purified from
Olea europaea (Lauzurica et al. 1988). Structurally, it is char-
acterized by a pollen Ole e 1 domain that has six conserved
cysteine residues which may be involved in the formation of
disulfide bonds (Villalba et al. 1993). There is a high diversity
of proteins sharing this domain among plant species including
proline-rich proteins, extensin-like protein, phosphoglycerate
mutase, tyrosine-rich hydroxyproline-rich glycoprotein, and
hydroxyproline-rich glycoprotein (Jimenez-Lopez et al.
2011). Various proteins with relevant homology to extensin-
like pollen Ole e 1 protein have been described in other mem-
bers of the Oleaceae family and other families (Villalba et al.
1993; Hanson et al. 1998). Although these pollen proteins are
structurally related, their biological function is not yet known.
However, they have been considered to be involved in pollen
hydration, germination, pollen tube growth, as well as other
reproductive and vegetative functions (Alché et al. 2004;
Stratford et al. 2001; Hu et al. 2014). The extensin-like protein
in germinated pine pollen is predicted to have ECS localiza-
tion, and its expression level is increased as compared with
those in mature pollen and stem and needle tissues. Its predict-
ed function is cell wall remodeling but it is not known how
exactly it is involved in this process.

Serine carboxypeptidases (SCPs) of the peptidase S10 su-
perfamily are commonly known to catalyze proteolysis for
functional protein maturation (Schaller 2004). They contain
a conserved serine-asparagine-histidine catalytic triad, which
is dispersed in the primary amino acid sequence and are
brought close together in the protein’s tertiary structure creat-
ing a nucleophilic serine for the hydrolysis of C-terminal pep-
tide bonds in target proteins or peptides (Breddam 1986).
SCPs have been isolated from roots, stems, leaves, fruits,
and seeds (Breddam 1986; Bienert et al. 2012). In addition
to protein maturation, they are also involved in diverse func-
tions including protein turnover, programmed cell death, cell
elongation, seed germination, and ABA or GA signaling
(Schaller 2004; Bienert et al. 2012). Their mode of action
has been mostly attributed to their proteolytic activity, but
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some SCPs (i.e., SCP-like) exhibit non-proteolytic activity by
catalyzing the transfer of acyl groups (Schaller 2004). It is
considered that SCP-like proteins may have been recruited
in the acquisition of this novel, non-proteolytic functions as
acyltransferases, particularly in the production of plant sec-
ondary metabolites involved in herbivory defense and UV
protection (Fraser et al. 2005). Schaller (2004) pointed out
that the identification of SCPs as peptidases or
acyltransferases on the basis of their amino acid sequence or
mutant analysis (e.g., analysis of the active site in Arabidopsis
mutant BRS, Li et al. 2001) is unlikely since both enzyme
activities rely on the same triad of amino acids. However,
BRS]T has since been shown to accumulate in the extracellular
space and exhibit hydrolytic activity which may process a
protein that participates in brassinosteroid signaling (Zhou
and Li 2005). In the current study, the SCP in germinated pine
pollen reveals a domain for peptidase S10 superfamily includ-
ing the presence of the conserved catalytic triad. This secreto-
ry protein is targeted to the extracellular space and has one of
the largest increases in expression levels in germinated pine
pollen, suggesting an important role in pollen germination that
is yet to be determined. Our functional annotation indicates its
involvement in signaling. Interestingly, its expression levels in
mature pine pollen and young stem and needle tissues are at
background levels indicating germination-specific expression.

YC54 is a hypothetical protein that is expressed in both
mature and germinated pine pollen, with significantly higher
expression in the later stage. We also detected this protein in
pine stem and needle tissues, although at significantly lower
levels. It is one of the representative proteins examined in the
current study that were predicted to have a GPI anchor, which
adds to our understanding of its likely position on the outer
layer of the plasma membrane. Although limited sequence
information from public databases prevented us from charac-
terizing YC54 and the other hypothetical proteins isolated
from this study, this set of hypothetical proteins which are
targeted mostly to organelles, may contain some novel secre-
tory proteins involved in pine pollen germination. This also
means that a better understanding of the mechanisms involved
in pine pollen germination awaits more sequence information,
comparative sequence analysis and ideally, functional charac-
terization of these novel proteins. Unfortunately, the long gen-
eration time of the gymnosperms prevents their functional
gene analysis.

Downregulated representative gene encoding
secretory protein

A gene encoding a secretory protein in germinated pine pollen
is homologous to CHALLAH-like2 like protein which reveals
a conserved domain for epidermal patterning factor. Genes
that contain this domain belong to a group of secreted signal-
ing peptides which are cysteine rich which are considered to
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be required in the formation of disulfide bridges to hold the
mature peptide in an active conformation (Pearce et al. 2001).
The cysteine-rich peptide families of signaling peptides all
have a predicted secretory signal sequence and six C-
terminal conserved cysteine residues (Hara et al. 2009;
Abrash et al. 2011). Members of this family are involved in
regulating stomatal density and positioning (Hara et al. 2009;
Abrash and Bergmann 2010; Shimada et al. 2011) or hypo-
cotyl and inflorescence stem elongation (Abrash and
Bergmann 2010; Abrash et al. 2011). Because of its varied
expression patterns, it was suggested that there is an organ-
specific role for these secreted peptides (Shimada et al. 2011,
Uchida et al. 2012). In the current study, the gene encoding
CHALLAH-like2 like protein is expressed in both mature and
germinated pine pollen, and it exhibits the sequence charac-
teristics of the family including the presence of six cysteine
residues in the C-terminal region with conserved spacing. It
has a significantly higher expression level in the mature pollen
as compared with germinated pollen, and although its function
in the development of the male gametophytes of loblolly pine
is unknown, our results suggest that this type of protein may
also be involved in plant development beyond those reported
from sporophytic tissues.

Non-differentially expressed representative genes
encoding secretory proteins

One of the interesting results from the current study is the
identification of YST clones with significant homology to a
putative human-secreted phosphoprotein, ALLW 1950, which
was identified through a large-scale effort to identify novel
human-secreted proteins (Clark et al. 2003). In addition,
ALLW1950 from the transcriptome analysis of semen from
a low fertility bull (Lalancette et al. 2008) showed 70% iden-
tity to a hypothetical gene from a Picea glauca male strobilus
cDNA library (GenBank No. DR546867). Thus, our study
provides credence to the expression of this putative human-
secreted phosphoprotein in the male reproductive structures of
conifers. In the current study, ALLW1950 is one of the most
abundant secretory proteins in our germinated loblolly pine
pollen cDNA library. It has the same expression level in the
mature and germinated pollen and so it is likely important in
both stages of development. Sequence analysis using ProtFun
2.2, which is a server that produces ab initio predictions of
protein function from the primary sequence (Jensen et al.
2002) indicates that the ALLW 1950 in germinated pine pollen
is involved in signaling, a function that corroborates with its
putative identification as a secreted phosphoprotein.
Arabinogalactan proteins (AGPs) constitute a large family
of cell wall proteoglycans that are localized on the plasma
membrane or extracellular matrix, and the presence of GPI
anchor is a characteristic of many AGPs (Costa et al. 2013).
AGPs are associated with diverse functions including cell
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expansion and division, plant defense, pollen tube growth, and
pollen tube guidance into the ovule, but a definitive mode of
action has not yet been established (Seifert and Roberts 2007).
To this end, Costa et al. (2013) examined two Arabidopsis
male gametophyte genes (AGP6 and AGP11) and showed that
their products are involved in signaling pathways, particularly
in sending and recycling proteins to the extracellular matrix in
relation to endocytosis-mediated plasma membrane remodel-
ing during pollen tube growth. In the current study, an AGP
predicted to be localized in the plasma membrane has ap-
peared to possess a GPI anchor and is expressed in both ma-
ture and germinated loblolly pine pollen, but its higher expres-
sion level in the latter stage likely indicates where it exerts a
greater effect. The exact function of the AGP in pine pollen
germination is unknown, although our computational analysis
categorizes it under signaling.

Thaumatin-like proteins (TLPs) share sequence similarity
with thaumatin, an intensely sweet-tasting protein from the
African berry Thaumatococcus daniellii (van der Wel and
Loeve 1972; Velazhahan et al. 1999). These proteins are char-
acterized by the presence of signal sequences that target them
to the vacuole or extracellular matrix. Their inducible expres-
sions under environmental stresses including pathogen/pest
attack, drought, and cold have been the basis for their classi-
fication as pathogenesis-related protein 5 (PRS5). However,
TLPs have also been implicated in a wide range of develop-
mental processes including fruit ripening, seed germination,
and cell wall breakdown (Singh et al. 2017). TLPs have been
identified from mature pollen of several conifers, which they
have been considered as allergens (Midoro-Horiuti et al. 2000;
Cortegano et al. 2004; Futamura et al. 2005). Their expression
levels in pollen have been found to vary according to environ-
mental conditions including air pollutants, UV-B, and oxida-
tive stress. In the current study, a gene encoding a thaumatin-
like protein is predicted to have ECS localization and con-
served domain for thaumatin, a member of the glycoside hy-
drolase family 64 and thaumatin-like proteins (GH64-TLP)
superfamily. It is expressed in the same level in mature and
germinated loblolly pine pollen, which indicates its impor-
tance in both stages of development. GH64 are (3-1,3-
glucanases known to hydrolyze the 3-1,3-glucans of fungal
cell walls (Singh et al. 2017). Interestingly, the inner wall of
mature pine pollen and of the pollen tube wall contain (3-1,3-
glucans and its hydrolysis by GH64-TLP, perhaps to facilitate
pollen germination, needs to be examined.

YC24 is a gene encoding an unknown protein with the
highest homology to an EST sequence from Picea sitchensis
that has no known function. Its expression level is the same in
both mature and germinated pine pollen, which suggests an
important role in both stages of development. YC24 repre-
sents the most common sequence among the genes encoding
unknown proteins as thus was chosen as the representative for
further analysis. However, limited sequence information in the

database prevented its further characterization, as well as the
other unknown proteins isolated from this study except for
YC9 (homologous to an uncharacterized protein from
Ipomoea nil) which contains a DUF4409 superfamily con-
served domain (domain of unknown function (DUF)).
Overall, this set of unknown proteins which are predicted to
target the plasma membrane or extracellular space also serves
as candidates for the discovery of novel proteins involved in
pine pollen germination.

Additional insights from sequence analysis
of representative secretory proteins

The plasma membrane is composed of diverse types of pro-
teins, many of which are transmembrane proteins that span the
entire lipid bilayer. An example includes signal anchors which
are single-pass transmembrane proteins which possess a
membrane-spanning domain that targets the polypeptide to
the ER membrane. Their amino acid composition is not very
different from typical signal peptides, but characteristic fea-
tures of signal anchors are the presence of positively charged
residues on the N-terminal side followed by a hydrophobic
segment of about 20 residues (Sakaguchi et al. 1990). Type I
membrane proteins are the typically cleavable N-terminal sig-
nal peptides and have transmembrane regions close to the C-
terminus, whereas type II membrane proteins have non-
cleavable hydrophobic transmembrane region close to the N-
terminus, which serves as a combined signal and anchor se-
quence (Goding 1996). Their difference is not only about
whether cleavage sites are present or absent, but also on the
length of the hydrophobic domain, which is longer in signal
anchors since they span the entire lipid bilayer (Neilsen and
Krogh 1998). In the current study, thaumatin-like protein and
unknown protein YC24 are predicted to have signal peptides
and transmembrane «-helixes in their N-terminus.
Considering the overlap in the positions of these two ele-
ments, the N-terminal sequences from these two proteins seem
to fall into the category of combined signal peptide/signal
anchor function. However, only that of thaumatin-like protein
is predicted to be non-cleavable and so is the most likely to
represent a type Il transmembrane protein. The presence of
cleavage sites and high D values indicate that serine carboxy-
peptidase and unknown protein YC 24 represent type II trans-
membrane proteins.

A large proportion of membrane proteins also carry a C-
terminal glycosylphosphatidylinositol (GPI) that mediates
their association with the plasma membrane (Brown and
Waneck 1992). GPl is a glycolipid that replaces the hydropho-
bic amino acids at the C-terminus of a protein during post-
translational modification in the ER lumen to enable targeting
to the outer leaflet of the plasma membrane (Seifert and
Roberts 2007). In plants, GPI-anchored proteins have diverse
functions including directional cell expansion, cellulose
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deposition, cell wall attachment and remodeling, and immu-
nity (Yadeta et al. 2013). Two of the representative secretory
proteins in germinated pine pollen, which are initially predict-
ed to be localized in the plasma membrane, i.e., an
arabinogalactan protein and hypothetical protein YC54, are
also predicted to have GPI anchors with corresponding anchor
cleavage sites. Unlike other peripheral membrane proteins,
GPI-anchored proteins are located almost exclusively on the
extracellular side of the plasma membrane (Brown and
Waneck 1992; Seifert and Roberts 2007). This result corrob-
orates with the predicted plasma membrane localizations of
the two genes encoding secreted proteins and provides in-
sights on their possible position on the outer layer of the plas-
ma membrane. This particular localization implies that these
proteins can establish bonds with the cell wall components,
and thus, may also serve as promising candidates to analyze
plasma membrane and cell wall interactions (Liu et al. 2015).
The presence of cleavage sites indicates that their GPI anchors
can be cleaved and released into the extracellular space or
external environment. The release of GPI anchor from the
plasma membrane may trigger second messengers for signal
transduction (Brown and Waneck 1992).

Genes encoding non-conventional secretory proteins

The conventional ER-Golgi pathway, which involves N-
terminal signal peptides, accounts for how most of the secre-
tory proteins with signal peptides enter the secretory pathway
and become transported to the various subcellular compart-
ments of the cell, except for those that are retained in the ER
or Golgi apparatus. Another type of protein trafficking in-
volves secretory proteins that do not have the canonical signal
peptides and thus, they are exported to the apoplast through
routes that are independent of the ER-Golgi pathway and re-
ferred to as non-conventional secretion (Rose and Lee 2010).
Although not further analyzed in the current study, four YST
clones from germinated pine pollen were found to be devoid
of'signal peptides and so they may represent non-conventional
secreted proteins. Alternatively, they may represent false pos-
itives since some truncated proteins are considered to exhibit
abnormally exposed N-terminal hydrophobic or highly basic
regions that can cause secretion (Lee et al. 2014). Another
form of non-conventional protein trafficking involves post-
translational transport where proteins are translated in the cy-
tosol and then translocated to specific organelles by means of
N-terminal transit peptides in the case of chloroplast and mi-
tochondria or nuclear localization signals in the case of nuclei
(Savojardo et al. 2015). In the current study, three genes
encoding hypothetical proteins with D values below the con-
fidence level for presence of signal peptides were predicted to
be localized in the chloroplast, mitochondria, and nuclei and
thus may represent non-conventional secretion. Many secre-
tory proteins without signal peptides have been isolated from
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semi—in vitro germinated tobacco pollen and they have been
considered to be involved in guiding pollen tubes towards the
ovule (Hafidh et al. 2016).

Conclusions

This study presents known, unknown, and hypothetical genes
that encode secretory proteins associated with pine pollen ger-
mination based on sequence homology, subcellular localiza-
tions, and other sequence characteristics derived from compu-
tational analysis. The encoded proteins are related to cell wall
degradation, biosynthesis and remodeling, stress and defense
responses, signaling, and protein processing, and thus, expand
our understanding of the molecular players involved in pollen
germination. The study also provides information on the spa-
tial and temporal expression patterns of representative genes,
which lend support to the distinct expression profiles of ma-
ture (ungerminated) versus germinated pollen. Considering
that the study was conducted under in vitro conditions, it is
possible that the expression profile and pattern reported here
would differ from what occurs under in vivo conditions and so
a comparative analysis needs to be done. Another step for the
study is functional gene characterization, but it is currently not
feasible in pines and other gymnosperms because of their long
generation time and lack of efficient genetic transformation
system. Therefore, the development of a pollen transformation
system to facilitate characterization of pollen expressed genes
is necessary to help advance our understanding of the mech-
anism underlying pollen germination in pines and other

gymnosperms.
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